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1 Introduction

PHYSICA 3.00 is a new release of the well establisiPHYSICA multi-physics
simulation software technology. PHYSICA is charased by:
* Its software design which has a coherent strudtarrthe solution of the full range
of continuum physics and their interactions
* A three dimensional solver strategy using finitduwnee discretisation on an
unstructured mesh of any arbitrary mix of elemdmpes from tetrahedral to
hexahedral.
» Its ability to solve closely coupled thermo-fluitttecture problems
» Its capability for operating scalably on high penfiance parallel clusters

The existing version of PHYSICA is already rich pysics and numerical solution
technology. Users are referred to the PHYSICA webisitp://www.physica.co.ukfor a
detailed description of the software technology anderies of publications where the
techniques embedded within PHYSICA and their appilbbms are described.

However, in version 3.00, the most recent reledsBHYSICA, there is a number of
additions to the functionality which merit a basechnical description together with
pointers to publications where more detail mightdaend.

2 Technology improvementsto PHY SICA 3.00

2.1 Vertex-based CFD solver technology

In common with most other commercial flow softwémels, PHYSICA’s default solver
technology uses a cell centred approach for mestratisation. This is efficient in
memory and in compute time — however, it does wowdll when parts of the mesh have
distorted elements, as may well occur in complesnggtries. As such, in this release we
are making available a flow solver using vertexdaasliscretisation. Although rather
more expensive than cell centred approach in bo#mony and run time, it is
nevertheless, very robust and will converge ondistut any kind of mesh quality. This
has proved to be especially useful in solving Bedace flow problems in mould filling,
for example, and in problems where the mesh becalisésrted during the calculation,
such as, in fluid structure interaction. In thistsm we provide an overview description
of vertex based discretisation technology embedd&dn PHYSICA 3.00.

In the vertex based method each element is divinteda number of sub-control volumes
by connecting the element centroid to the elemane fcentres. The control volume



consists of a number of sub-control volumes coostdiaround the mesh vertices. The
internal surfaces of the sub-control volumes witthia mesh element define the control
volume, as illustrated iigure 1 for a two-dimensional mesh. The general variabig
solved and stored at the vertices of the mesh eltme
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Figurel: Vertex-based control volume

The terms in the general transport equation areretised using simple linear shape
function approximations. The shape functions usadeach element type and their
associated derivatives are defined in local coratgis and given in the documentation of
thevtxb module.

The local co-ordinate system is transformed intobgl co-ordinates, the co-ordinate

transformation is performed using the same shapetifins. The elements described here
are iso-parametric, allowing for both the co-ordéen&ransformations and the variable
approximation within the element to be describedhgysame shape functions. The local
to global transformations, the variation of a vialawithin the element and the partial

derivatives of the variable with respect to local-ardinates are described in the

documentation of thetxb module.
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2.1.1 Transentterm

In the vertex based method the control volume &®sbf a number of sub-control
volumes. Hence the transient term can be written as

j [ p¢dth— j > p‘”dth (1)
t—-At CV t—At SCVscv

Discretisation of this term follows the same methab the cell centred to give a
contribution of the form

At Z(Pscv Nscbsoy~ Ose. scv¢’scv) (2)

SCv

The chosen integration point could be any positigiin the sub-control volume. The
position is assumed to be representative of theageevalue in the sub-control volume
and presumed to prevail over the whole sub-conthime. The value ofpand position
in local co-ordinates can be described by locapsHanctions giving the discretised term
as,

AtZZ(pschsch|¢f pscvvs%v Nig ) (3)

scvi=1

wheren is the number of element nodéé.is the shape function associated with node
andg is the value of the variable at nade

The logical integration point is the centre poifitaosub-control volume. Care must be
taken when using this form of discretisation siadding to neighbouring coefficients can

lead toZanb becoming negative resulting in ‘unbounded' or jivey solutions.

2.1.2 Sourceterm
As with the cell centred approach the source ialigexpressed in a linearised form

=S¢~ Sp¢ (4)

Integration of this term over the control volumads to a sum over contributions over
sub-control volumes

f(Sc=Spdav =3 [(s; - Spglav )

cv SCVscv
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Approximating the integrand in each sub-controlunaé and using shape functions to
express the value gdat the chosen integration point gives

Z Zn:VSCV((SC )scv B (SD )SCVNi a ) (6)

scvi=1

where all terms are evaluated at an elemental bawetlsubscript refers to element nodal
values. If the source term is large this form ofcdetisation can result in diverging

solutions that do not satisfy boundedness, sino®rtains the potential foE anp to
become negative.

2.1.3 Diffusion term

As with the cell centred approach integration @& thffusion term results in the need to
approximate

I gradedS (7)

where the integration is over all faces of the manvolume. Approximation of this
integral leads to

0p
> > FfAf(amjf (8)

f i=xyz
whereAs is the area of face

The partial derivatives agpare calculated at integration points situatedhatface centres
and can be described by partial derivatives ofstiegpe functions. Hence the discretised
form of the equation is,

3 n ON ;
erAfZZ%{a—x_Jﬁhij 9)
f f

i:]_j:]_ {

whereN; is the local shape function associated with node the element that contains
the facef andg is the value of the variable at ngde

The discretised diffusion term for internal soluatipoints leads to a positive indefinite

solution matrix, giving a solution matrix whichngar singular and extremely susceptible
to rounding error. The addition of boundary coruis stabilises the matrix and fulfils

positive definite requirements.
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2.1.4 Convection term

The vertex based discretisation of the convectwlfoWws the same route as the cell
centred method up to the calculation of the factevaof the dependent variable.
Assuming that the velocity field has been resolaiéthat remains is to estimate the value
of the solved variable on each face of the contablime. A number of methods, based
on those used for the cell centred approach, adasle.

Central difference discretisation
In the central difference scheme the face valwalsulated simply using interpolation

@ =Y Nig (10)
i=1

whereg is the variable described at nddef the element which contains fad® @iving
the discretised convection term as:

n
> pr A (ut); Y. Nig (11)
f i=1

In discretising the convection term over a conu@ume, only surrounding nodal values
of gappear in the equation, terms connectnagt the control volume node cancel out.
This produces a positive-definite system of equestiovith the leading diagonal
containing zero coefficients. The solution of tlystem matrix requires division by the
leading coefficients, division by zero is encouatkr Since diffusion always occurs
along-side convection in nature, the problem obZeading coefficients is overcome by
coupling the convection and diffusion terms. Thistinod produces stable and accurate
solutions when the strength of convection relatveliffusion is low. When convection
dominates the sum of the neighbouring coefficientn become negative. The
boundedness criterion is violated and the solutiails to converge or produces
physically unrealistic oscillating results.

Upwind discretisation

Using an upwind formulation the direction of flow ascertained on each cell face. The
value of g on the cell face is taken as the nodal value enupstream control volume.
This method produces a system of equations whiakeisconditioned, contains non-zero
leading coefficients, and gives stable and conwergsolutions for convection and
convection-diffusion problems. The upwind discratien satisfies transportiveness
requirements but is only first order accurate whiddikes it prone to numerical diffusion.
The vertex-based approach allows more flexibilityselecting upwind values. A vertex-
based control volume comprises a far greater nummbfaces than a cell-centred control
volume. As each face is upwinded the combinatiordiferent upwind values for a
vertex-based control volume is greater than fored-aentred control volume. The
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upwind nodal value is also influenced by a greatenber of neighbouring values, shown
in Figure 2 for hexahedral mesh. The indirect influence of hbauring values ofpon @
is much increased using vertex-based techniques.

Vertex-Based | [] Control Volume | — Cell-Centred

U U

24 faces 6 faces

\ /
/ \

¢f = ¢upwinc node

Linked t0 26 ¢, qignpour Linked t0 6 ¢, ignpour

Figure 2 : Influence of nodal values on face valuesfor hexahedral elements

Hybrid discretisation

A measure of the relative strengths of convectio diffusion can be defined by a non-
dimensional cell Peclet numbérd), shown below,

pe:pquR (12)

where & is the element width across the centre point efftite in the direction of the
face normal vector, andlis the resultant velocity at the face centre.

The localPe number is computed on each cell face, employingali shape function
interpolation for small Peclet number®d| < 2) and the upwind formulation for large
Peclet number P > 2).

n
Pg <2 o =2 Nig
i=1
P¢>2 ¢t = %adjacentupwind cv (13)

For strongly convective flows P > 2), the face value apis more strongly influenced
by the relevant upstream value. Rg|increasesg¢/dx tends to zero, indicating that the

diffusive effect becomes negligible. Hence, fogaP¢g values inclusion of the diffusion
term in the upwind formulation leads to diffusioeceming overestimated.

The hybrid scheme is the default differencing sachemmany CFD codes due to its
stability and robustness. It gives good approxioregito exact solution when flow aligns
closely with grid lines and sources are small. Nuoa¢ accuracy is degraded due to the
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introduction of artificial numerical diffusion whewer flow streamlines are at an angle to
grid lines. Solutions can suffer from a jump atneiwhere the locaPH = 2 due to the
suppression of physical diffusion.

Sources of more in-depth information underlying trextex based solver strategy is
provided in the bibliography at the end of this gasee refs [1-3]

2.2 Viscodastic flow

In the viscoelastic flow models implemented in PHES, the continuity and momentum
eguations are given by

% +0tfpu)=0 (14)
a%ﬂtﬂpgui)bmpmq (15)

whereT is the extra-stress tensor given by

TXX TXy TXZ
T=|TY TW 1% (16)
TZX T 1%

Note that the stress tensor is symmetrical, T&”,=TY, T*=T* andT*”* =T?. The
componentsT ™, TY and T *are called the normal stresses, and the comporietts
TY*andT “are called the shear stresses.

The value ofT is determined through the solution of a constreitequation. Two
viscoelastic constitutive equations have been implged in PHYSICA - the Upper
Convected Maxwell model and the Oldroyd-B model.

2.2.1 Upper Convected Maxwell (UCM) model
In the UCM model the constitutive equation is defirby

0
T+MhT=24D (17)

0
where the upper convected derivatives given by

= LT -TOu- 0" T (18)

= o
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The rate of deformation tensDris given by
_1 T
D= > Ou+Ou (19)

HereA; is the relaxation time ang is the dynamic total viscosity.

The full set of equations for the UCM model is givey

ap
9 L otdpu)=0
d [{ou)

a(gi)”m@pm):-ﬂp”ﬂﬁl (20)

0
T+MT=214D

2.2.2 Oldroyd-B model

The Oldroyd-B constitutive equation is defined by

0 0
T+A4T= 2#0(2”'2 Q} (21)

where the total viscosityp is defined by
Ho = Hs + HUp

with ug as the solvent viscosity angy as the polymeric viscosity. The retardation time
of the fluid A, is given by

Separating the solvent and elastic contributiortbéostress gives
IT=2usD+1 (22)
wherer represents the elastic contribution. Substitu¢i®) into (21) gives

0
T+M1=2u,D (23)

PEYSICA
Physica Ltd, 3 Rowan Drive, Witney, Oxon, OX28 1BH, United Kingdom
+44(0)1993 700051, info@physica.co.uk, www.physica.co.uk



Using (22) causes the momentum equation (15) terliten as
a(le,)+D Mow; )= -0p + 0 fuOu; )+ 0 &
and within PHYSICA the Oldroyd-B model has beenlenpented in the following form:

op -
o Oteu)=0
a(g’” g fow; )= -Op+ 0 usOu; )+ 0 (24)

0
T+Mh1=2upD

NB If 45 =0 then the UCM model is recovered i.€.7 7, tg = 4y and
0
T+MT=214D

2.3 Non-Newtonian modelsfor viscosity
The viscosity models which have been implementedtss Power Law model, the Cross

model, the Carreau-Yasuda model and the Binghanmemb general these are entered
through thanform asdynamic viscosity models.

TheBingham model is defined by

y=0 for 7<7y

T=Hpy+Ty for T27y (25)

where 7 is the shear stressg,, is the yield stress ang, is the plastic viscosity. The

shear ratey is defined by

y=0u+0u’ (26)

The implementation of the model in PHYSICA is basmd a model proposed by
Papanastasiou as follows

p= iy +|T—Hy(1— expl- i) (27)
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wherem is the stress growth exponent. The model tendsuto Bingham behaviour as
m - . The effective shear rafg is given by

. 1. .
=15 (28)
In the Carreau-Y asuda model the dynamic viscosity is defined by

PR N 29

where L is the viscosity at zero shear ratg, is the viscosity at infinite shear ratéjs

a constant parameter ands a dimensionless constant. The effective shaaris defined
by (28). N.B. The Bird-Carreau model is given bya=2. For many shear thinning
fluids a= 2.

The equation for th€ross model is given by

- Ho ~ Hwo

1+ (k)"

where 4, is the viscosity at zero shear rage, is the viscosity at infinite shear ratejs

a constant associated with the breaking of strattirkages andn is a dimensionless
constant. The effective shear rate is defined BY. (2

+ Moo (30)

The equation for thBower Law model is given by

=K (31)

whereK is the consistency of the material, amnés the power law index. The effective
shear rate is defined by (28).

Sources for more information on non-Newtonian aisdoelastic fluid modelling used in
PHYSICA and their applications is provided in rgfs5].

2.4 Group solver technology

One of the main aspects of multi-physics simulateothe spatial and temporal variation
in the physics that require solution. For examlensider the casting process which
involves the filling of a mould and subsequent diitation of the cast piece. In the
mould, assuming it to be non-porous, the thermatfand mesh deformation require
resolution but there is no need to solve for flfladv. In the cast piece there will always
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be the requirement to solve the thermal field miitasolidifies there will be a change
from solving the hydrodynamics to solving structunaechanics on an element by
element basis. One mechanism for the solution oh susystem is to employ suitable
sources, constraint equations or material propettieensure that variables retain sensible
values at locations they need not be calculated.allvantage of such an approach is that
the conventional whole field solution strategy che employed. The cost is that
computational effort is wasted on calculations esded with values that do not require
solution.

An alternative approach is to define groups of eets and solve only over the elements
on the 'ON' group. The elements in the 'OFF' gn@mipin their initial value, this is not
inconsequential as fluxes between 'ON' and 'OFdfhents will still be calculated. The
benefit of the use of groups is that fluxes betwaet sources in unsolved elements need
not be evaluated. The cost is that logical testsdn® be added to test whether
calculations are necessary, this slightly compéisahe coding of algorithms

A more detailed description of this technology @sdssessment is in Williams et al [7].
Results obtained for metal extrusion examples, Wwhiosolve closely coupled free-
surface flow, heat transfer and structural meclgrave shown that using the group
solver can reduce run-times by approximately 30%.

2.5 Finitedement discretisation for Structural Mechanics

The deformation of a structure can now be solvadguthe finite element method in
addition to the previously available vertex basedinite volume method. All the
functionality which was present in the finite volarmethod is available for use with the
finite element method.

The universal law governing any continuum undergamotion is given by Cauchy's
equation:

Olo+b=pa (32)

whereg is the stress tensdb is a vector of body forces aradis the acceleration of the
structure, which for a static implementation isazéfhe generalised form of Hooke's law
gives the following constitutive relationship beemestress and strain for an isotropic
homogeneous material undergoing small strainsreetdimensions

6 =D¢g (33)

whereD is defined in terms of Young’s modulus and Poissaatio in the conventional
manner andy = (Ox, Oy, Oz, Oy, Oyz, Ox;) | iS the stress vector ajg= (&, &, &, Exy, &y,
&) | is the elastic strain vector. The structural meatsapproach is based on a linear
strain—displacement formulation using the smalhistrassumption, which is valid for
strains of the order of a few percent. Thus thairsér may be decomposed into the
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product of the matrix of linear operators and tliepldcement vector which, for a 3D
approximation, enables the strains to be defingddargeneral displacement form:

g, = Ld (34)

el

whereL is the differential operator arttis the displacement vector. Thus Cauchy’s
equation (32) for static analysis, where 0, may be expressed as

L™(DLd)+b =0 (35)

Equation (35) is subject on the surfae=I", 0, to a traction and displacement
boundary conditions, such that:

R'e=t, onl, and

(36)
d=d, onrl,

whereR is the outward normal operatdgare the prescribed tractions on the boundary
‘and dp, are the prescribed displacements on the bounBarApplying the method of
weighted residuals to the equilibrium equation (8#)ject to the boundary conditions, as
expressed by equation (36), gives the familiar wigakn of the equilibrium equations
[91.[10]

- [[Lw] (oLd)do + [[w]'bda+ [[Rw] (DLd)dr + [[w]"t,dr =0 (37)

In both FE and FV methods the independent unknasplatements are approximated
using:

d=Nd, forj=1,....n (38)
whereélj are the unknown displacement approximation ldpare the basis functions

Equation (37) may be written as a system of lireeprations:

Kd =f (39)

where

K = [[Lw] (PLN)dQ - [[Rw] (DLN)dr (40)
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and

f = [[w]'bda+ [[w]'t,dr (41)

Iy

The essential difference between the FE and themEthods is in the definition of the
weighting functions. In the Bubnov-Galerkin FE detesation the weighting functions
are the shape functionbl. Whereas for FV discretisation the weighting funcsicare
taken to be the identity matrix within the contvolume and zero elsewhere [10], i.e.

W=l in Q (42)

and zero elsewhere. Thus for the FE method

K =[[Lw] (DN)do (43)

and for the FV method.

K =-[[Rw] (DL )dr (44)

I

The load vectof is the same for both methods. The numerical issndsrlying the FE
implementation are covered in [8].

2.5.1 Element types

The following element types are available for btita finite element and finite volume
structural mechanics discretisations within PHYSIEA0:

e 2-noded trusses

* 3-noded constant strain triangles

e 4-noded bilinear quadrilaterals

* 8-noded trilinear hexahedra

e 6-noded wedges

* 4-noded tetrahedra

* 5-noded square-based pyramids

3 Coderestructuring

The following sections describe the code restruguithat has taken place within
PHYSICA 3.00. This restructuring, for both the stural mechanics and computational
fluid dynamics sections of PHYSICA, has been cdlefiesigned to ensure backward
compatibility withinform files that were created for use with PHYSICA 2.12.
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3.1 Restructuring of the Structural Mechanics

Theevp module in version 2.12 has been split into twdgaramely thertxb andstruct
modules. The vertex based modulégxb) contains the utility routines that can be
employed as part of the discretisation of any weltased variable. The routines in this
module are currently split into 4 distinct classdsch handle the:

1. Geometric requirements of the vertex based metNadnely the calculation of
geometric quantities associated with the sub-cbmtlumes and the construction
of index array to speed access to data.

2. Construction of the standard system matrix. Thisaderoutines calculates the
memory requirements of the arrays associated viéh dystem matrix before
constraints are considered.

3. Handling of the constraint equations

4. lIssues associated with the shape functions angratten points.

The remainder of the routines previously in 8wp module have been moved into the
new structural mechanicstfuct) module. Currently this module contains 3 filesiath
handle

1. The general routines that link with the remaindgPdYSICA

2. The routines related to an elastic solution.

3. The routines related to a visco-plastic solution.

3.2 Restructuring of the Computational Fluid Dynamics

There has been a major restructuring of the phlysiocdules related to the solution of the
CFD variables. Now all CFD variables are createdaambles in thescalar module. The
advantage of this is that any functionality avdiato any CFD variable is now available
to all. This results in consistency across all atales and reduces that effort required to
add new functionality to PHYSICA. The main cosmelifference caused by this change
is that the amount of code in most physical modbkesbeen significantly reduced at the
cost of an enlargescalar module. Similarly all the values related to théuson of a
variable are now held by thegalar module and consequently there has been a large
reduction in the number of common variables in eackdule.

Access routines have been provided to allow anyefvalues held by the scalar module
to be either retrieved or set. Separate routinsteiwir each data type and have the
following form
CALL scal ar_poi nter
@ ( la, Ra, Xa, Dra, La, Cha, Vrnane, Var_id, Mde,
@ Ptr _id, Ptr, Errinf, Failed)
for pointers,
CALL scal ar _real val ues
@ ( la, Ra, Xa, Dra, La, Cha, Vrnane, Var_id, Mde,
@ Val _id, Value, Errinf, Failed)
for real valued variables,
CALL scal ar _i nteger _val ues
@ ( la, Ra, Xa, Dra, La, Cha, Vrnane, Var_id, Mde,
@ Val _id, Value, Errinf, Failed)
for integer valued variables and
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CALL scal ar | ogi cal _val ues
@ ( la, Ra, Xa, Dra, La, Cha, Vrnane, Var_id, Mde,
@ Val _id, Value, Errinf, Failed)

for logical variables. In this routines the largeags (la to Cha) and error flags (Errinf,
Failed) are common to many routines and so willigieored. A description of the
important arguments follows

Vrname The memory manager name of the scalar variabteel¥ar_id is not a positive
number then this string will be used to identifyig¥hscalar is of interest.

Var_id The number of the scalar variable. If thember is not known then pass a
variable set to zero into the routine. The variatdgne will then be used to
calculate this value and on return the variablespasnto the routine will be
reset to the correct identifier.

Mode Can be set to either of the parameters SCAISER or SCALAR_GET
dependent on whether a value is to be set or vettieThe parameters can be
located in the header filenc/ scal ar. f h.

Val_id Identifier of which value associated witrethcalar is to be set. A full list of the
parameters that can be wused for the argument can foo@d In
I nc/ scal ar.fh.

Value The value to which the indicated scalar vadu® set or the variable into which
the retrieved value will be placed.

4 Additional developments

4.1 Support for ANSY S format output

The ANSYS result format will produce a set of fildgt can be read into its own post
processor. The files written by the ANSYS filteear

1. Afile containing the nodes that can be read uiegANSYS command NREAD.
This file will have the extension .axy.

2. A file containing the topological information thedn be read using the command
EREAD. This file will have the extension .ael

3. A set of result files that can be read using thee¥\R command. These files all
have a .avr extension.

4. Afile called vars.avr that contains details of theult files.

As with most other formats output to the ANSYS ieéle(s) can be at the end of the
simulation only, at a selected frequency of timepstor at a selected time frequency. The
base name for the node and element topology fileg Ioe set, through theform, and
will default to the unextended name of the PHYSIG&ometry file. For a steady state
simulation the name of a result file will be thesfi8 letters of the memory manager name
of the variable followed by '.avr'. If results dveing written at selected times or time
steps then the name will have a ' ' followed by dbent of time steps written, in 14.4
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format, added after the variable name. As an exant@ name of the file associated with
pressure at the fourth write will be 'PN_0004.avr'

The topology file will only accept brick, wedgetrehedral and pyramid elements. All
elements are written as (degenerate) bricks. If ahwer type of element exists in the
mesh then an error will be raised when writing &€¥SYS file and PHYSICA will
terminate.

Only variables located at nodes and elements cawritten to result files. Element based
values will be converted into an equivalent nodseblavariable before writing.

The format of the vars.avr file is

1. A header line that contains the string 'NUMB' falked by the number of written
variables, the number of time steps at which resaié written and the number of
variables written at each time step. The first #mdl numbers may differ because
some variables may only be written at the end efsgimulation. The format used
in A8, 318.

2. A line for each variable containing the name of Waeiable, its width, the base
name of the file associated with the variable arel éxtension. In all cases the
variable name and the base file name will be idahtand the extension will
always be avr. The format is designed to make itaeshsy to read using Ansys
macros. The format of this line is A8, 18, A8, 'avr

An example of the file is

NUVB 3 2 2
VELOCI TY 3VELQOCI TYavr
PN 1PN avr
TN 1TN avr

4.2 Display of sources

It is now possible to print the sources due tdadk patches, element patches and extra
terms (both standard and user defined) at the etltesimulation for all CFD variables.
There is no control over which sources or whichialdes should be displayed. The
format of the output is as follows:

PEYSICA

Physica Ltd, 3 Rowan Drive, Witney, Oxon, OX28 1BH, United Kingdom
+44(0)1993 700051, info@physica.co.uk, www.physica.co.uk



Vari abl e : MASS

Face Patches
1. 00000E+01
9. 99996E+00
0. 0O0000E+00
0. 0O0000E+00
0. 0O0000E+00

abrwN R
o

Bal ance = 4. 00543E- 05

Variable : UN
Face Patches

1 = 1. 00000E+00

2 = 9. 20888E- 07

3 = -1.57542E+00

4 = -1.71319E+00

5 = 0. 00000E+00

Extra Terns

FLOW PGRADS = 2. 28868E+00

Bal ance = 6. 74725E- 05

5 Conclusions

The objective of this White Paper is to provide arenin-depth description of the new
features available in PHYSICA 3.00. Further dstathn be obtained by visiting
www.physica.co.ulor by emailingnfo@physica.co.uk
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