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Midterm Review « Differential equations of fluid dynamics
» Turbulence modeling
* Numerical analysis
— Finite-differences and order of the error
— Finite-volume approaches
* Finite-volume approaches for CFD
— Convection, diffusion, source
— Differencing approaches
— Momentum and continuity: SIMPLE, etc.
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Common Variable Notation General Equation

» Look at general transport equation in

» Source = Outflow — Inflow + Storage ) .
) i . same form as species transport equation
Different physical quantities, ®: mass,

momentum, energy, species K mass = mK) c % 5/36)(& = %r‘wg—f + S@
Per unit mass quantity ¢ = ®/m i i '
Differential volume AV; m = pAV

e c=1orc=heatcapacityif$ =T

Transient Convective Diffusive "Source"
In this differential volume, ® = p ¢ AV

O mimu/mv| mw | E+mv%2 | mK

o [1] u | v w e+ V22 WiK)

N {-’,"l;ﬁi"]','i;'iﬂgé WK) = m®&/m is mass (weight) fraction

 General transport coefficient, I'®) (e.g.,
viscosity) has same dimensions as
x2cplt (for ¢ = 1 this is mass/length/time)

. —For¢=T, ® = thermal conductivity, k

Northridge

General Equation |l

» This general equation applies to
convervation of mass, momentum,
energy and species
— Will also be used for turbulence models

* Terms in “Source” are true source terms
plus other terms that are not the pure
second derivative terms

+ Examine each equation to determine
the contents of the “Source” term
— Separate pressure gradient in momentum

» Source often zero for simple problems

Caldforrsi Sate University
Northridge
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Momentum Equations

» General momentum equation shows
pressure gradient explicitly

opuj Opu;u; P 0 OUj
——t———— =+t _u_—+53j
ot 8Xi 6XJ aXi aXi

s = O My 9 (k=2 WA |+ pB;
) 6XiH6Xj GXJ |:( 3H) :| P )

Caldforrsi Sate University
Northridge




Midtem Review

Momentum Source Zero?

+ We can show that s]’is zero for constant
density (when A = 0) and viscosity and
no body force terms (B; = 0)

— For constant viscosity we have
& ou 00w _ 8 du A

ook Pogox o ox o

]
ok 3A
S| =——+——| (k== WA |+pB;
-y ax {(K 1) }p

— This is zero for A = B;=0

bk
abiforniz State [infersity 7
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Simplifications

» Constant property flows

— Constant density (A = 0)

— Constant transport properties

— Combination of both (can show SU) = pB)
* Low Mach number flows (no dissipation)
* Ideal gases Bp = 1/T and «; = 1/P

* Boundary layer flows — predominant
flow direction with no recirculation

bk
abiforniz State [infersity 8
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Turbulent Flows

No smoking in CSUN
classrooms, but the
smoke from a
cigarette shows how
laminar flows can
transition into
turbulent flows and
the eddy nature of
the turbulent flow
structures

é‘ Photo credit: HumphrenyoganﬁbyﬁKarshi(leraryiandiArch|ve37Canaga).jpg

Turbulence and Fluctuations

* Model flow variables in terms of main
flow properties and fluctuations
— Instantaneous value, ¢

— Fluctuation value ¢’ At
— Definition of mean value @ =— j(pdt
— Basic result:

P=0+¢

— Applied to velocity components sometimes
use U, for mean velocity component

i Ui = Ui FU=Uj U]
Northridge

Turbulence Models

+ Cannot compute turbulence exactly
except for simple flows
— Need to use turbulence models

— Based on combination of theory and
empirical measurements

— Many models available
* No model correct for all flows
— Basic approach is to model turbulent
viscosity
* Averages of turbulent fluctuation

products are assumed to be proportional

crmasae i@, Mean gradients

Nurlhrldge "

Average of a Product

ME 692 — Computational Fluid Dynamics

» The mean of the product of two flow
properties ¢ and vy, written as vy, is the
sum of two terms:

— The product of the means of each
individual term ® and v

— The mean of the product of the two
fluctuation quantltles o'y (correlatlon term)

Yo =0y +o'y'

— Although ¢'and v' are zerog'v' is not zero
— Derivation on next slide

Californin Stae Unive

Northridge
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Reynolds-Average

* Reynolds average transport equation
(including Navier Stokes, called RANS)

— Start with general transport equation

C{@mﬁﬁpw}: 0 r0 22 g

ot ox o ox,

— Look at steady-state, zero-source, constant

roperties
At prop At r(¢)

6Xi aXi pC

[ 0 13
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What is y®) = ®)/pc?

* Recall definition of I'®) as general
transport coefficient

élu|v i w| e | h | T /| T

o uw | pw| p | ke, | Kc,| k k

c| 11111111 lc | ¢

v

YO |w/p | wp | wp |kipc, | kipc, kipc,| kipc,

. (¢) _
R TP R P

» Dimensions for y® are L2/T
— Kinematic viscosity, v = u/p
~ — Thermal diffusivity a = k/pc,
Northridge

k is thermal
conductivity

14

Reynolds Average ||

» Use expression for average of a product
to compute average of u;$

6ui¢=a(ui¢+ui'¢')= ﬁ(p)iaﬁ
OX; OX; OX; OX,
* Use Boussinesq  ——; () 0P
a iati Uue= —v —-
pproximation OXi
8“7&= 0| 00 00 _ Ol ( @, @ o9
X, o, {y' X, L x| ox i+ )6xi
Northridge *

Turbulent Viscosity

Arguments based on dimensional
analysis

» Define characteristic velocity scale, U,
and length scale, £

» Consider kinematic viscosity, v, with
dimensions of L2/T

» Dimensions of U and £ and L/T and L

» Dimensionally correct choice for n is
product of U and £or v; = C U4

Cabtfornia State |‘:II|1Y-'.-
Northridge

Turbulence Modeling

* Reynolds averaging terms like pu’¢’
modeled by a turbulent transport
coefficient 1,#) , e.g., turbulent viscosity v

* To use this approach we have to find
ways to compute v and the general v,

 Various turbulence models proposed
— Some use simple concepts
— Others require numerical solution of one or

more partial differential equations (PDE)
* PDEs have same form as other CFD equations

Caldforrsi Sate University 17
Northridge
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k and ¢

» Turbulence kinetic energy, k
k= (u;'y;")/2 = (u'u+v'vi+w'w')/2
 Dissipation rate, ¢, is rate of kinetic

energy transfer from smallest eddies
working against the viscous forces

* Defined in terms of deformation rates, e;

ou Ou; 2
e = IR T. = 8. +(Kk —— A
ij axj 8Xi ij H ij ( 3 /u) ij
- Definition of e is & = 2Vve'; €',
Northridge "
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Turbulence Models

Turbulence Models Il

* k-¢ most common turbulence model for
non-aerospace engineering applications
— widely regarded as having many
shortcomings in representing turbulence

— most widely validated model

— probably best choice for applications
without strong directional effects or
rotational flows

— Renormalizable group and realizable k-¢
models can give better results

el Stale University 19

Nfarthri(lge

» Spalart-Allmaras model developed
especially for aerospace applications
with wall-bounded flows
— One equation model

» Relatively new model now seeing
applications in areas other than its initial
aerospace applications
— Adverse pressure gradients
— Turbomachinery

el Stale University 20
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Turbulence Models Il

Turbulence Models IV

* Reynolds stress model has had success
for flows with directional effects and
rotational flows
— Requires solution of seven partial

differential equations to compute turbulent
viscosity
— Algebraic version has been used

+ Other models available which may have
better accuracy for limited range of
flows

Cabtfornia State |':II|1Y-'.- 21
Northridge

* LES used for complex flows particularly
transient and oscillating flows

* Not usually required for common
engineering problems

» DES too expensive for practical flows

+ Choice of turbulence model should be
based on previous success of model in
similar applications

* No one right model to choose

Cabtfornia State |':II|1Y-'.- 22
Northridge

Model Guidance

Model Guidance I

» Use model which has been used
previously for your problem
— Previous work at your organization or from
literature research
+ Consult user’'s manual for CFD code
regarding increased computer time and
memory use for more complex models

* Use default constants in model unless
you have specific data to justify
alternative values

Califormia State University 23

N"l!)rlllri(lge

* Review material on turbulence models
to see if they can handle unusual
features of the flow you are modeling

— Low Reynolds number (non-equilibrium)
turbulence

— High strain rates

— Adverse pressure gradients

— Rotating machinery

— Compressible flows

— Other complex flows

Calbiforni State University 24

N"l!)rlllri(lge
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Model Guidance llI

» Whatever model you use, make sure
that you have proper boundary
conditions
— Use special wall functions for non-

equilibrium turbulence when laminar
sublayer is not resolved
— Use correct grid spacing for first node from
wall for choice of wall functions or resolving
laminar sublayer
» Check this after calculations

Calbifornia State University 25
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Numerical Analysis

* Finite-difference expressions
— Forward, backward, central
— Truncation error from Taylor series
proportional to step-size, h, to nt" power is
called nt order error £ = O(h2)
* Finite difference grids x;, y;, z,, t, with
u(X;, Vi, Zo tn) = UMy
» Used Taylor series to get expressions
for derivatives on grids

» Greater error on non-uniform grids

Calbifornia State University 26

Northridge

First Derivative Expressions

o -t
f_ — i+1 1 o h
— 5 oM

First order forward

' fi — fi—]
First order backward ~ fi == *0M

Cof - )
Second order central  f =$+O(h-)

Second order _Mm(m)

forward 2h
Second order o i, -4 + 3 2
Cbackward =gt tvol?)
Northridge o

Other Expressions

- fin + ::;1—2fi +O(h2)
_fin+fiy

Second derivative

Arithmetic mean f; +0(h?)
Uneven step sizes hi,q = X,4 — X;; 1; = hiy/hy
o fia-fia Rt -hE fhd +n

fi'= o
Xig =X 20 Mg+l 30 by by

fiog + 1 fiy —(1+ 1)

fi”:2 B
, zhm +hi+12i .
,ﬂ hizi —hi _ fi"" iy =N
3 hi+l+hi 12 hi+l+hi

Cabtfornia State I‘:uln-'.- 28
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Error

Truncation and Roundoff

1.E+01
1.E+00 N
1.E01

Second-order
Truncation

1.E-02

1.E-03

LEO4 Error

1.E-05

1.E-06

Leor Roundoff \ L
1E08 Error

1.E10

1E11
1E17 1E15 1E13 1E11 1.E-09 1.E07 1EO05 1.E03 1.E01

stepSize | g/ 5107/
n= £/ _ log 5107 _ |
Caldforrsi Sate University h, N
Northridge log"/ log100 29
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Finite-volume Approach

* Integrate PDE over a small volume
» Where derivatives occur, replace them

by finite-difference expressions Variables

defined at

« Where source terms occur, replace ;-\
terms like [,,SdV by S, AV \
- S, is average S for control volume Volume )
avg boundaries |
+ Finite Volume grid notation atFaces ,’

. | ° |/ (\:’,\‘ -

Xw = Xi g Xw = X Xp =X Xe = Xir1i2 Xg= Xisq

BXwp = Xp = Xy 8Xyp = Xp = Xy s OXpe = Xe = Xp 5 OXpe = Xg — Xp

Calbiforni State University 30

Northridge
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Finite Volume Method

» Consider 1D diffusion and source only

dpde s_g jird—"’+s]dvzj ird—"’Jrs]Adx
dx  dx dx dx dx dx

=0

* Integrate over finite-volume grid

Xw = Xiq Xo = Xz Xp =X Xe = Xir112

dx

* Find " and d¢/dx at w and e faces
— I, =(Tp+Tg)2and T, = (T, + [p)2

Calbifornia State University

Northridge

Xg= Xinq

Ajird—‘/’dHIde = AJ:d[I‘d—q)j+§AV :[rAd—“’j -[rAd—‘”j +5AV =0
dx dx b dx R dx J,

— do/dx|e = (¢ — ¢p)/dx dd/dx],, = (0p — dw)/SX

E

Finite Volume Method Il

¢ Finite-volume result
— Define SAV =S,+S,0,
AP +ay Py +S, — 8P, =0
LA, a, _LA +FWA” -S,=a;+3,-S
Hyp

— Write equations for all nodes in this one-
dimensional problem
* Ay, b — 80 + Ag g = Sy,
* Apply this result for nodes fromi=1toi=N-1
* Nodes i =0 and i = N are boundary conditions

— 1—‘8&

e

p

Calbifornia State University 32
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Finite-Volume Example

+ Example problem

lkg 2
« I'=1kg/m's B 71"A7m(1m)
« A=1m2 E-W o~ Im
« TA=1kgm/s N

« 3x=L/NwithL=1m

— Source terms: S, = 0; fsp = —I(le}{
s

é(g/s
ap=2ag+ay —Sy=|2N+— .
10

_nko

S

10
Nei *(ZN +Wj¢’i +Noi, =0 = ¢ *[2+W}Pi +0i =0

=2atx=0and ¢;gy =3 atx =L =41

Finite-Volume Example (N = 5)

» System of equations to solve

Numerical and Exact Solution

25 F

act

merical

L

0.5

240, +0, =22
O —24¢;  +43 =0
by —24¢; +dy =0
b3 2444 =-3
* Matrix form
-24 1 0 0 To,] [-2
1 -24 1 0 o] |0
0 1 -24 1 |é5] |0
0 0 1 244 [-3
Rortheidge o
Numerical Error
0.025
*
*
0.020 f -
S .
S 0.015 ®N=5
K] EN=10
=S AN=20
2 0.010
<C
| |
0.005 = g ® " "
[ |
A A A A A A A A A A A 4, A
0000 La4 4 2 N N N . " A

0 01 02 03 04 05 06 07 08 09

1
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Error in Gradient

Exact dHdx at x = 0 is -5.54268
Second order First Order

dHdx Error dHdx Error
N=5 -5.0175] 0.5252| -3.7719 1.7708
N =10 -5.3713 0.1713] -4.6014 0.9413}
N =20 -5.5024 0.0403| -5.0648 0.4779

Exact dHdx at x = L is 8.98450
Second order First Order

dHdx Error dHdx Error
N=5 8.1181 0.8664 6.3976 2.5869
N =10 8.7104 0.2741 7.5899 1.3946
N = 20 8.9184 0.0661 8.2704 0.7141

formita State [niversity 37
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Convection/Diffusion Algorithms

» Conservative schemes — conserve
properties in finite difference equations
— Requires exit flux from one face to be

same as input flux in adjacent cell

* Transportive schemes — have correct
balance between diffusion and
convection

» Accuracy — need schemes that have a
good truncation error

formita State [niversity 38

Northridge

Convection/Diffusion Algorithms |l

+ Limit on coefficient magnitude for
iteration schemes (boundedness)

— Absolute value of diagonal coefficient must
be greater than the sum of absolute values
of all other coefficients

« For simple equations here |ap| = |ag| + |ay]
— Deferred correction separates coefficients
into two parts
« Adjustment leaves |ap| 2 |ag| + |ay|
« Places part removed from adjusted coefficients
into source term

Cabtfornia State |':II|1Y-'.- 39
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Convection/Diffusion Terms

« Constant area result
— Define F = pu and D = I'/8x

Fe®e — Fu®w = De(0g —9p )— Dy(0p —w )

« Different approaches for ¢, and ¢,,
— Central difference, upwind, hybrid, power-
law, QUICK, TVD
— All get relations among neighbor nodes
* Three nodes for all but QUICK
ay Ow —apPp +ag g =0
. Special treatment for boundary nodes

California State Unbersity 40
Northridge

Example Problem

» Constant p, u, and I' with ¢ = ¢, atx =0
ando=¢ _atx=L
dpup _d dp _ pude_d do

dx  dx  dx I dx dx dx
» Exact solution below with plot on next
slide
P Pe = pul/T’
9X)-po _e " -1
oL—g, P Pege = puSX/T” = F/D
el -1
Northridge .

Exact Solution

/]

Pe =-10
—Pe=-5
—Pe=-2

Pe=-1
—Pe=1
—Pe=2
—Pe=5
—Pe = 10

| S/

TS

0 01 02 03 04 05 06 07 08 09 1
X

ME 692 — Computational Fluid Dynamics
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Central Difference
* Here 6x, pu and T are constants
-F,=F,=pu=F D,=D,=T/8=D
D D
ay Pw —apPp + AP :[F *Ej@w —2Fgp (F_EJ(PE =0

left 1 2 3 4 5 6 right
» Boundary conditionsatx=0and x=1L

—(§+3DJ(P1 J{D—zj@z =—(F +2D)yer
F F
£D+5J(PN—2 _(3D_5}PN—1 =—(2D - F )gright
43

Northridge

Upwind Differences

w w P e E
» Computational formulas
ay =D, +max(F,,0) ag =D, +max(-F,0)
ap=ag +ay +F —-F,

* Left boundary &y, =2D,, +max(F,,0)
_(aE +ay +Fe - FW)‘PP +aEPE = —ay Ojef
* Right boundary ag = 2D, +max(-F,,0)
ay Pw —(aE +ay ++F — Fw)‘PP = _aE(Pright

Northridge

44

Hybrid Difference

» Computational Formulas

ay = ma){ FW,(DW + %),O} ag = ma){— Fe,(De + %),0}

ap=ag +ay +F. —-F,

« Left boundary a, =max[2D,.(2D, +F,)]

_(aE +a\7\, +F - Fw)‘PP +agQg = _a\j\l(Pleft
* Right boundary ag = max[2D,, (2D, - F, )]
By Pw —(afz +ay +F - Fw)(PP = —aE Pright

Cabtfornia State I‘:uln-'.- 45
Northridge

Power Law
+ Computations ap =ag +ay +F —F,
ay =D, max[o,(l—\PeWF‘)JJr max[F,.0]  Pe, =F,/Dy

ag =D, max[o,(1—\Pee\5)]+ max[-F,.0]  Pe, =F,/D,
* Left boundary: get a*, with D*,, = 2D,

_(aE +a\7\, +F— Fw)‘PP +agQg = _a\j\l(Pleft
* Right boundary : get a*¢ with D*, = 2D,
Ay Py _(a;; +ay +tF— FW}PP = _a::(Pright

Cabtfornia State I‘:uln-'.- 46
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QUICK

* QUICK formulas for central node P
involve five nodes instead of three

1
WW ww W w P e E ee EE
aww Pww +aw Pw —apPp +agPg +agePeg =0

ay = D, + 3%uFu +3(1 —S(lW)FW voofe L av\éFW
ag = De73aeFe+6(17(xe)Fe+(17(xW)FW ae = (1-0 )R

8 8
_ a,=1ifF,>0and o, = 1ifF,>0
Northridge ow=0ifF,<0and o, =0ifF <0 a

QUICK I

» Boundary formulas (derivation in text)
—Assume F.>0and F,>0

*

First node ay :[

§DW+iFe+ FW) ap :(D9+1DW—§FEJ
from left 8

3 4 3
—\ag +ay +F - Fw)‘Pl +aAEQ) = Ay Peft

Second node ayy _F ay :(DWJ%FWJr%j ag = De—%Fe

from left 4 . .
ay ¢ *(aw +ag +ayw +Fe— Fw)RDz +agP3 = —Byw Pleft

Last node apy = a\N:[Der***Wj aE:EDe*Fe
on right 3008 8

By PN-3 B PN-2 —Taww +ay +ay +Fe— Fw)RDN—l = —@&gv¢N

ME 692 — Computational Fluid Dynamics
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Review TVD Algorithms
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+ Total Variation Diminishing schemes

— Designed to maintain both accuracy and
stability with no unphysical “wiggles”

— Consider set of different differencing
schemes for ¢, with positive u velocity

— Work originated in transient gas dynamics

— Later modifications to general CFD

— Based on use of limiter functions that are
applied to conventional formulas

— Deferred correction required in iteration

Calfornia State Lniversity 49
Northridge

False Diffusion

» Upwind differencing causes errors
similar to having a “diffusion” coefficient
that is too large

» Causes smearing of results

» Especially noticeable in flows with sharp
gradients and shock waves

» Effect is reduced if flow is aligned with
grid (not always possible to do this)

« Different from artificial diffusion

Calfornia State Lniversity 50
Northridge

Review Navier-Stokes

+ Continuity and momentum equations

* Apply previous work for general
variable, ¢, to finding u, v, and w

» Must consider nonlinearity (e.g., u¢ can
be uu, uv, or uw for momentum)
— Use “outer iteration process”
« Assume values for u, v, and w

» Use these values to compute the convec-
tion/diffusion coefficients ag, ay, etc.

* Use new u, v, w values to update ag, ay, etc.

Cabtfornia State |‘:II|1Y-'.- 51
Northridge

Navier-Stokes Approach

* Compressible flows

— Solve continuity and momentum for three
velocity components and density

— Get pressure from equation of state

* Incompressible flows
— Mach number is low

— Density is a problem input, often related to
temperature (may or may not be constant)

— Solve continuity and momentum for three
velocity components and pressure

Cabtfornia State |‘:II|1Y-'.- 52
Northridge

Incompressible Flows

* Mach number is low (< ~0.3)

» Density (e.g., p = p/RT) may depend on
mean, but not local pressure

+ Can have equations like p = po( 1 + pT)
for where B = —(1/p)(dp/dT)p

» Density may be constant, but need not
be for incompressible flows
— Furnace flows a good example of this

 Basic idea is that density does not
depend on local pressure

Caldforrsi Sate University 53
Northridge

Steady 2D Problem

ME 692 — Computational Fluid Dynamics

» Continuity and momentun equations
— Have x and y direction convection-diffusion

— Now have source term and pressure
gradient

a[:)7u+M:0
OX oy
MJ’_M:_@P_FE @+£“67U+S(u)

x oy ox o ox oyt oy
G oW _ P 0 ov o av
OX oy oy oOx Ox oy oy

Caldforrsi Sate University
Northridge
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Problem with Pressure
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» Consider the x momentum equation for
the u velocity component at point P
50 100 50 100 50

1 1 I 1
WW ww W w P e E ee EE
» Second-order expression dp|  pg - py

for pressure gradientat P ox|,  28x
» With this expression the velocity at P is
not affected by the pressure at P

— Also a checkerboard pattern of pressure

cmasWQUID cOmpute as zero pressure gradient
Northridge

Staggered Grid

X ,
X I X Xigi

----:-----'---'P"-----' ------ Yo
H ! W+1 ! '
dViajd Mg DL ®P¢
i i ---r--Y Jocations
1
| Ui ) Uisgg ! —_
p‘“u'“""“l:it """ = - 9153 location
1 i ' ofu
V . i 1
e A Vi ! 1Iocation
! b ! " I of v
L | P - .-——A—X——-»U -Ys
31 g~ Yo
:' Pl g
Northridge *

Finite Volume Equations

» Extend previous results for one
dimension to two dimensions

» Can use any of the difference methods
discussed for convection and diffusion
— Have four faces, n, e, s, w, in 2D

— Apply same relations to get coefficients ay,
ag, ag, and ay, using F = pu and D =T/ for
each face

— As before ap = (ay + ag + ag + ay, + AF)

* Here AF = (F, - F,) + (F.—F,)

57

Cabtfornia State |‘:II|1Y-'.-
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Finite Volume Equations |l

* Integration of pressure terms

[I apdVJ ~ PPy (4 =x121)Ay

X =X

=(piy = Pr1oa )A; =(Piy = Pris )(yj+1 _Yj)AZ
0 - Pi-
[I pdVJ zw(w ~Y31)A
N q o YaTYaa
=(P|J - pIJ—l)AIj =(P|J — P )(Xi+1 _Xi)AZ

Cabtfornia State |‘:II|1Y-'.- 58
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Finite Volume Equations lll

» Have similar equations for u and v
* b represents integrated source term

* Note that ay coefficients vary from node
to node and are different for u and v
Ay Uiy, tagUiy; tagliy,; +ay Ui, —apU;

af\]uij)uijﬂ Z(pu — P )Ai.] +bi(JU)

ayVyj tagViy FagVy T ay V) —apVy
aﬁll)jvljﬂ = (pu —Pua )Alj + b|(jV)

Northridge %

Control Volume for u (e face)

ME 692 — Computational Fluid Dynamics

Caldforrsi Sate University
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| Uy O Pua
Ly D equations for
R ——'—111'1———-—1—"-+3---- e face at1J
' ' _hRas Ry _
iy ety N
u.
P":“ P':‘] "1 (pig +pia U
________________ f_______ 2 ) i+1J
Vi Vij

+[pl—lJ2+le ju”}

r
De — 1J
Xis1 — X

60'
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Integrated Continuity Equation
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opu  opv
pe.. | [%+%}dv o
4/1jr1 A -
| 9PY 4yd
ydz +
uiJ Ui+1J '[/ OX
® - ° 4> e
P Py L I dedydz =0
4 AV 8y
| e n
Vij SySZJ'd(pu)+6x62'fd(pv):0
Piie w s

i 07| (p), = (pu), [+ 3662[(pV), - (pv); =0
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Integrated Continuity Equation Il
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SIMPLE

+ Solves for pressures and velocities

— Start with guessed pressures, p*

— Solve momentum equations for u* and v*
based on p* pressures

— Get correction pressure equation by
substituting finite-volume equations for u
and v into finite-volume continuity

— Work with correction terms p=p + p’

Cabtfornia State |‘:II|1Y-'.- 63
Northridge

p’ Equation Terms
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SIMPLE Equation for p’

Qg =ay gy tapgtayg

A1 113 Pro1g T3 Pr—1y + 134 Py
+a15-1 P41 — Ay Py =by

+ Like other equations, p’ relates values
at a central node to values at the four
nearest neighbors

+ Similar solution algorithms

Caldforrsi Sate University 65
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ME 692 — Computational Fluid Dynamics

Using Corrections

* Use of p=p* +p’canlead to
divergence

— Use underrelaxation: p = p* + a,,p’, where
a,, is the underrelaxation factor (0 < o, < 1)

 Similar underrelaxation factors
(between 0 and 1) for velocity correction

£ ' '
Uiy =Ujg +0°u(p|—1J - le)diJ

* ' 1
Vij =Vj +0‘v(pu—1 =Py )ﬂj
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Midtem Review

SIMPLE Algorithm

March 29, 2010

0. Start with initial guesses for p*, u*, v*

1. Start iterations

2. Compute coefficients in finite volume
equations for momentum and pressure

3. Do an iteration on u* and v* equations

4. Get p’ source term

5. Do an iteration on p’ equation

6. Use p’ to correct p*, u*, and v

7. Check convergence; if not converged
_return to step 1

formi State Lniversity 67
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Variations on Simple

* SIMPLEC
— SIMPLE Consistent
— Small correction to p’ equation
* SIMPLER
— SIMPLE Revised
— Has two correction equations
* PISO
— Pressure Implicit with Splitting of Operators

— With two correction equations, originally
wnauitended for transient problems

Northridge b

SIMPLEC

* Almost the same as SIMPLE except for
a small correction to the d terms

» Rationale: reduce the effect of
neglecting the neighboring correction
velocities in SIMPLE

diy :E = dy= 4
aiy i _zanb

d| —7J = d| = ]
! a,j : ajj _Zanb

Cabtfornia State |‘:II|1Y-'.- 69
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SIMPLER Algorithm

0. Start with initial guesses for p*, u*, v*
1. Start iterations

2. Compute coefficients in finite volume
equations for momentum and pressure

3. Compute u-hat and v-hat terms

4. Do an iteration on pressure

5. With p just found iterate momentum

6. Compute source terms for p’

7. Do an iteration on p’ equation

8. Use p’ to correct u* and v* only

9. Check convergence; if not converged return

Nooistage ”

PISO Algorithm

0. Start with initial guesses for p*, u*, v*

1. Start iterations

2. Compute coefficients in finite volume
equations for momentum and pressure

3. Iterate momentum equations to update u*
and v* using p* for pressure

4. Form and iterate equations for p’
5. Use p’ to get u** and v**
6. Form and iterate equations for p”

7. Use p” to get second corrections on pressure
and velocities

8. Check convergence; if not converged return

Rordistee .

Comparison of Methods

ME 692 — Computational Fluid Dynamics

» Each method solves the momentum
equations for u and v plus some one or
two other equations
— Chorin’s original 1967 approach solves for
u, v, p, and velocity correction

— SIMPLE, SIMPLEC solve for u, v, and p’

— SIMPLER solves u, v, p,and p’ as a
velocity correction only

—PISO solves for u, v, p’, p” where both p’
and p” correct both pressure and velocity

Califormia State University 72

Northridge
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Midtem Review

Which Is Better?

March 29, 2010

» SIMPLE is still used in commercial CFD
codes and gets good solutions

+ Other methods, although solving an
extra equation can take less time

» Hard to distinguish between others

* PISO good when other properties not
linked to momentum equtions

» PISO also good for transient problems
« Different relaxation factors in each

73
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ME 692 — Computational Fluid Dynamics

Midterm Exam

» Open book and notes
« Homework solutions not allowed

¢ Problems similar to homework

— No problems from first homework
assignment

— Turbulence relationships

— Forming and solving finite-volume
equations

Calfornia State Lniversity 74
Northridge
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