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Abstract

In response to market demands, Flowserve Corparaimvestigating methods for
reducing hydraulic losses in certain pumps. Alfteing manufactured and tested, a
recent crossover design was seen to be a greabwerpent over the typical design.
This crossover passage was modeled and analyzegl @ED in order to identify
further areas for improvement. The Reynold’'s AgexhNavier-Stokes (RANS)
equations are solved using the trbulence model. The velocity and pressure gield
were simulated in the passage as well as the shreas along the walls. The velocity
and pressure fields are plotted at several crag#ss. It is shown here that total
pressure drop of only 1.2% is predicted from tHetito the outlet of the new
crossover design. This is considered to be a sogmif performance improvement to
these pumps. It is also noted that the low sHearffiegion is on the inner part of the
bends. Secondary flows were identified in the acédlse passage with the highest
curvature, but their effect on losses is minimatsithe velocity pressure is shown to
be only accounts about 10% of the total pressure.riew design was seen to be very
well designed with minimal areas for improvemepgdfically straightening the flow
exiting the crossover passage. It is also showtrttieasignificant level of swirl is
passed into the suction volute of the succeedinlii@r. That could impede the
hydraulic efficiency of the next impeller. Futwsidies are planned to write a
crossover generating program for future pumpsisftilpe at varying specific speeds

(Qs).



1 Introduction

1.1 Problem Statement & Motivation

Flowserve Corporation is a world leader in fluidtton and control
equipment. Recent customer demand in the saltrwaterse osmosis (SWRO)
industry has driven the engineers to review onth@fcentrifugal pump lines to
identify areas that can be modified for increasgdtaulic efficiency in an effort to

save energy and reduce process costs for the end us

Due to the original design intent of this pump Jitfet of ease of
manufacturing and minimal production costs, thet@xg crossover geometry design
of the pump line was not optimized for hydrauli@éncy because the resulting
shape would have been more costly to cast. Rackmainces in SWRO technology
have made larger water purification plants moreneaacally feasible, but they still
consume large amounts of energy to desalinatecthw@ager. In order to become a
major provider for the necessary seawater injeqtiomps, Flowserve is modifying
the design intent of large pumps in this pump liGpecifically, those pumps that are
appropriately sized to pressurize the seawatds t@simotic pressure are being
evaluated to maximize their hydraulic efficiendwitial test results of a recent design
have shown efficiency improvements. CFD and o#malytical tools were then
commissioned to evaluate this recent design angogemodifications to further

increase the hydraulic efficiency of new pumps.



1.2 Background

When designing pumps, the parameters of primagyest are the volumetric
flow, Q, the running speeda, and the generated energy per unit mass (in tine ¢
both velocity and static pressure), gH. ApplyingcBingham Pi theory to these

parameters yields:

[Q1 =L/, ] =1/, [gH1 =¥/,

M, = Q*(gH)Pw = L°t°
3a+28=0

The above dimensionless parameter is known aspihafic speed in the pump

industry and more often written as:

0

Ne =
S H3/4

Because it was derived before Buckingham’s modehegry article was
published (Buckingham, 1915). For the purposeshisfpaper, however, the classical

dimensionless valu@s will be used. The pump in question haQsof .641.

The specific speed is important because it iseksionship between the

kinetic (velocity) and potential (pressure) enecgytained in the fluid stream. Pumps
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of similar specific speeds can be considered tdymamically similar and their
impellers geometrically similar. This allows agm proven design to be scaled
geometrically while keeping confidence in the expdgerformance of the final
product. It should be noted that the results prieskare only valid for similarly
designed pumps of the same specific speed. Furthestigation of other specific

speeds will be necessary to apply these resuttgetentire line of pumps.

The pump line of interest is a multistage pump Watige double volute

collector geometry at the outlet of the impellers.

Figure 1 - Top View of Original Design (©FlowserveCorp., 2000)

In this pump line, the impellers are installedifigoopposite directions in order
to balance the axial thrust generated by the rggatlement. This arrangement

requires a long crossover passage that traverpesxamately half of the length of the

pump.



Figure 2 - Cross-Section of Typical Pump Offering@Flowserve, 2009)

The standard design uses three short abrupt toichsetct the flow from one

stage to the next.

Figure 3 - Typical Long Crossover Design (OFlowser;, 2011)



Figure 1 is a typical top view of this arrangemeNbte the long crossover
spanning half of the pump with a sharp 90° turnwaig along the pump axis and the
sudden dump to the entrance of the furthest lagest It is known that this creates
secondary flows within the passage which lead tyggnlosses and lower efficiency

(Miller, 1990).

In response to this, a long crossover was develaped) a more gradual bend.
This new design tested favorably and was acceptedeéocustomer. The aim of this
study was to use CFD to identify other areas @ragt in the long crossover and its
interaction with the collector volute that can beroved upon to further improve

hydraulic efficiency while keeping manufacturingst®as low as possible.

1.3 Physical Concepts

The long crossover of the pump is essentially fuskr that transitions into a bent
elbow which then transitions into a nozzle. Thealy the case, the theory for flow in
curved passages must be coupled with the theowiffoisors and nozzles. According

to Lobanoff & Ross, the principal functions of @ssover are as follows:

To convert the velocity head at the volute thro&b pressure as soon as
possible, thereby minimizing the overall pressossés in the crossover.

» To turn the flow 180° from the exit of one stagmithe suction of the next.

* To deliver a uniformly distributed flow to the egéthe succeeding impeller.
* To accomplish all these functions with minimum Esst minimum cost

(Lobanoff & Ross, 1992).



Stepanoff also states that for efficient operattbe first three functions above
should be performed independently or one at a tilft@s is because velocity cannot
be efficiently converted to pressure while turnbegause higher velocity will simply
migrate to the outside of the curve and not geveded; thus diffusion should be

performed in a straight passage before the flowrised (Stepanoff, 1993).

Figure 4 - Secondary Flow Development in Bends (Mér, 1990)

Miller identifies two primary sources of pressuosdes; turbulence and
adverse gradients (Miller, 1990). Turbulent flawai pump is dominated by eddies of
various sizes and length scales. These scalegacgifrom small, energetic eddies
near the viscous sub-layer to large, elongatedesddithe low shear stress free
stream. The turbulent eddies are three-dimensemmakequire a continuous supply of
energy to maintain, or else they decay rapidlytdude viscous interaction of the
fluid particles. This energy is taken from theafln the form of shear forces. Smaller
eddies near the boundary layer and any disconiswsuch as wakes and zones of

separation are immediately dissipated. Largeresddissipate their energy via the
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process of cascading down to smaller eddies whielegentually completely
dissipated by viscous forces in the fluid (Mill@890). This energy dissipation, of
course, lowers the total energy of the fluid, resglin a decrease of the hydraulic

efficiency of the pump vis-a-vis the flow passage.

The direction of the pressure change is influemtizhe energy dissipation of
the fluid. Static pressure can be converted toorsl (i.e. accelerated) very
efficiently, but the same cannot be said for theeree process (i.e. deceleration). The
reason for this irreversibility lies in the non-farimity of the velocity field as opposed

to the uniformity of a static pressure field (Milled990).

In a straight pipe with fully developed turbuletav, for example, the velocity
profile is not uniform, but greater along the cemtthe pipe and approaching zero at
the wall. The static pressure, however, is vilfjuabnstant. The energy required to
continue moving down the passage is proportionieésquare of the velocity. This
energy requirement for the entire passage, thdrgsed on the square of the mean
velocity of the fluid. It is known, however, thiie flow near the wall is significantly
less than the free-stream velocity. This meanisthieaflow near the wall will require
additional energy by means of shear force trarisden the higher energy flow in the

free stream, or else it will stall causing a sepamnaat the wall (Miller, 1990).

In a diffusor the diverging walls are “pulling awdyom the mean velocity
direction. Thus the adjacent streams must be gitvgifrom the straight flow in the

center of the passage. This means that the etramgfer, which is solely due to shear
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forces, begins to acquire a component normal tatile@amlines that acts in the
direction away from the wall. This skewed enemgysfer direction causes the near-
wall streamlines to essentially peel away fromwiladl, inducing a pocket of
stagnation against the wall, which in turn is saeseparation. The resulting eddies

that form near the walls dissipate the flow’s eyesg as to reattach it to the wall.

The reverse process is obviously much more effiddesause the converging
passage means that the normal component of thgyemansfer is creating a high
pressure (i.e. low velocity) fluid layer. This e the rest of the energy in the flow,
which in turn speeds up the mean velocity as iekecates down the nozzle.
Essentially, the flow near the wall needs to gipats energy in order to develop the
aforementioned velocity profile. This energy iad#y given up to the free stream and
the mean velocity is increased according to coityinurhe nature of the losses in this
case is also reduced because losses associatgoresture increase linearly rather
than exponentially. This energy conversion casdsn as “pushing” the flow down
the center of the pipe versus the diffusion prooebsch is more analogous to the
free-stream “pulling” the near-wall flow along tperiphery of the pipe. Following
this mentality, the theories for diffusors, curnymkssages, and nozzles will be

addressed in that order.

A diffusor is a channel that converts the kinetiel¢city) energy in a fluid
stream into potential (static pressure) energyloéts so by gradually increasing the

flow area so as to decelerate the flow.



Figure 5 - Typical Diffusor (Douglas, 1979)

The total loss across the diffusor is made upuid firiction along the length
of the diffusor, which increases as the includegl@®, approaches a straight pipe
(0°), and separation losses, which increaseaggproaches a sudden expansion (180°)
(Douglas, 1979). If separation occurs, localizedkets of high pressure form,
upsetting the fluid stream and dissipating enerflye majority of hydraulic losses in
a turbomachine such as a centrifugal pump areasegaration in all of its
components, not just in the diffusor. In ordertfoe reduction in velocity to occur as
efficiently as possible, the flow must stay attath# the flow separates, the main
flow in the free stream will form a jet, causingliulence in the separation zone that
will dissipate energy as it resolves itself badk ithe free stream (Dunn, 2009). This
is why large boundary layers are undesirable ifusiibn; the faster stream will
separate the flow if the diffusion is not graduabegh while a thinner boundary layer

allows for more diffusion (Wilson, 1984).
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Conceptually, the fluid molecules in the free stnezan travel faster than those
near a wall because there is nothing around thampgede their movement. As a
near-wall molecule travels along the wall, it sladesvn and the molecules behind it
must go around it. The only way for these molestdepass the original is to leave
the proximity of the wall, thus separating the flmm the wall. Similarly, as this
molecule is slowed by its proximity to a staticextij the adjacent molecules slow
down due to their proximity to the first molecul&he energy lost by the deceleration
of the adjacent molecules is transferred to the-ned molecule to ensure that it
remains in the fluid stream. If the energy is @ebdugh to overcome the friction force
with the wall, the molecule slows down to a stod #re previously described

separation process is initiated.

From this explanation, it is easily seen why lamiif@v is so susceptible to
separation. The viscous drag forces on the boyrdger are small, so a small
amount of diffusion is enough to overcome them eaukse separation. Turbulent
flow, on the other hand, has a constantly changmgdary layer interface where
higher energy molecules in the free stream replaeenolecules with the dissipated
energy levels through eddies. This causes a snialendary layer and a more
uniform velocity profile, at the expense of enedyye to eddy dissipation and energy
exchange at the near-wall flow. In the case dfidibn, however, the net energy loss
due to this exchange results in an overall gagn ¢imaller loss) relative to the purely

laminar case.
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The separation can occur at varying magnitudedicidescribes four

different regimes:

A. Attached flow where the flow remains adjacent @whalls and diffuses as one
would desire.

B. Intermittent separation where the boundary layektiess slowly increases to
a point where it cannot locally maintain its sirel@ small separation zone
occurs, returning the boundary layer thickness lbadts attached state.

C. One-sided separation where the flow deceleratesgimtm completely
separate from a wall. This deflects the flow dii@t, allowing the boundary
layer on the opposite wall to remain attached.

D. Two-sided separation where the flow detaches froth twvall, forming a jet
down the center of the channel rather than a dextelg stream as originally

intended.

Ty

Attached Intermittend Separation on Separation on both
flow separation one side sides

Figure 6 — Four Regimes of Separation (Gulich, 2010

He also explains the negative effects of a thicknatary layer and that care

must be taken with the upstream design to prevem tfrom forming despite an

12



adequate diffusor design. Figure 7 shows howdck tliminar boundary layer quickly

decomposes to a much thinner layer with a turbulkesgitme.

Figure 7 - Laminar and Turbulent Boundary Layers (Gulich, 2010)

Gulich specifically identifies upstream bends @®amon cause of non-
uniform velocity profiles (Gilich, 2010), which muse borne in mind because the
diffusor passage is preceded by a spiral colleattrte. This type of volute generates
a non-uniform profile, known as a log profile, wiis faster nearer the axis of

rotation of the pump and decays logarithmicallyt @approaches the outer wall.

Flow through a bend always creates more hydraodisds than a straight
channel due to separation on the curved walls andnslary flows caused by the
centripetal acceleration due to change in direafWhite, 2003). The fluid traveling
through the center of the bend is moving fasten that along the walls. This means
that the particles in the center have a greater embim than those along the walls,
thus it is deflected to the outside of the patit &swverses the curved portion of the
channel. Similarly, the flow traveling along tmside paths of the curve are subjected
to greater acceleration because of the smalleusadfiits path. This means that the

inner particles are forced away from the bend l@atpr centripetal acceleration.

13



These two phenomena clearly set the stage forldlssic counter-rotating twin spiral
paths observed in planar curved passages. Asttieles from the inner and center
paths travel outwards due to momentum and accelerdhe particles along the outer
paths are forced towards the inner paths of the benthe boundary layer (i.e. the

wall of the channel).

Figure 8 - Secondary Flow in a Pipe Bend (Miller, 990)

The swirling flow pattern is very stable and regsibetween 50 to 70
diameters to resolve itself back into straight fl@idilich, 2010). This swirling flow,
in turn, experiences a longer flow path than striailpw would which results in
higher friction losses and the existence of tweeded vortex tubes dissipates energy
out of the fluid. The extended length of the swaralso problematic because the eye
of the succeeding impeller is sensitive to approagcfiow that is not tangentially

uniform.

Another potential problem with the increased velodue to the secondary
flows is cavitation. Cavitation occurs when thedbstatic pressure in a liquid flow

field drops below the fluid’s vapor pressure. Wstpoint, the liquid will flash, that is

14



it will quickly vaporize. Further downstream, howee, when the static pressure
returns to a higher value, these bubbles of vapibreturn to the liquid phase. When
the vapor bubble collapses to the lower energyl lefvilhe liquid, the released energy
causes a sudden localized pressure pulsation wutfece of the domain wall. This
results in a lot of random noise and locally erodeghs in the walls. Miller identifies
a cavitation parametesy, that relates the total pressure in a fluid tovéipor pressure

and velocity as well as limits for this parameteripipe bend (Miller, 1990):

Hupstream - Hvapor

U2
/2g

Oop =

WhereH is the heady is the velocity, and is gravity.

15



Figure 9 - Cavitation Parameter for Bends (Miller,1990)

op can be used to analyze the crossover curvatu@fplocations that may be
susceptible to cavitation damage and hydraulicees<avitation is not expected to be

a problem in the crossover because of the higlh poégsure entering the domain.

Miller also characterizes the interaction betweends and diffusors. In the
case of the long crossover passage a diffusoadirig into a bend. This gives two
design options. The first is to diffuse the fladlwen bend it, the second is to bend and
diffuse at the same time. In the first case, tffeslon should be concentrated

towards the inside of the bend. This will giveerte some separation, but it will be
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controlled and concentrated in one area at theoétite diffusor and just at the

beginning of the bend (Miller, 1990).

Figure 10 - Diffusion into Bend (Miller, 1990)

The second option can result in the least head bagghe exit area to inlet
area ratio has an upper limit of 1.5 and requirparallel section after the diffusion to
reconcile an area of slight mixing that develommnglthe inside of the bend (the same

area where separation develops in the first op(sti)er, 1990).
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Figure 11 - Continuous Diffusion and Bending (Mille, 1990)

It should be noted in the illustrations above thatincoming flow is fully
developed. In the case of the long crossoverf|oleprofile does not resemble this,
but rather the inside of the bend has a velociatgr than that of the outside stream.
It can thus be considered that the higher energlyeoinside stream may keep it
attached to the wall longer than demonstrated gyrei 10. If this turns out to be the
case, then it may be possible to curve the flo padre aggressively because the

flow can be expected to remain attached furthergtbe crossover geometry.
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Figure 12 - Undeveloped Flow Entering a Diffusor (Mler, 1990)

A nozzle is the opposite of a diffusor; it convertgential (static pressure)
energy into kinetic (velocity) energy. This eneapnversion is a stable and low
energy dissipation process (Miller, 1990). Onenary difference, however, is the
impinging flow has a high pressure at the wall iedieing converted to a lower
pressure (higher velocity). This means that ratihan relying on viscous drag to keep
the flow attached to the wall, the fluid’s intermadergy takes on this role. With a
higher upstream pressure, the flow cannot separatethe wall and remains attached
for the entire energy conversion process. Thnallthe flow to accelerate much
more rapidly in the nozzle than the analogous @eatbn in a diffusor. This results
in a much shorter nozzle component relative tadiffasor component of the long

crossover.

Another reason the nozzle is so important is thatapid acceleration will
redirect the flow down the center of the nozzld.eXihis will have the tendency to
straighten the streamlines from the double vortibes are entering the nozzle. This is

extremely important to the performance of the puraegause impeller inlet geometry
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is fixed. If the flow is not axisymmetric enteritige impeller eye, then the rotor/fluid
interaction is not constant. Different interactetrdifferent locations in the inlet can
result in non-uniform pressure profiles along inkgreinlet plane, giving rise to
hydrodynamic forces and moments that may leadtty rostability, vibrations,

cavitation, and premature impeller failure.

2 Governing Equations & Numerical Procedure

In order to define the flow domain for this numatianalysis, a solid model
has to be created. The governing equations mus¢tieed and simplified, if
possible, and the appropriate boundary conditi@ssgthated at the appropriate areas.
Below is an explanation of the geometry creatioth governing equations followed
by the various analysis control parameters thaewlefined prior to executing the

simulation.

2.1 Geometry

The newly designed long crossover geometry is asdtfie fluid domain for
this numerical simulation. This geometry was gmigvided as a two-dimensional
layout, requiring its conversion to a three-dimenal solid model in a format that

could be recognized by the CFD software package.
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Figure 13 — 2-D Side View of Crossover Geometry
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Figure 14 — 2-D Top View of Crossover Geometry

Using a commercially available solid modeling paogrand a commercially
available drafting program, the geometry was pakisgly converted into a three-

dimensional solid model.
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Figure 15 — Hydraulic Passage of Long Crossover (@&wserve Corp. 2011)

Refer to Appendix A — Solid Modeling for a discussif the importance of
this relatively new capability and a detailed pichaee for the creation of the long

crossover solid model.

The data collection locations along the fluid stneaere chosen by dividing
the fluid domain into thirteen cross-sections. Séhamclude the inlet and outlet of the
domain and eleven intermediate sections whose rceotets are radially spaced every

ten degrees along the center line of the long oness
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Figure 16 - Cross-Section Locations (©OFlowserve Cpr, 2011)

Outlet

Figure 17 - 3-D Cross-Sections with Labels
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It is known that the velocity profiles will not miform through the cross-
sections, so the mass flow averagethe measured parameters will be determined

along the mesh of each of these profiles.

2.2 Governing Equations

Computational Fluid Dynamics (CFD), in its modeonnfi, has been around
for over thirty years. While great strides haverenade in mesh generation,
turbulence modeling, and other mathematical haggitoblems (e.g. singularities and
stagnation points), the underlying theory remanessame; discretizing the governing
fluid dynamics, heat and mass transfer, and othgsipal equations in a finite volume
under given boundary conditions and solving theraffisiently as possible. For

brevity, only the equations dealt with in this aysé& are being listed.

The equations solved are the Navier-Stokes equsatiotheir conservative
form. The averaged mass and momentum consenedations are discretized and
solved along with the additional terms generatethleyaveraging process (see
Appendix B — Turbulence Models for a discussiorgenerating the averaged terms

and different models for handling the additionairts).

! massFlowAve(®) = L™® \whered is variable being averaged aridis the mass flow rate (ANSYS,

T’
Inc., 2009)
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These transport equations, in a stationary frame be written as follows:
» Conservation of Mass (Continuity)

dap L
E+V'(pU)—O

Wherep is the fluid density antlis time.

* Conservation of Momentums

ou - R
p<E+U-VU>=—VP+V-T+SM

WhereSy is the body force vectoP, is static pressure, ands the stress tensor and

relates to the strain rate by:
. T .
v =u (V0 + (V0) -26v-T)
Whereyu is the fluid dynamic viscosity andis the Kronecker delta.

In order to close these transport equations, theityefunction must be
defined. This is necessary to ensure there anegbknequations to solve for the
number of unknowns in the analysis. This analigsising incompressible water at a

constant temperature, so the density is constant.

With this set of closed governing equations, thmdin’s boundary conditions
must be defined. This is a straightforward analgsi a complex geometry. The

boundary conditions have to be defined at the ioletiet, and along the walls of the
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passage. The actual pump operating conditiongdtipg speed, flowrate, and head
generation), however, are the end user’s propyiétdormation and cannot be directly
reported. The inlet of the flow domain was assigtie total pressure at the exit of
the preceding stage and the outlet was assigneddks flow rate. Finally, the

passage wall was designated as a smooth, no-dlip wa

A subsonic inlet was defined at the opening withdmallest cross-sectional
area. An inlet boundary will only allow flux insangle direction; into the fluid
domain. The total pressure was designated witllitieetion for the incoming flow

being normal to the opening.

Figure 18 - Location of Inlet Designation
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A subsonic outlet was defined at the opening withlargest cross-sectional
area. An outlet boundary will only allow flux insangle direction; out of the fluid
domain. The mass flow rate,, through the domain was designated at the opening.

The mass flow rate is defined as:

WhereA is the area.

Figure 19 - Location of Outlet Designation

In this casepU is held constant for each surface integral onrilet boundary
face mesh. In this manner, the sum of all the ategrals will equal the total area of
the boundary and the individual mass flow rate congmts will sum up to the total

mass flow rate.
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A wall is a rigid obstruction to the flow. Flowmaot cross the wall boundary,
but it can have a significant effect on the floeldi due to the tangential stress (shear)
interactions. This is because of the classicallipovelocity condition which sets the
fluid velocity to zero at the wall, thereby indugia non-uniform flow field. In an

isothermal environment, the wall is considered laalia.

2.3 Meshing

Meshing is an important part of any numeric simatat The meshing process
and the mesh resolution used both directly imgaesstmulation time and the
simulation accuracy (as seen in Figure 23). Whidge are several methods available
for meshing, only two were analyzed in this expemm This is because the geometry
being meshed is essentially a tube with a compék and varying cross-section. The
presence of a single clear inlet and single cledety with no voids in between, lends
itself wonderfully to the application of a sweptshewhich is the method that was

eventually used.

A swept mesh divides a source face into surfaceeis, and then sweeps
these surface elements to a target face usinget@etry walls as guides. The
lengths of the elements are manually dictated aondld be chosen to maintain an
aspect ratio of unity. Because the surface grginslar on the source face and target
face, the mesh is considered to be structuredtruktsired mesh follows a non-
random (i.e. pre-defined) mesh element creatiotimeu A non-structured mesh uses

an element creation algorithm to divide the volunte vertices obeying given sizing
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and spacing parameters. These vertices are tmarecied to create a number of
three-dimensional elements without guaranteed starssy in shape and size from

one element to the adjacent ones.

Swept meshes can be free or forced. A forced nsesihe that uses a
predefined face mapping. A free mesh is one ti@awa the meshing program to map
the face using its internal generation engine.orsdd mesh, then, can be
conceptualized as a structured face grid, wherdé@seanesh can be conceptualized as
an unstructured face grid. The free mesh will aotdor curving surfaces and morph
profiles from one contour to another. A free mesis used for this simulation,
although a forced mesh would have been acceptaileléodthe rectangular cross-

sections being analyzed.

The primary parameter of interest is the headtlmssigh the long crossover.
Using this head loss as the basis for resolutieversl different meshes were
generated and simulated in order to identify the with acceptable head loss
convergence and minimal elements (i.e. simulaiime)} Table 1 lists the iteration

results for several mesh sizes and different mgsmiathods.

Because the characteristics in the free stream sese to be remaining
approximately the same, the next modification vasihclusion of inflation. Inflation
is the process of decreasing the normal spacimg fhe wall in order to make a series

of successive elements that follow that wall's comtfor a dedicated number of layers
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with a dedicated growth rate. An inflated mesbkasy to identify by the dense layer

of elements running parallel with the expected floath.

Figure 20 - Example of an Inflated Mesh

This inflation is important for resolving the veltycin the boundary layer near
the walls. Different turbulence models exist fantdling this flow region and these
will be discussed later. The wall elements mustrball enough to allow the free-
stream velocity develop without premature conversmthe model specific wall

function.

The second meshing method simulated was a freeingapgirahedral method.

In this method the three-dimensional geometrynsloanly divided into tetrahedral
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elements within defined size constraints by thelhmmgsprogram. This method is
computationally intensive on the front and baclesidlt takes longer to generate the
mesh and generates much more elements than thé metpd does. This also leads

to longer solve times because there are more elsrtesolve for.

2.4 Numerical Procedure

The purpose of this analysis is to quantify theeeted head loss in the
crossover passage and identify areas that candignee in such a way as to reduce
this value. This being the case, the final evaldatariables are the change in head,
AH, from the inlet geometry to the exit and the eélpand pressure profiles

throughout the flow field.
The head loss in a CFD analysis is measured usenfptiowing equation:

AH = PT,out - PT,in
pPg

Total pressure,Ris defined as the pressure that would existpatiat if the
fluid was brought instantaneously to rest (ANSY®..] 2009). In an incompressible

fluid, this becomes:
1 - _
Pr = Pstaric + EP(U ' U)

Although the net change from the inlet to outletfigreatest interest, the fluid
domain will also be monitored to identify areashwidrge total pressure gradients.

These areas are of importance because they demuenstrere the greatest losses are
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occurring. It is expected that the largest totakpure losses will occur in areas of
high curvature because the changing direction shiodluce secondary flow patterns

that dissipate velocity energy by their presence.

The flow profiles will be recorded at planar seotiuts along the passage
centerline. The plane locations will be at theiséction of radial planes with equal
angular spacing and the plane orientations wilp&gendicular to the three-

dimensional centerline (see Figure 16).

The numerical simulations run for this pump arefimd to the long crossover
passage of the pump. Historically, past attemptatculate hydraulic losses
correlated to Reynolds number have never servegfalypurpose. This is due to the
prevalence of eddy losses caused by lack of stiegngland diffused flows in the
impeller and casing. These eddy losses causdithéristion losses associated with
pipe flow analysis to become secondary losses §8td#f) 1993). However, because
of the ease of storing and post-processing, Regnuldhber will be monitored and

reported at the cross-sections.

2.5 Simulation Setup

Domain Definition

A domain requires three specifications:

* One or more three-dimensional regions that comstha fluid spatially

* The physical nature of the flow
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* The material properties of the fluid

The bounding region is the solid model discussetienGeometry section above.
The crossover geometry was designated as a flurcholoand the reference coordinate

system was made to coincide with the solid model’s.

Fluid Properties

In the case of the long crossover, the fluid wasgp$y isothermal liquid water
at 25°C. This simplifies the analysis and redubescomputing time because there is
no change in temperature (i.e. heat transfer) tiirabe domain that needs to be
simulated in the energy equation. If the presgutbBe domain is predicted to drop
below the vapor pressure of the water, then aatamt model can be employed to
analyze the effects of the phase change and peepalgations on the flow. Local
pressures are not expected to reach such low |dwalgever, because of the large
pressure present at the inlet boundary conditientduhe energy addition of the first

stage impeller.

Domain Model

The crossover is a single stationary componentladuid is isothermal, so
there is no domain motion acting on the flow orgigngradient to induce buoyancy.
The potential energy change through the domaintalgeavity is considered to be
negligible when compared to the kinetic energyhmflow. With these assumptions,
no buoyancy model, gravitational acceleration,tbepexternal forces are activated

for the simulation.
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Fluid Models

Just as the fluid domain must be modeled to acdoursny energy or
momentum generated by externalities, the fluidfiteeist be modeled to define how
the solver will handle complexities in the flowlfle The fluid model definition
activates the solver equations associated witemfit turbulence models, heat

transfer, combustion, thermal radiation, and etentrignetics.

As mentioned above, the fluid is considered isattamith no external energy
or momentum sources for this simulation. Thisvadidor all of the fluid model

options to be turned off except for the turbulence.

Selecting a turbulence model is, quite possiblg,rttost important step in a
fluid simulation. The turbulence model dictatesvitbe non-linear components of the
Navier-Stokes equations are handled and direcliéctesf how secondary flows and
boundary layers are treated in the solution. AdpeB — Turbulence Models
contains a brief discussion on the advantages msadvhntages of thekand SST

turbulence models in ANSYS-CFX.

The mesh was refined using the kaodel because it is less computationally
expensive, then the more robust SST model wastossainpare the differences in

results (See Table 1).
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2.6 Solver Controls
To control the level of detail in the solver runetresolution options for the
advection and turbulence solving schemes must tieede The advection term of the

governing equations for a general variablas:

—_

V-pUg

The discretization of this advection term resutithigher order terms that
make the solution more accurate, but also more atatipnally expensive. By
limiting the solution to only looking at the firstder terms, the immediate “upwind”
behavior can be simulated inexpensively with redusecuracy. The same applies to
the turbulence numerics. Flow separation is exgoktd occur in the curved passage,
requiring increased accuracy both in the advedimhturbulence solutions. The
advection scheme was left at high resolution bex#us secondary flows are
important. The turbulence numerics option wasdéeftigh resolution because the

expected pressure gradients around the bends jpeeter to be adverse.

The length of the simulation is controlled by thmmum of the convergence
of the momentum and mass flows or the maximum nurobgerations. A simulation
such as this one is expected to approach convezdeiween 50 and 100 iterations.
Computer time was not an issue in running this fatmn, so the iteration limit was
set to 200 to ensure convergence. The convergeitegon was set to monitor the
RMS residual of the mass flow and the directiomshponents of the momentum.

The documentation suggests a residual target dfdi0quantitative analysis, and that
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is the value that was used (ANSYS, Inc., 2009)n#ss conservation target of 1%
was also designated, although it is probably urnsssrg for such a simple flow

domain.

Finally, the physical time scale was designated4s. In numerical solvers,
therelaxation methods used to obtain numerical solutions to systefresjaations.
The time scale is a false timestep used by the ASIE¥X solver to under-relax the
equations as they are iterated in order to spedbdaipconvergence. Conceptually,
the time scale is analogous to the constant, &niardinary linear differential
equation. The higher the k, the more “relaxed”ftirection will be and it approaches
its asymptotic value faster. Similarly, if the @#rmscale is large, the change in value
from iteration to iteration changes faster andsbl@tion converges quicker. The
caveat here is that the solution has to convergm#ity, if not the larger iterative
change in the solution can overshoot the convesgadion and require another
iteration to correct this. The numerical soluteam then find itself in a situation
where it constantly overshoots the solution armbrsstantly correcting itself. This
can be seen in the residual monitor as an osadjaBsidual value. The lower the time

scale, the more gradual the convergence, this keddsger run times.

The general rule for selecting a time scale iss@ the approximate amount of

time a particle will spend in the fluid domain (ANS, Inc., 2009).

| =
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WherelL is the length of the mean pathline.

In the case of the crossover, this would be thgtleof the mean path line
divided by the average velocity of the fluid. hitsolution does not converge
smoothly, reducing the time scale by a factor of fie a generally accepted way of

checking the solution’s sensitivity to this paraeret

3 Presentation and Discussion of Results

Several meshing iterations were analyzed to idetie proper combination of
turbulence model, inflation layers, and elemen¢sizConvergence to the desired
residual RMS value was achieved in the majoritthefcases and a mesh was selected

for the final analysis. Figure 21 demonstratescthrevergence of the selected mesh.
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Convergence Plot for Long Crossover Analysis
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Figure 21 - Convergence of Numerical Simulation

Table 1 lists the different iterations and theguléing solve times and convergence.

Once the mesh was selected the results were peateBgginning with a head
loss analysis, the total pressure at each crosesext the crossover will be plotted
along the length of the mean path line. This tptaksure will then be further
separated into the velocity pressure and statsspre components to identify areas of
high secondary flows. In a straight diffusor with separation, the velocity pressure
will decrease inversely with the area; if this ected pattern does not present itself,

the section presenting the deviant values is imatelyi suspect as a candidate for
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further study. The total pressure will be ploteedhe cross-sections to compare the

total pressure contours to the mean path line.

The velocity will be analyzed in the entire domaird at the designated cross-
sections. The streamlines will be generated tHrdhg crossover and used to visually
identify areas of separation and recirculatioraf). Velocity contours will be
generated at the crossover cross-sections to stewmagnitude of the secondary
flows and domain area they occupy relative to titaltarea. The vectors will be
mapped on the cross-sections to identify the looatof the secondary flow passing

through each one.

The wall shear will be plotted along the crossovalls to identify areas of
low shear. As outlined in the theory, the velodafyhe fluid drops to near zero when
separation begins to occur. By identifying thealaareas with the lowest shear, it can

be inferred that these are the areas where separatimpending.

3.1 Meshing

Table 1 - Mesh Refinement
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The initial swept mesh for this simulation, Meskvgs sized such that there
were approximately ten elements across the intet. fa he idea was that this would
be enough to adequately resolve the velocity @offfast experience has shown that
this geometry requires a number of elements owttier of 16, so the low number of
elements generated by this coarse mesh immediateghanted skepticism. The mesh
took approximately fifteen seconds to converge cis also a warning sign. The
following two iterations simply decreased the scefapacing and the element sweep
lengths by half and the number of elements incitaseordingly. The head loss also

changed enough to continue reducing the spacing.

Mesh Il and Mesh Ill used five and ten inflatiogdas, respectively. The total
thickness spanned by the layers coincided witHabe spacing; this means that the
inflation layers were fully contained within theearthat would have been the first
element building off the wall. After being simuwgdt the velocity distribution along
the outlet was visually inspected to determine Wwaethe behavior at the wall was
acceptable. It was seen to behave better withatgars rather than five. This makes
sense because it gives the flow more spatial rasolin which to slow down as it
approaches the wall. The elements directly adjatcetine wall contain the turbulence
model wall blending function and this is easily elv&d by the quickly decreasing

velocity in this element.

41



Figure 22 - Velocity Behavior Near the Wall

The velocity is slowing down as expected and thee#gation increases as it
approaches the wall. The changing velocity dogsaal job of smoothly transitioning
from the free-stream velocity to zero throughout ithflation layers and this is

considered an adequate number of layers for thislation.

As expected, the number of elements generated éshNV was orders of
magnitude greater than that of a swept mesh, ditrie solve time up an order of
magnitude as well. This method also converged rslomgly, taking both more time
per iteration and more iterations to converge.sThibecause the swept mesh is much
more uniform in element shape and size, so it l&seéf to quicker, more efficient

solving.
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Figure 23 plots the CPU time (dashed lines) aradi hess (solid lines) versus

the number of elements for each arrangement. eiiMigsh 11l arrangements it is seen

Figure 23 - Time and Head Loss vs. Number of Elemén

that a five-fold increase in elements from Mesklto Mesh |lI-9A results in a ten-

fold increase in CPU time for only a .1” changdead loss (<.1%). It should also be
noted that the head loss for Mesh V seems to iseregpidly for its highest number of

elements. This is due to the fact that this ruhrait converge fully. It was showing

signs of convergence, but the amount of time reguio fully converge would have

been prohibitive to using this mesh anyway.

The difference in head loss value was seen to peajmately three feet.

This equates to about a 1.2% difference betweetwibhéurbulence models. This is
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considered small enough to justify using the fastemodel and the reported results

were generated with this turbulence model.

In the end, Mesh 111-9 was chosen as the apprapaatangement.

3.2 Pressure

The total pressure and its components showed $ni@otsitions from their
original values at the inlet to their final valussthe outlet. The total pressure at the
inlet was used to normalize all of the pressureesland the length of the mean path

line was used to normalize the cross-sectionatioes from the inlet to the outlet.

Pressure Change Along Mean Path Line
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Figure 24 - Pressure Loss Through Crossover

The total pressure drops only 1.2% from inlet tdesumeaning that the

hydraulic efficiency for the long crossover is 9.8 This is a very high efficiency
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and the chances for improving upon it are relagisshall. A great deal of effort will
have to be spent in order to pick up a few tenftesgercent of efficiency. The
expected causes of the losses are the secondary/dieveloped in the bends and the

increased friction losses associated these higlat fluid velocities.

The velocity pressure begins by decreasing andded as expected towards
the outlet. Taking the calculated average velogitgach cross-section and plotting
them alongside the simulated average values shioss agreement between the
analytical and numerical values. Again, the pressalue was normalized to the total
pressure at the inlet. This trend in the velopigssure data implies that the losses are
occurring due to the frictional effects of the @ags and separation more so than
wasted energy in the secondary flows. This findgngounter-intuitive because, as
stated above, it is expected that the losses 80&turn be dominated by secondary

flows.
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Velocity Pressure Comparison Along Mean Path Line
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Figure 25 - Velocity Pressure Comparison

The static pressure begins by increasing linearig, then it starts to level out.
This can be interpreted as the diffusion proceginiping to take place as expected,
but then the process is interrupted. Subtractiegstmulated velocity pressure from
one (the normalized total pressure at the inlet)dg the theoretical static pressure
given complete conversion from velocity to statiegsure. This theoretical static
pressure is plotted alongside the simulated spagissure for comparison. The
simulation data begins diverging from the theoedti@lue immediately. The
difference between the two values continuouslyaases until the ninth cross-section,
where the difference levels out. This cross-saasovhere the passage begins to
straighten out again to dump into the eye of theé mapeller. This agrees with the
expected result of the losses occurring in the paltidough not for the expected

reason.
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Static Pressure Comparison Along Mean Path Line
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Figure 26 - Static Pressure Comparison

This loss is most likely caused by separation dube emergence of
secondary flows within the passage. As the seagrittavs begin to develop, the
flow cannot diffuse in its most efficient manndrhe flow in the crossover begins to
resemble regimes C and D in Figure 6. The expeaidéx tubes travel through a
smaller area than the desired developed flow fnamild. This means that the passage
does not convert the velocity pressure into sfagssure, but rather dissipates this

energy in the separated regimes lining the voriee t

The crossover bends across the body of the purapdrcontinuous axial bend
and two oppositely curving transverse bends. iFdiates that the secondary flows
should begin developing along the inside of thesags (in the +y direction according

to the coordinate system in Figure 27) and axiay from the inlet and outlet (in
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the -z direction according to the coordinate sysitefigure 28). The flow should
remain at the inside of the passage because thareinflection in the axial direction,

but it should change sides transversely due tinftextion in the transverse path of

the crossover meanline.

Figure 27 - Crossover Meanline Curvature - Side Vie
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Figure 28 - Crossover Meanline Curvature - Top View

As expected the secondary flow develops at therisundace of the passage
due to the continuous curvature. The pressureooomiat the cross-sections show
where the secondary flows are developing. Begmairthe inlet and proceeding
through the first five cross-sections, the flovdesseloping in the crossover.

Beginning at the sixth cross-section and proceettirgugh the eighth cross-section,
the secondary flow is developing in the inner éeftner of the passage and beginning
to shed off the wall. The ninth through eleventbss-sections and the outlet show the
vortex tube crossing along the inner path of tlssisections and beginning to

impinge upon the right wall.
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The pressure was also used to determine the dawitaimber along the mean
path line. Figure 9 shows an incipient value gdragimately 3.5, the crossover has a
minimum value of 8. The minimum is at the inlehexe it is demonstrated that the
pressure profiles are relatively uniform. The gradients do not appear until the
seventh cross-section, which corresponds to ab8udlong the normalized length. At
this distance the cavitation number is approxinyat&l, well above the minimum
threshold value of 3.5. It can therefore be stati#d confidence that the flow is not

cavitating anywhere along the passage walls irdtmeain.
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Cavitation Number Along Mean Path Line
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Figure 30 - Cavitation Number along the Normalized_-ength

3.3 Vdocity

An analysis of the Reynolds Number through theswesr shows that the flow
falls into the transition zone from laminar to tulként flow. Plotting the Reynolds
Number and relative roughness on a Darcy-Weisbhalt shows very little change in
friction factor in the Reynolds Number range of tlosv. However, this information
is not enough to estimate the head loss in the olobeause of the presence of

secondary flows.
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Reynolds Number Along Mean Path Line
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Figure 31 - Reynolds Number along Mean Path Line

The first through sixth sections show evidencehefftow profile distorting to
favor the outer wall. This is to be expected planar bend; the secondary flows will
not be evident until the flow is at the end of finst curved passage. The secondary
flow begins to develop around the seventh sectiwhig still present at the outlet. The
seventh section is at the downstream end of teedomplex bend (that is where the
bending occurs in two planes). The developmetthi@kecondary flow is accelerated
by the new bending direction. By the time the Imisg:ction is reached, the swirling
flow is well-developed. This flow is carried outtbe crossover and introduced to the

suction passage of the succeeding impeller eye.
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Figure 32 - Streamlines Through Crossover

Closer inspection of the seventh through ninthssesctions shows the
streamlines swirling through the low total pressameas in the cross-section. This
visualization demonstrates that although the semgnitows are present, they do not
cause a large change in the velocity of the strgamthe meanline off-axis
components are small compared to the meanline dixedtion). This low energy
difference between the free-stream and simulatextig fields may account for the
negligible difference between the theoretical antutated values for the velocity
pressure. With this knowledge, it may be posdibleontrol where the secondary
flows are developed because their presence doesaot to be a problem compared

to separation losses.
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Figure 33 - Development of Secondary Flow Pattern

The vortex tube then migrates to the other corhénepassage as the
crossover performs its final complex bend befor@tging into the suction of the next
stage. This portion of the flow is very importdaticause it determines the behavior of
the flow field entering the eye of the succeedimgeller. As mentioned before, the
incoming flow must be as tangentially uniform asgble in order to minimize the
variation in the angle of attack at the impellaad#. The more swirling present in the
vortex tube, the harder this is to achieve. Thesans that although the velocity
pressure losses are minimal, the downstream effieaysbe considerable and it may
be prudent to develop an approach geometry thahslthem out of the flow via an

acceleration process.

The cross-section velocity contour plots are searotroborate the trends in
the cross-section pressure profiles. There isg&&®ehavior at the fourth and fifth

cross-sections where the fluid speeds up in theecponly to slow down and migrate
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across the inner path of the passage with thextutee. This behavior is seen to

parallel the information in the pressure contours.

These cross-sections are at the beginning of aunevat the first transverse
bend. Knowing that the preceding velocity profddree of secondary flows, this
begins to make sense. The curvature introduced tippodeveloped flow is the cause
of the secondary flows. These two areas of fastliped velocities are the beginnings
of the vortex tube that then propagates throughebieof the passage, actually causing

a region of slow localized velocities downstream.

Also evident in the seventh and eighth cross-sestawe small regions of
stagnation in the corner of the inner path of thesage. This is indicative of flow
separation and occurs just downstream of the haypcity stream. This is in
agreement with experimentally observed flow sepamatas outlined in the literature
from the Introduction.This evidence of separation would be the root causé the
total pressure loss in the long crossoverThese regions are quite small, however,
which also trends with the observed simulated da&teere is only a 1.2% reduction in
total pressure from the inlet to the outlet, megrilrat any losses due to separation

would have to occur in a very small area.
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Figure 35 (a-m) - Cross-Sectional Velocity VectorIBts from Inlet to Outlet

Again, the flow can be seen to begin to swirlannest in the seventh cross-
section. This swirl is carried across the innghpd the bend through the following
cross-sections and then it is seen to migrateg@dimter of the passage in the last two
cross-sections. This makes sense because thgypdmsgins to straighten out, so the

vortex tube should begin to migrate to the cengaf & were in a straight tube.

3.4 Wall Shear
A plot of the wall shear along the walls of the domshows a very low value

throughout the entire crossover.
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Figure 36 - Wall Shear Plot

The low shear area along the center of the inned loé the outlet coincides
with the vortex tube demonstrated by the veloditgasmlines. The higher stress area

midway along the first bend coincides with the Ip@gig of the vortex tube.
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Figure 37 - Close-Up of Low Shear Area at Crossovédutlet
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Figure 38 - Close-Up of High Shear Area in First Bed

Both of these shear areas are consistent witthday for curved passages.
The inner path of a bend is where the flow leatiesiall to travel along the middle of
the passage to the outer path. This will leavaadhear area where the fluid leaves
the wall due to the low transverse component otveiecity. The flow must also
“ride” the boundary layer down the passage wallepdace the fluid leaving the wall
at the inside of the bend. The shear, then, is&egd to be higher along the walls as it
circulates around the passage. Both of these phem® are seen to exist in the
simulated wall shear plot. It is also noted tiat dverall wall shear is quite low. This
is consistent for a small static pressure chandeaasmall mixing length; both of

which are present in this domain due to the lowraytic losses and turbulent flow.
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4 Conclusions

The modified crossover passage was modeled arftbthsimulated in order
to quantify the hydraulic losses occurring in tle®gpetry and to identify areas for
improvement. Using CFD, the RANS equations wemerically solved utilizing the
k-¢ turbulence model. The results showed minimaldssbrough the passage and a

potential area for improvement at the exit to mizirthe secondary flow at the exit.

In conclusion, the new crossover design is sed texceptional, with only a
1.2% decrease in total pressure from the inlete¢coutlet. The regions of low shear
are on the inner paths of the bends, as expe@eeé.would be hard-pressed to make
any significant improvements on the geometric desigorder to improve the flow
characteristics. Furthermore, the velocity pressunly accounts for approximately
10% of the total pressure; thus any improvement®iacity pressure losses would

have a negligible effect on the overall performaotcthe crossover.

The primary area of interest seems to be the flattem exiting the crossover.
The amount of swirl being dumped into the suctiolute for the succeeding impeller
is rather high and can cause downstream probleimstiafy the hydraulic efficiency
of the next impeller. Studies have shown thatyawisetric flow at the eye of the
impeller is essential to smooth operation of a pstage and significant energy has
been expended by turbomachinery companies throughewears in order to control

this.
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Further studies should be performed to documentffieets that pump specific
speed and size have on the crossover performaeee this information is known, a
program can be written to automatically generageojptimum crossover geometry for

a given size, stage number, and specific speed.

The ability to automatically generate solid mod#liydraulic passages would

result in a significantly streamlined hydraulic dgsprocess with unprecedented lead

times.
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6 Appendix A — Solid Modeling

With the emergence of commercially available nugasimulation
technology and less expensive computing hardwali, modeling has become
increasingly more important in the manufacturingustry. Computer simulations at
nearly every step of the manufacturing processbeamsed to reduce lead times and
prototyping costs. One thing these programs haweimmon, though, is the old

axiom, “Garbage in, Garbage out.”

This being the case, the ability to create effittieoonstructed solid models is
one of the most important basic skills a designreegy can possess. The solid models
created in design offices should be of a high ehaylity to be used in simulations
ranging from metal casting pour and cooling simafa, plastic injection mold flow
and fill simulations, rotordynamics, structural sés, fluid dynamics, and transient
heat transfer. Below is the procedure used taetbe three-dimensional geometry
simulated in this simulation. The geometry wasited in AutoDesk Inventor, but the

modeling process is universal.

The long crossover is easily seen to be a curvesiggge with varying area
along its sweep path. Once the engineering has d@ee for the area development
and path, this function must be translated intbysgal specimen. The two-
dimensional drawings describe the path from the gidw and the top view.

Understanding how the coordinate systems for tloeviews are related (in this case a
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90° rotation about the horizontal Y-axis) is instental in knowing how to place the
reference points in Cartesian space. Figure liBeethese reference points as being
the intersection of the geometry’s mean path lim& @series of radial lines emanating
from the pump shaft centerline. Designating thexis as the rotating axis of the
pump shaft, the X and Y coordinates can be meagiirectly from this view. Figure
14 displays the top view of the pump and uses tleeotdinates from the side view to
extrapolate the third dimension’s value. Measuthrggdistance from the reference
plane, in this case the impeller discharge cenieria point table can be constructed to
define the three-dimensional path of the crosssuaean path line (essentially its

three-dimensional centerline).

These points are imported into Inventor and coretkatith a three-
dimensional splinfefunction. It is important to include the points selectable

features so that the individual sections can betcocated about them.

2 A spline function consists of several polynomiqes joined together with certain smoothness
conditions (Cheney, 2004).
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Figure 39 - 3-D Mean Path Line with Section OriginPoints

With the mean path line and the section originsstmicted, the individual
section planes can be defined. These planes aned®y selecting the
corresponding origin point and defining the plamesmal to be tangent to the mean
path line at that point. This gives a series ahpk that are continually changing

direction so as to always “face” down the mean fiath
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Figure 40 - Section Planes Along the Mean Path Line

Next, the individual sections are drawn so theytt@m define the cross-

sections of the solid model.

Figure 41 - Cross Sections for Solid Modeling Congiction
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Finally the cross-sections are chosen, in ordet aathree-dimensional solid is
generated that follows the mean path line and wbaser profile coincides with the

cross-sections.

Figure 42 - Lofted Crossover Solid Model

Inventor is interoperable with ANSYS, which afforttie user the ability to
group various faces and designate them as namettieak. It is good practice to
name the different boundary regions that will becls a simulation, that way it is
assured that the proper region is used when ddsignalets, outlets, and other
pertinent boundary conditions. Another advantageaimed selections is that
different models can be constructed with signiftbadifferent geometry, but the
same names. This way, different models can bengrecally compared to identify

the optimum geometry for an application.
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This model is very simple in that it has an eamigntifiable inlet and outlet,
but this may not be so apparent in larger complegets. Multi-branched piping
systems are a good example of a type of modelsetieral inlets and outlets. Also,
most completed models will contain several facietd, chamfers, and other features
which are time consuming to select individually.cédmpleted impeller model is a
good example of a multi-surface model. The blaaevaall fillets, the passage
centerlines are the periodic boundaries, and tesguge walls can be smooth or rough
depending on the manufacturing process. Naminky ebthese regions allows the
user to designate specific boundary conditionssamthce roughness to large groups

of faces more easily.
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7 Appendix B — Turbulence Models

At heart, the Navier-Stokes equations accountlf@fahe properties of a flow
field. This means that, given the adequate matheahd&echniques, turbulence can be
directly solved using nothing more than these teokibnon-linear partial differential
equations. However, the Navier-Stokes equatioks kat to be solved in a general

fashion and they are not expected to be solvedieelly in the foreseeable future.

This leaves the possibility of solving them numaltic  Again, theoretically, a
Direct Numerical Simulation (DNS) can be appliéithe issue with this is that the
length scales associated with turbulence range thenmicroscopic to several meters
in length depending on the Reynolds number, gegnetrcing function, etc. It has
been estimated that the computational cost of a B\tBoportional to R&(Pope,
2000). Needless to say, commercially viable mazhthat can handle this type of
simulation have yet to be developed and are naeéargd to be developed in the

foreseeable future.

This leaves us with the question of how to modedduient flow. A great deal
of research has gone into developing and applyiffigreint turbulence models. The
random, chaotic eddy formation and dissipation attaristic of turbulent flow is near
impossible to capture using standard analyticahout. Add to this the fact that this
behavior is somewhat Reynolds Number dependenit éndasy to see why it is such

a problem for researchers everywhere.
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7.1 History of Turbulent Modeling

A turbulence model is a construct used to pretiietttirbulent behavior of
flow. The first models used introduced the idefasduly viscosity, introduced by
Boussinesq in 1896 (Boussinesq, 1896), and mix@ngths and boundary layers,
introduced by Prandtl in 1904 (Prandtl, 1905). Sehtvo concepts are still the basis

of more complex turbulence models in the modern era

Boussinesq’s eddy viscosity is added to the claigidefined physical
viscosity of a fluid. It is an empirically derivedlationship which compensates for
the added internal stresses in a fluid stream al@erbulence. An important
characteristic of this relationship is that it ipraperty of thélow not thefluid (White,
2003). The first applications of this theory usedstant values and are quite accurate

for free shear flows such as axisymmetric jets.

Prandtl's boundary layer theory related the eddgasity to the distance of the
flow from a solid wall and the change in tangentigcity in this boundary layer.
This makes the local eddy viscosity high in thexproty of the solid wall and allows
it to normalize to the free stream eddy viscosgigraximated by Boussinesq as it
approaches the mixing length. This is the his&ficundation for our modern two-
eqguation turbulence models. In its most simplenfdhe near-wall eddy viscosiim,

can be modeled as:

ou
pe = pl? |

ay
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Wherel is the mixing length of the boundary layer and the perpendicular distance
from the nearest wall. This approximation workgremely well for attached flows
with low pressure gradients (White, 2003). Unfaetely, diffusors and other fluid
motion control components have large pressure gnésliso more advanced

turbulence modeling techniques had to be develtpédndle more complex flows.

7.2 Development of the Reynolds Averaged Navier-Stokes (RANS)
Equations
The most common turbulence models are statistichltence models. These
models make use of the fact that turbulent flowileith average characteristics with
time scales that are much greater than those gatliby the turbulent fluctuations.
With this in mind, a turbulent flow can be saidchi@mve an average component and a
time-varying component (ANSYS, Inc., 2009). Thengralization leads to the

derivation of the RANS equations.

The RANS equations divide the flow components anaaveraged and
fluctuating value such that a velocity,, tbr example, can be represented by:
Ui(r,t) = U;(7) + u (7, 1)

Wherer is the position vector and, can be defined as:

1 t+At

U =—| uadt
l At ; l
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Substituting the averaged velocity into the Nad#okes equations, using

Einsteinian notation, and dropping the bar for aged values yields:

opU; @ _op
- U

Wherer; is the molecular stress tensor:

Tij = 20S;j =M(6xj +a_xl-

Thepuu, term is what is known as the Reynolds stress.sdlage turbulent
flux terms in addition to the molecular diffusidetes (ANSYS, Inc., 2009). The
presence of these fluctuating components is dtigetdifferentiation performed on the
non-linear portion of the momentum equation. Theeamportant for heat transfer
because at high Reynolds numbers the length soithsse fluctuations is much
greater than those associated with the mean fitheopehe thermal fluctuations. This
makes the turbulent fluxes the dominant heat tearmathod in very turbulent flow,
which helps explain why turbulent flow is a betteating and cooling medium than

laminar flow.

The above process can be applied to the Reyno&taged transport equation
for any additional non-reacting variab{e, which can be separated into an average

term and a fluctuating term (ANSYSS, Inc., 2009):
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®=d) + ¢ 1)

dpd

4+ (pU;®) = g (1‘ +”t>a¢ +S
ot 0dx; PTi _ax]- @ Og/ 0X; ®

Wherels is the diffusivity of® andS; is a source vector.

7.3 Handling the Reynolds Stress

The RANS equations are a valuable tool in solviogifdynamics problems,
unfortunately there is no viable direct methodaf/mg for the Reynolds stress terms.
In order to handle this term and close the equatéveral models have been proposed.
Of interest in this simulation are theckand shear stress transport (SST) turbulence
models. Both of these models fall into the catggdreddy viscosity turbulence

models.

Eddy viscosity turbulence models use the gradidhision hypothesis to
relate the Reynolds stresses to the mean velo@tients and the eddy viscosity.
This hypothesis is analogous to the stress/stedationship in laminar flow (ANSYS,
Inc., 2009):

. 6Ui+6Uj 25 (k+ 6Uk>

Wherek is the flow’s turbulent kinetic energy definedthe variance of the

fluctuations in velocity.
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Substituting this back into the RANS equations araking use of the

definition of the mean strain rate tensor:

OpUl

+a(UU)— L Ui U,
ot ox PO T Toxg T M oy T ax )| T

Wherepes is the effective viscosity arql is the modified pressure that includes the

second term of the Reynolds stress:

Herr = K+ Ut

N 2 ( i+ auk>
bp=p 3 P Herr 9%,
The last term in the modified pressure above ivardence term and can be

neglected in incompressible fluids (ANSYS, Inc.02p

As Prandtl defined it, the turbulent viscosity eppe@ndent upon the length scale
it is being applied to. The dissipation of thebwlent eddies is also dependent upon a
velocity scale. There are several approximationshfese scales which can be directly
substituted into the RANS, however, they are rigidtionships and do not adapt well
to changing geometries and velocity profiles. Weré are no adaptive properties that
take the surrounding environment into account,ghesthods are called Zero
Equation Turbulence models. Much more sophistitatedels have been developed
to handle the actual variations in the flow fieldn@ accurately. One subset of these

methods is called the Two Equation Turbulence nedé&hey are named this because
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they introduce two transport equations to handédehgth scale and velocity scale,
respectively. Both the k-and ke (of which SST is a member) classes of turbulence

modeling are Two Equation Turbulence models.

7.4 k- Modél
The ke model uses two new variables to define the turiiulescosity; k is the
turbulence kinetic energy amrds the turbulent eddy dissipation (ANSYS, Inc.02)

The relationship between the turbulent viscogityand the new variables is:

k2
= C —_
He uP .

WhereCu is a constant (see Table 2). k arate then derived from the Reynolds

averaged transport equation as:

apk 0 ok
6t (p ]k)— % <u+ )6_ + Py — pe + Py
ape y de €
(P ]8) - << 0__:) a_x]> + E(Cslpk - Csng + Cslpsb)

The Ry and B, terms above are from the buoyancy forces and ther is
turbulence due to viscous forces. The rest otitidefined parameters are constants

summarized below in Table 2.

81



Ca | k-g turbulence model constant 1.44
Cs2 | k-g turbulence model constant 1.92
C. | k-e turbulence model constant .09
ok | Turbulence model constant for tkequation 1.0

O¢ k-¢ turbulence model constant 1.3

Table 2 - k- Turbulence Modeling Constants (ANSYS, Inc., 2009)

There has been much discussion as to which turboledel is the most
appropriate for analyzing flow in curved passag@silich lists several weaknesses of

this model (Gulich, 2010):

* Flows on curved paths

» Decelerated flows

* 3-D boundary layers

* Rotating components

* Swirling flows

» Strong secondary flows

» Secondary flows induced by turbulence cannot béucag (encountered in
channels with non-circular cross-sections

* Production of turbulent kinetic energy is over-pogedd in locations with

strong velocity gradients

It is easily noted that every one of these wealageapplies to pumps and over

half of them to the long crossover in particuldhe k€ method was used,
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nonetheless, because of the small difference idigiexl head loss from the SST
method (which is computationally more expensivEe wall function assumed in
this model is sufficient to generate similar resudt the more accurate SST method
while taking less time to finish. This is mostdiik due to the protracted nature of the
diffusion in the passage. The area ratio of thlesegned long crossover is constantly
increasing over a total distance of more than @&megsulting in a very small, gradual
growth rate. The section areas are of an ord&&bin?, so the diffusion rate is

negligible in the crossover although the end rasudtmore than twofold increase in

area.
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Figure 43 - Normalized Area Development

83



The changes implemented from the original longswasr design actually
tend to diminish the areas that would otherwise gise to problems in utilizing the k-

¢ turbulence model.

Despite the weaknesses inherent in the methodgekaains a popular
turbulence modeling method because it is the ol@est Equation Turbulence model
available. Thus it has a broad validation basidlif®, 2010). Modern versions of the
k-e model have been developed to address the shorigemientioned above, but
they still employ a logarithmic wall function. Ehimposes a specific flow at a solid
wall rather than letting the flow develop as nallyras possible within the simulation.
Regardless, the &model is still accurate for the core flow and hygtonvergent due
to its wall function. It can be used with some réegof caution for flows where

inertial effects outweigh the friction effects (ilegh Reynolds number).

75 k-w & SST Model
The ko model was developed specifically for flows agastsbng pressure
gradients such as those seen in diffusors. Thep@at equation uses a turbulent

viscosity related to the frequenay, of relatively large vortices (ANSYS, Inc., 2009):

_k
He =P a)
This model does not require the non-linear dampingtions required by the
k-¢ method, making it more accurate and robust (atheite computationally
expensive).
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ANSYS contains multiple ks turbulence models. The method of interest to
this analysis is the Shear Stress Transport (S€thad. This model accounts for the
transport of turbulent shear stress and gives igbturate predictions of the onset
and the amount of flow separation under adversgspre gradients (ANSYS, Inc.,

2009).

The SST method applies a limiter to the kinemadidyeviscosity,, according

to the formulation (ANSYS, Inc., 2009):

e _ a k
p max(a,w,SF,)

U =

Where S is an invariant measure of the strain eais,equal t05/9, and kis a

blending function (ANSYS, Inc., 2009):

F, = tanh(arg?)

2Vk 500v>

arg = max (,B’a)y' Ve

Wherev is the kinematic viscosity amtl is a model constant equal to .09.

The blending function is critical to the successhis method because this
method is not valid for the core flow.is the distance from the nearest wall, so as the
nodes get further from the wall, the blending fimtidecreases. Once the nodes are
far enough away, the turbulent viscosity simplydiees the original definition

outlined for the ks method.
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The SST method also tracks a variable known awé#flescale. This variable
is the distance from the nearest wall which theditson from the ke to k¢ takes
place (ANSYS, Inc., 2009). In other words, it sed by the various functions that
control the transition from the near wall to fréeeam turbulence models in a manner
analogous to Prandtl’s mixing length for eddy vatpas a function of the distance
from a wall. This distance is derived by taking #oisson’s equation for a given

variablé, ¢:

Wheregp = 0 at the wally = 0).
Integrating twice yields:
Q= _1/23’2 + Gy + (G
Applying the boundary condition and noting t%%b —y + C; yields:

do
=1/ 42 -
="/ g

This can be rearranged into a quadratic equatign of

de
1 2 v
/2y tg, Y e=0

% The outlined derivation and three-dimensional gelisation are taken from the ANSYS-CFX
documentation (ANSYS, Inc., 2009).
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Solving and taking the positive root (because ke fs on the positive side of

the wall) yields:

d do\?
y=-L+ |(Z

_dy d_y> + 2¢

This process can also be generalized to three dimenby:
Vip =-—1

Applying Dirichlet conditions ob = 0 at the walls and Neumann conditions
(i.e. zero flux) on the free stream boundaries yéld the generalized wall scale

function:

Wall Distance = —|Vo| ++/|V@|? + 2¢

In the case of the SST model, the variable of @gewould be the large vortex
frequencyw, used to define the turbulent viscosity. This psakense because near
the wall inside the laminar viscous boundary layles,eddy frequency would go to
zero due to the absence of turbulence. Away flmenatall the frequency would tend
towards the free-stream turbulence, which would lbenstant value dependent on
Reynolds number. Thus theckmethodology of resolving the turbulent viscosity
would apply within this region defined by the wdistance bounding the layer of flow

with changing vortex frequency:

Wall Distance = —|Vw| + +/|Vw|? + 2w
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In the flow beyond this mixing length, the frequgme considered constant
throughout the free-stream. It can be assumedhkatddy dissipation is a function
of the vortex frequency because the velocitieskanetic energy levels of physical
systems in motion change linearly with the frequewicthat motion. If the frequency
is no longer changing, there is one less variabfiithg the eddy dissipation in the
free-stream. Without needing to account for tHeat$ of a changing vortex
frequency, a simpler turbulence model can be uiasbw becomes acceptable to
exchange computational efficiency for rigorous flsimulation and the k-turbulence

model is employed for the rest of the flow.
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