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Summary  Modern  fluid  mechanics  examines  understanding,  predicting  and  directing  of  fluids
in the  fluid  structures.  But  new  computational  methods  need  to  find  out  the  optimal  solution
of each  hydraulic  system  because  of  minimization  of  power  losses.  Consequently,  this  article
looks through  the  shape  optimization  of  hydraulic  parts  using  adjoint  optimization  method.  It
is most  used  gradient-based  method.  This  approach  enables  to  calculate  the  objective  function
sensitivities  in  consideration  of  the  design  variables  (Kyriakos  and  Papadimitriou,  2008).

Many producers  talk  about  the  optimized  solutions,  but  only  small  part  from  them  use  all
possibilities  for  finding  the  best  one.  It  is  motivation  why  in  this  paper  the  shape  optimization
of the  hydraulic  valve  component  with  respect  to  minimization  of  pressure  losses  is  presented.
© 2015  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Any  part  of  any  hydraulic  system  that  people  have  ever  pro-
duced  has  had  its  dimensions  designed  in  order  to  fulfill  some
shape,  power,  flow,  pressure  parameters  or  criteria.  In  most
cases  it  is  simply  the  shape  design  that  makes  the  important
work  functions  possible.  But  this  solution  is  not  the  optimal
solution  with  the  best  parameters  and  options.  From  the
beginning  it  is  necessary  to  say  a  few  words  about  theory
of  mathematical  flow  models,  the  adjoint  optimization  and
the  computational  methods.
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Mathematical  flow  model  for  incompressible  fluids  is
resulted  from  the  law  of  conservation  of  mass.  Generally,
the  law  is  expressed  by  the  continuity  relation.  Differential
configuration  of  equation  for  incompressible  flow  is
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From  the  law  of  momentum  conservation  resulted  that
the  force  of  inertia  is  equal  the  sum  of  mass  and  sur-
face  (pressure  and  friction)  forces.  After  substitution  and
reducing  of  operators  we  can  write  differential  equation  for
momentum  conservation  known  as  Navier—Stokes  equations
(Kozubková,  2009)
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The  computational  elaboration  and  simulation  of  the
mathematical  flow  models  with  the  aim  of  the  description
of  the  flow  parameters  has  got  a  lot  of  benefits.  With  the
fast  improvement  of  a  computational  capacity  the  mathe-
matical  analysis  begins  to  be  effective  during  a  proposition
and  design  of  hydraulic  machines  and  in  a  lot  of  engineer-
ing  applications.  The  aim  of  the  numerical  methods  is  to
find  a  discrete  solution  defined  in  sufficiently  small  domains
with  the  aid  of  the  system  of  differential  (algebraic)  equa-
tions.  The  oldest  classical  method  for  differential  equations
is  the  method  of  finite  differences.  There  is  used  a  reduc-
tion  in  the  Taylor  series.  The  finite  element  method  was
used  only  for  the  structural  analysis  in  the  past  but  later
this  method  started  to  be  applied  for  flow  calculations.
A  big  benefit  is  the  possibility  to  use  the  inconsecutive
meshes  for  the  discretization  of  geometry.  Now  it  is  used  for
the  flow  solutions  with  the  smaller  Reynolds  numbers.  The
third  described  method  combines  benefits  of  two  previous
methods.  The  finite  volume  method  is  used  for  integration
of  partial  differential  equations  that  describe  the  flow  of
compressible  and  uncompressible  fluids.  The  discrete  finite
volumes  are  defined  using  non-staggered  scheme  where
all  values  are  calculated  in  the  middle  of  the  finite  vol-
umes.

In  this  article  we  specify  the  term  of  the  shape  opti-
mization  in  hydraulic  application  which  is  calculated  using
a  partial  differential  equation  and  the  design  of  the  part
assigns  the  geometrical  domain  of  the  PDE.  The  general
description  of  this  problem  is:

min
F ∈ D

J(x,  F)  (3)

subject  to

L(u)  =  f  in  �(F)  (4)

and

B(u)  =  g  on  ∂�(F)  (5)

where  F  designates  the  shape,  D  the  set  of  acceptable
shapes,  L  the  differential  operator  of  partial  differential
equation,  �(F)  the  domain  as  function  of  the  shape,  B  an
operator  defining  the  boundary  conditions  and  f  and  g  are
given  functions  (Schneider,  2006).

Material and methods

In  our  case  the  adjoint  method  was  applied  on  the  optimiza-
tion  of  a  hydraulic  valve  part.  As  the  first  step,  numerical
analysis  of  the  flow  field  in  the  initial  geometry  of  the
hydraulic  valve  was  carried  out.  For  the  calculation  the  full
flow  model  of  the  valve  cavities  was  used  with  one  type  of
the  pressure  compensator  located  in  the  circuit.  For  geom-
etry  optimization  a  simplified  geometry  was  used  with  the
cavities  around  the  hydraulic  component  assuming  the  sym-
metry  of  boundary  conditions  (asymmetry  boundaries  have
no  foundation  for  this  type  of  spool  of  the  pressure  compen-
sator)  and  with  the  reduction  of  the  model  size  and  so  the
computing  time.

The  models  of  initial  and  optimized  geometry  were  cal-
culated  with  very  fine  mesh  options  on  the  high-power
computational  station.

Figure  1  Process  of  the  optimization.

In  the  last  step  the  geometries  were  compared  using  the
test  measurements.  Significant  difference  between  the  ini-
tial  versus  optimized  geometry  of  the  pressure  compensator
was  confirmed  (Fig.  1).

Optimization  step  by  step

Generally  this  optimization  process  used  three  geometries.
As  the  first  the  detailed  model  of  initial  geometry  was
prepared  for  one  position  of  the  compensator  spool.  This
position  is  the  most  probable  working  position  for  the  pres-
sure  compensator  of  the  selected  dimensions  and  the  mass
flow  rate.  The  prepared  geometry  was  meshed  with  very
fine  grid.  The  quality  of  grid  elements  was  controlled  by  the
orthogonal  number  criteria  before  it  was  exported  to  the
Ansys  Fluent  CFD  software.  In  the  next  step  mathematical
model  for  the  calculation  of  the  actual  geometry  was  set
up  in  Ansys  Fluent.  All  calculations  were  solved  as  steady
turbulent  flow  for  one  position  of  the  compensator  spool  in
the  cavity  of  the  valve.  The  two-equation  standard  SST  k—ω

turbulent  model  was  applied.  Defined  boundary  conditions
were  the  velocity  inlet  and  the  pressure  outlet.  In  all  calcu-
lations  the  velocity  inlet  was  calculated  for  maximum  value
of  the  mass  flow  rate  of  220  lpm  and  with  the  pressure  outlet
equal  to  zero.

The  second  geometry  was  specially  created  for  the
adjoint  optimization  of  the  compensator  spool.  The  shape
optimization  of  fluid  systems  belongs  to  the  most  com-
plicated  computational  cases.  With  respect  to  that  it  is
necessary  to  choose  only  the  part  of  geometry  which  is
the  subject  of  optimization.  Other  elements  and  connected
accessories  in  the  circuit  that  are  not  optimized  must  be
eliminated.  So  a  simplified  geometry  was  used  without  cav-
ities  of  the  valve  and  with  a  symmetric  flow  through  the
compensator  spool.  This  model  had  to  be  calculated  with
the  Realizable  k—ε  model  of  turbulence,  which  is  recom-
mended  for  a  combination  with  adjoint  optimization.  The
third  model  had  the  same  geometry  as  the  first  one  (ini-
tial  —  detailed)  but  with  new  optimized  geometry  of  the
compensator  spool.

The  optimization  was  based  on  adjoint  optimization
method.  As  the  observable  value  the  pressure-drop  was
used.  The  adjoint  solver  offers  various  type  of  observables,
as  force,  moment  of  force,  swirl,  etc.  (Eggenspieler,  2011).
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