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Fluid Flow Equations

FEFRhITEX

» Navier-Stokes, continuity, and equation of state
FEI-R =5 R, @, REFER

p<a—u+(u-V)u> = —Vp+v-lu<Vu+(Vu)T—§(v-u)l>l+F

dat
dp
E+V-(pu)—0

p=ppT)

= Estimate the Reynolds number using characteristic scales: L, U, fluid quantities: p, u
BERS—L: LU B&U REOMER:pn EAVTOLA/ LXKOFE

Re = pUL _ UL inertial forces
u v viscous forces
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Reynolds Number Examples

LA/ LXEOH
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Determining the Flow Regime, Re

LA/ LXEIZ L BT DHRE

= Atlow Re (K 1): creeping (Stokes) flow »y—7 @z r—5z)5n

Viscous forces tend to damp out all flow disturbances #tEniEF < ToRhOIANERES € HEARICHS

Reversible smooth flow pattern m#n>&ssafino/ 54—y

= Atintermediate Re (~1 — 2000): laminar flow =&

Inertial forces become increasingly important fE#hnEss 2y

Viscous forces are confined to boundary layers, shear layers, and wakes
HEDEHERE, CANE. BLUHERICBEENS
Regular, smooth flow pattern Emcgsntimnostsa—y

= At high Re (> 4000): turbulent flow &

W CoOMsOoL

Flow disturbances grow by nonlinear interactions producing a cascade of eddies (vortices)

Viscous damping is active everywhere but only has a significant effect on the
smallest eddies

Disordered (chaotic) flow pattern
-BONRY— FEERT EBBREERICE > TRROALSRET S

-HHREIEESTHREMES. RADDOBISH L TOHHIRK
-Elhiz (B F RAWR) Fhg—>




Determining the Flow Regime, Ma

TYNBIZ& BT DORE

The Mach number is defined as:

Ty NHOER Ma = lul_ _ flow speed ’ a2 = o
a speed of sound ap s

For Ma = 0: formally incompressible flow #®=tixkEsitin

— Speed of sound is infinite (hypothetical case), instantaneous spread of pressure disturbances
FEFEEE LIBE. EASELIE

For 0 < Ma < 0.3: weakly compressible flow szst#n WIS
— Density changes due to pressure by max. 5% E#lz&>TO% L 2EEELGBEAS%

— Density changes can also occur due to the dependency on temperature
RECL>THBELILARET S

For Ma > 0.3: compressible flow =mtin
— Thermodynamic effects not negligible #hremgsrmEcendas
— Transonic, supersonic flow with shock waves @gpxusmss. Begn
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Choosing the Right Interface

ELW V8 7x—RM=ER

4 == Fluid Flow

Bigsk 4 == single-Phase Flow Ma<0.3
Hy—TF@Eh = Creeping Flow (spf) Re « 1
=5 == Laminar Flow {spf) Re~1-—2000
Bl b 55 Turbulent Flow Re > 4000
5—UIF4v2al—va> | g Large Eddy Simulation Re > 2000
EEH#H (T ikith) [+ 3‘_} R.okating Machinery, Fluid Flow
wtEfin == Viscoelastic Flow (vef)
SR [ % Thin-Filrn Flow
EZi:bd I* [ Multiphase Flow
SHEBRENT L TR P ‘ Porous Media and Subsurface Flow
RN [ Ei Monisothermal Flow
By gih 4 E55 High Mach Number Flow Ma > 0.3
B ynEFih (Bik) = High Mach Mumber Flow, Laminar (hmnf) —  Re < 2000

EfgtEA 1 5 —HES = Compressible Euler Equations (ceedl ——— Re — oo
A b 555 Torbulent Flow Re > 4000
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Agenda

= Qverview of the CFD capabilities
in COMSOL  comsoLocrp#tenii=

— Single-phase flow sitgsk

—  Thin-film* and porous media
flow mm s s rssmmmh
— Multiphase flow i

— Nonisothermal flow and  s:%&sh.
conjugate heat transfer ~ *&&%

— High Mach number flow &= v/ \#ith
— Reacting Flow &t

=  Which turbulence model is right
for your application migic@L-ameF Lz Enn

* Laminar flow onIy Spinning soccer ball
BRIZBS
YB COMSOL

Single-Phase Flow

Higik

4 = Fluid Flow
4 == Single-Phase Flow

= Creeping flow also called Stokes flow

J)—=F (R =D R)Fh == Creeping Flow (spf)
= Laminar flow E# == Laminar Flow (spf)
4 277 Turbulent Flow
— Newtonian and non-Newtonian flow 2l Turbulent Flow, Algebraic yPlus (spf)
—a— bV, Eza—boRk b Turbulent Flow, L-VEL (spf)
- T b I t ﬂ 227 Turbulent Flow, k-2 (spf)
urbulen OW &l 227 Turbulent Flow, Realizable k- (spf)
H - — 227 Turbulent Flow, k-w (spf)
- %
2 algebraic models 2-o®#mE2o0EFIL s e
— 7 transport-equation models 7oo#&#ERELETIL & Turbulent Flow, Low Re k-2 (spf)

=2 Turbulent Flow, Spalart-Allmaras (spf)
227 Turbulent Flow, v2-f (spf)

» Large eddy simulation (LES) s—vz7<vsaL—va> 4 g Tare Eddy Sermilation
. . . o% LESRBVM (spf)
— 3variational multi-scale models . o LES RBVMWY (spf)
3DDEFINFRT—LETIV o/ [ES Smagoiinsky spf)
] Rotating machinery ESEH R 4 == Rotating Machinery, Fluid Flow
== Laminar Flow
— Laminar and turbulent flow . & b A Turbulent Flow
== Viscoelastic Flow (vef)
= ViSCOG|aStiC ﬂOW FrEME RN The Single-Phase Flow user interfaces as displayed

in the Physics list in the CFD Module.
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General functionality for laminar and turbulent (RANS) flow

B, ELFE (RANS) B89 % — iR AdEe

Swirl flow &=

— Includes the out-of-plane velocity component for axisymmetric flows

Enable porous media domains* snmsmamosni

BAHROENEERS EERE

— Model porous media flow or coupled free and porous media flow

SABBMBRNE BESAHEGRNL . SAHRBOBRAOETF LA
Include gravity on flow domains and the option to use the reduced pressure

RhMEBISH T FEN. BEEERT ATV avEET

— Alsoappliesto LES5

—SCIF4YIalb—YavIictERTE

Specific boundary conditions gromsss
— Fully developed inflow and outflow conditions

— Wall conditions on internal shells for simulating thin immersed structures
— Screen condition for simulating thin perforated plates and wire gauzes

-RERRBNUOFRA., R EH
— Assembly boundaries for geometries consisting of several parts

Streamlines in an HVAC duct

-ERONA—YVTCBRESNECAANIDTETYERER

SBOVBREEEEVIAL— N AOOREY L OREH
SBAEhETL—FEEREYSAL—NTREHDODRY ) -V &H

* Laminar Flow and Algebraic yPlus or LVEL turbulence models
B COMSOL B & U R EyPlusE = IELVELELFE TIL

4 == Laminar Flow (sgf)
il Fluid Properties 1
B Initial Values 1
G Wall 1

Laminar Flow (spf) =x

= Solves Navier-Stokes and -1 2 | —» 25t @itk
continuity equations

— Stationary or time dependent E#. ERE#&F

— Incompressible, weakly SR, BEMRE.
compressible, or compressible FE#gtEFin (= v /1\#<0.3)
flow (Ma < 0.3)

. . \$ [ =
= Neglect inertial term for Re<<1 g1/ kaBiGeyEEMNEL

= Enable porous media domains gaxiE F A« > nEHE
* Include gravity EnzsE

= Define reference pressure level
and reference temperature E#EHLALEELEREDESR
(default. 1[atm] 293 15[K]) Laminar Flow node and Settings window

W CoOMsOoL

= Equation

Equation form:

| Study controlled

-]

Show equation assuming:

| Study 1, Time Dependent

M |

p‘g—:'+p(u-v)u=v-[—pl+|(]+F

PV -(u)=0
K =‘u(Vu + (Vu)T)

* Physical Model

Compressibility:

| Incompressible flow

[] Meglect inertial term (Stokes flow)
[] Enable porous media domains
[ Include gravity

Reference pressure level:
Pref  1[atm]

Reference temperature:

Tref | Userdefined -

293.15[K]

*]

Pa




About Fluid Pressure ##e»

= Fluid velocity is driven by pressure — =p+
gradients (“differences”) ENBEE (EHE)I & 5 HEEEDERS, I;A /p pressure Pa=P pref

= Absolute pressure needed for material p T "gauge”

property evaluation; e.g., p(gA, T)
RO T I- BB AR E S

= Generally two ways to calculate the P Pa .
pressure: —REEENHED2ODA X ref

—  Case 1:Ap ~ ps=> setp,.y = 0 and solve for (pre;= 0)
the absolute pressure directly p, = p

7

=
=

17772777727027277777NQCOUMY s 11 77727777777777777777777
- Case 2: Ap K py~> setp,r close to typical Case 1 Case 2

system pressure level and solve for the (small) e 21: KEEISENE E. Pref-0& LTREL

gauge pressure only py = pres +p
=22 REELYIEENITINSVWEHEDE E, PrefEBFTARDENITELMEZREL. ¥'—PEZEML
=  Why isitimportant? = solver stability &

convergence VI)L/SA—DEREE LWNRED-HIZEE
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¥ Physical Model
Compressibility:
Incompressible flow -

0 Meglect inertial term (Stokes flow)
G ravity P ro pe rty E [] Enable porous media domains
[¥] Include gravity

[T] Use reduced pressure

= |ncludes a volume force on all
domains, £ToEsIcoOLNTHRNEEE

Reference pressure level:

Pref  1[atm] Pa
F = pg Reference temperature:
. T ref User defined A
= Optionto use reduced pressure for 263150 ¢
i i SEEMEDRNICHEZER :
incompressible flow Fomnonn T —
0 x

= Boussinesq approximation et [0 | m
available for nonisothermal flow 0 z
FEEEBRICTVRRY AL ZBERATEE

Lock-release gravity current
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Fluid Properties sase

= Density #E

= Constitutive relation wmes

W CoOMsOoL

— From materiﬁ
— User defined
a

— Newtonianza—roii
* Dynamic viscosity #itEiR#
— Inelastic non—Ne;Q%%ryirl -

!‘454 T35 UhbmE

—y—%

* Inelastic model
FEEETIL

PiAx

4 == Laminar Flow (spf)
& Fluid Properties 1
i Initial Values 1
= Wall1

. Ju
TSR = HG

shear stress, 7 odiont. ﬂ
gl "y

velocity, u

¥ Fluid Properties

Density:

P | From material

Constitutive relation

| Inelastic non-MNewtonian

Inelastic model:

| Bingham-Papanastasiou

M =pp+%[1— exp(—m

)]

y=+25:5, S =§[Vu + (Vu)'|

Plastic viscosity:
Hp O

Yield stress:

T, [0
Model parameter:
m, |0

Pas

Nfm?

Newtonian and non-Newtonian
constitutive relations

Initial Values #ue

= Stationary =¥

W CoOMsOoL

— Initial values = numerical

initial guess #iE#ADT=HOHHIE

— No physical meaning but

4 == Laminar Flow (spf]
i Fluid Properties 1
s Initial Values 1
= Wall 1

MERTRREH DT

numerical (starting point #fkst& (REOBER) BE

for iterations)

— Boundary conditions do not
have to be consistent with

initial values

BREH LDAEO—RIEDBHEL L

T |nitial Values

Velocity field:
u_init

u v init
w_init

Pressure:

P p_init

Pa

Initial Values node and Settings window




4 == Laminar Flow (spf) ¥ Initial Values
il Fluid Properties 1

T Initial Values 1 Velocity field:
o o T Wall 1 0 -
Initial Values s u o | -
0 z
= Time dependent R Pressure:
— Initial values = physical initial p 0 Pa
condition MEMLTMHEMEL L TOMKIE
- PhySicaI solution (Ve|OCity & HARZIt0 T D BSRSRTERIRE D M Initial Values node and Settings window

pressure field) of a time- B (R & HiB)
dependent problem at initial
time t0

— All boundary conditions mUSttorm\-cgtwi“ﬁ»%#li
. il e ey Z %
be consistent with initial NHEEE—BT ILEHY
condition (at tO)

* Useaconvergedstationary  ppatk#z 4 574 O#EEEE LTD
solution as initial condition for g s =2 @2 0

the time-dependent study

*  Alternatively, use the trivial
initial condition (zero velocity & #7=IZBRALGHAEE EELEANEOD) ZFERALT
pressure) and ramp up the D, (T14Y L) EBREEOEM
(Dirichlet) boundary conditions

W COMSOL
4 == Laminar Flow (spf) ~ Boundary Conditian
il Fluid Properties 1
s Initial Values 1 ‘Wall condition:
T Wall 1 No slip =
WaII B Mo slip
Slip
= \Wall conditions: BN Electroosmotic velocity
— No SIIp FTRYLEL f!:k\;':;o::-l
- Sllp TRY Mavier slip

— Electroosmotic velocity (M. F.) sz
— Slipvelocity (M. F) ¥~uszs

— Leakingwall v—*>7E&

— Navierslip rez3xy

Wall node and Settings window

=  Wall movement can be picked up
automatically when a moving frame
is defined in the model or set
manually ssEmiz. EHRsEFLCERSATSHE,
EEFHTRESL TV ZEE, HBMCRE
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Physics Features for Laminar Flow

ERIET5ME I+ —Fv—

Domain conditions F*1>%&#

Boundary conditions #&&#

= w = B = =
Domains| Boundaries Pairs Edges Points Boundaries| Pairs Edges Points
& Fluid Properties (@@ Volume Force (@ Initial Values Laminar Flow
HARTE A IE - Wall g minlet HAD b Outlet 50
Edge Conditions TyoRE mw Symmetry g = Open Boundar}rgﬂmﬁﬁ mw Boundary Strjegs%mﬁ
= Periodic Flow Condition (g Interior Wall PaspEE
= hak A
B |- Flow Control DE;%?E i
Edges Points mFan 57> == Grille 51, = Vacuum pTgF-P 5
= = e
{3 Line Mass Source m Intericr Fan R#7 7> (mwScreen RS U—2
= 8 Rotating Machinery
AR =2 = Stationary Free Surface g2 (Hh#mE)
Point conditions &> r&# Two-Phase Flow, Moving Mesh
= Fluid-Fluid Interface i External Fluid Interface
- R E NEBFREA V2T —R
Points
&% Point Mass Source % Pressure Point Constraint
wcomsoL RIV FEREY—R EHRA > bR
Combinations of
I I t/o tl t BC RARA, RHOAEREFHOHEASDE
= Well posed ##LLEE
— Velocity in - pressure out
. E;ﬁ)\@EﬁﬁHﬂ i Inlet = Outlet
— Pressurein - velout% out
FEAFRA OREE Tt

= Slightly “harder” for the
solver vi—iz&oTHLBLLER
— Pressurein - pressure out
EARADE N
= |llposed ##L<mumE

— Velocity in - velocity out

(+ pressure level)

REFRA DR H
(EALAJLEmM)

W CoOMsOoL

2D channel flow with prescribed uniform
and parabolic inlet profiles




Location of Outlet
BOUndary Fiti O EROEE

= Selecting appropriate outlet

conditions is not a trivial task
B ERE O RRIE
» [fthere is something ®##f*cEsn
"interesting” happening near an
outflow boundary (e.g., wakes,
recirculations), extend the
computational domain to

include this phenomenon
FHERMAE TN TRERN = &t
BooTLAEE (%5 BRELY) .
HNEREREL T ORREEET S

W CoOMsOoL

Flow in a semicircular pipe
with a 90-degree bend

Fully Developed Flow

= Available option for the Inlet

MAH, FHOHREAETHARTRE
and Outlet BCs %35.2°

EEFRETRN

¥ Fully Developed Flow

@ Average velocity
) Flow rate
Lg

) Average pressure H
Average velocity: = OOSDH —

Uav 1 m/s

= Equations for fully developed
flow in a pipe with the same
cross section as the inlet/outlet
are coupled to the degrees of
freedom (DOFs) at the
boundary and solved together
with the domain DOFs

MAQ/FHOER CHEEED/ A THOTLRE
FhOFERE, WROBHE (DOF) IShy T

YoFEh, FASLUDOFEEBITRESID

W CoOMsOoL

Flow in a semicircular pipe with and without the
Fully Developed Flow option

UbD
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Interior Wall sse

= Avoid meshing of thin

structures by using interior

ieg WEEREEALTO
boundaries e ox s 1 emat

= Slip, no slip, moving wall
FRY, TRAYLZL, BEH

= Allows discontinuities
(velocity, pressure) across
the boundary
BREMA TR GRE, EH) 8T

Modeled as surfaces in 3D and edges in 2D

W CoOMsOoL

Screen #7v—>

= “Screen’ refers to a barrier with
distributed perforations such as a
wire gauze, grille, or perforated
plate 22U —> &%, &8, FUIL, FAEh=TL—
FMeEOFANIBLIEEDZ L
= Assumed to have a width, which is
small compared to the resolved
length scales of the flow field and
can thus be modeled as an interior ==

edge (2D) or interior surface (3D) - #nis@AREAIEER S —LI=EATHELMER
economic implementation without 22&£BEEREES, WELYS (D) &i-lEME

. . RME (3D) & LTETFIVEARE, DF YEBMZERRL
resolving details NS F

= Common COFFe'ationS for resistance Pressure (color table) and streamlines for pipe flow
and refraction coefficients are obstructed by a screen inclined at 45 degrees
included EHffZ#H & BRFHO—RNAHABEEREER
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Fan, Interior Fan, 7};; 22773

Grille, Vacuum Pump

= Fans, vacuum pumps, or grilles .
(devices) can be represented using

lumped curves implemented as
boundaryv conditions. 77 ¥« BEER> T, Eiz&T Ui (Fi1 R) (& HEREHEE
Y TR & 1= b iR E6RF L C BB ATE

= These simplifications also imply S OEMEEEN  BIS5R SN EHRERADSREOOVTAADHTHS &
some assumptions. In particular, it is #&E. T0& 5 LHRE, HAD/FAODESTHoTEGST, ¥Salb—vay
assumed that a given boundary can TSR EPAYELERE
only be either aninlet or an outlet.
Such a boundary should not be a mix
of inlets/outlets, nor switch
between them during a simulation.

Static Pressure

-
e
-
-

=  Manufacturers usually provide
curves that describe the static T
pressure as a function of flow rate

for afan. NpEETEY BEEZT77 OFBOEYE LTHRTHELZIRILET S Define the flow direction on exterior and interior

boundaries, and fan curve (or similar)

W CoOMsOoL

Symmetry,
Axisymmetry, and
Periodicity SIFRIE, BXFR. FEHIE

= Great potential to reduce
memory requirement &
computational time >
efficiency! s 5. e s En eHRTES77
= Physics, materials, and
geometry must obey symmetry,

axisymmetry, and periodicity
T4y H R, HE, DA R YA
RS/ BT HB = L HNBE

Geometry and boundary conditions are symmetric with
respect to midplane but instabilities may occur

W CoOMsOoL




Set p at this point

Pressure Point
Constraint =~ =

= |f system pressure level is not
uniquely determined by a
boundary condition (e.g., cavity

surrounded by walls), it must be
. . 10} LARILAS (M
set in some other using a ih'igﬁ;;’g) Effﬁ_@;f,;;
; int BELANEE, EHHRA S MER
pressure point constraint. #60R L THOBTICBET SO

Hot

&Y
» When gravity is included in the i
model, the outlet often cannot T |

¢ Fy=—(9.81m/s%)p

be described by a uniform
pressure. In such cases, use the
Compensate for hydrostatic

pressure optlon.
ETNICEANREThTLSIHE.
HAORFS—LHEHATEREATELEL
ZERBB. DL SHEIFAEF.
BAKEDWEL T3 v EER

W CoOMsOoL

Rotating Machinery axuss
= Laminar and turbulent ms. #x%

» Slidingmesh 23474274 vva
— Accurate time-dependent
simulations Eg#uEmMEES S 1L—Ya Y
= Frozenrotor ##n—%—
— Fast, stationary approximations H:# 7 E#:m{L
— Can provide starting conditions for
asliding mesh simulation 23471 vJAv¥avsab—>3>0

. BAsRSL-D IR BEASTTRE
— Stationary free surface

postprocessing feature w#gmsEHZ MLIET 4 —F 5 —

= |nterior wall conditions wmees

—  Simulate infinitely thin blades and
baffles mmizmnIL—revorDYzaL—2ay

W CoOMsOoL

Continuous-stirred tank reactor




Rotating Machinery: ALE  ceasnes

Sliding mesh:
ARSATavTrAyda ou ox v vy
Plar T\""ar) )T Ve
0 _9 | ax —V+0X X _ axx—
oT ~ ot ' u=v T

d
p<<a+ﬂx>(v+ﬂxx)+(v+ﬂxx—ﬂxx)~V(v+ﬂxx)>=V-a=>

av aQ
p E+V-Vv+29xv+ﬂx(ﬂxx)+axx =V-o

W CoOMsOoL

Rotating Machinery: ALE  sessnes

Frozen rotor:

A —5— au+ ox va) = v
P\ar™\"“ar) "M)=" °
—ud—efﬂxu u=v+Qxx %—Qxxz
oT — ’ B 9T

p(AXV+AXX)+(V+AXXx—QXX)-V(V+QXxX)=V-0=
p(v-Vv+2.Q><v+Q><(ﬂ><x))=V-a

- Set: T=0

TiZHFER
YB COMSOL




Viscoelastic Flow #sin

=  Adds additional elastic stress to
momentum equation e h £ ESEAERI<EM

» Predefined material models =gessnt-sEesL
— Oldroyd-B #—/vFo4 FB
— Giesekus %—+452

- FENE-P

W CoOMsOoL

p (3_? + (u- v)u> =-Vp+ V- [u(Vu+(Vu)T) + T] +F

Viscoeleastic flow: Blood flow in an abdominal aeortic aneurysm. The colormap
displays the total wall stress. A brighter red color indicates a larger stress.

W CoOMsOoL

Th|n-F|Im and B SABBKRTA
Porous Media Flow

= Thin-film flow e

—  Forlubrication and flow in narrow

structures, which are modeled as 3D
shells 3DY L E LTETUEShI-RMVEETO
HEEFTNA o
—  Supports gaseous cavitation
SEFYETF—avEYR—F

=  Porous media flow £agEgERF N

— Laminar or turbulent free-flow
coupled to porous media flow
including Forchheimer drag (high
interstitial velocities)

— Darcy’s law and Brinkman equations
with isotropic/anisotropic
permeability tensor

—  Multiphase flow in porous with
capillary pressure and relative
permeability (predefined models for 2
phases)

- 7ANENAT—RAZSUSAER

FoFfhEMELIER. AROBSE
Fh (FLVEFMERE)

-SAM/RAEBRET VL EER
Li=4Lo—RIETY o2 o iAER

Mass fraction for cavitating flow in a journal
bearing modeled using the Thin-Film Flow,
Shellinterface

A porous filter supported by a perforated plate and immersed in turbulent
pipe flow is modeled using the Free and Porous Media Flow interface

-EMEELANEATERA-SAR
DB CHOFRERETIL)




4 == Fluid Flow

[* == Single-Phase Flow

I & Thin-Film Flow

4 [ Multiphase Flow

4 5s; Bubbly Flow

=% Bubbly Flow, Laminar Flow (bf}
b 2% Bubbly Flow, Turbulent Flow
=% Mixture Model

:3:‘,: Mixture Model, Laminar Flow (mm)
28 Mixture Model, Turbulent Flow
=i Euler-Euler Model

Multiphase Flow s

= Disperse flows s
— BubblyFlow  ssasmn
— Mixture Model gaissL
— Euler-Euler Model #45—#145—F1L

— Phase Transport, Mixture
Model #E#EE&ETIL

[ 8

[ 8

3::-5 Euler-Euler Model, Laminar Flow (eg)
4 Euler-Euler Model, Turbulent Flow (ee)
3@ Two-Phase Flow, Level Set
= Laminar Flow
I =l Turbulent Flow
3@ Two-Phase Flow, Phase Field
= Laminar Flow
I =l Turbulent Flow
Egﬁ; Two-Phase Flow, Moving Mesh

[ 8

= Separated flows %#s
— Two-Phase Flow, Level Set
— Two-Phase Flow, Phase Field

[ 8

BIHH

[ 8

Egﬁ; Laminar Two-Phase Flow, Moving Mesh

- TWO-Phase FlOW’ MOVIng 4 =y Three-Phase Flow, Phase Field
MeSh =i Laminar Three-Phase Flow, Phase Field
_ - - 4 ﬂ.‘—: Phase Transport
T_hree Phase FlOW, Phase Start-upoffzflwdlzedbed 22 Phase Transport (phtr)
Field modeled using the Euler-Euler o ;
R 2$E§ﬁ ( LRty |‘) Model interface 4 =% fhase Transport Mixture Model
= Laminar Flow
28 (7 —XT74—ILEK) P %% Turbulent Flow
- 2487 (B A v a)
8 COMSOL SR (T =T 4= K)

Multiphase Flow - Disperse Flows
ST (S H0R)

= Bubbly Flow & Mixture Model siaith. B2&#EETL

_ Rela_ti}/e mlotior] (slip) as§umesl;chat the g mgﬁlg (#;u;#l:, HFOB
particle relaxation time is small compared HEHAFEROFBER 7—IL &
to the time scale of the mean flow oo

Bubble-induced turbulence sialz&-THFREh=ERE
— Mass transfer between phases #f0 & ®ifix
— Spherical and non-spherical particles zki/esrtisi 7

— Compatible with all RANS turbulence
models £ TORANSELFKEFILI=HS

— Phase transport mixture model for
arbitrary number of phases £&o#0ianiafiEE&ETIL

» Euler-Euler Flow #45—#45—#h
— General two-phase flow —##9%:2485%
— Norestriction on particle relaxation time s FsgfmpmosiEs L
— Spherical and non-spherical particles zpt/gesktisi+
Enhanced sedimentation of dispersed particles below a curved boundary.

— Mixture or phase-specific k-g turbulence Simulated with the Mixture Model, k-g interface.
model pa/pEEEOK-EAKETIL
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Multiphase Flow - Phase Transport, Mixture Model

S1EM (AREESETIL)

= Multiphysics coupling between Single-
Phase Flow and Phase Transport %8s ta#izmoms

= Able to model multiple dispersed
phases BEROSYBEETY VA

= Simplified mixture model - neglects
additional stresses due to relative

motion between phases.

HMlesh-BE&ETL-BMO
FARHEEIC & BB 5 ERR

W CoOMsOoL

Multiphase Flow - Separated Flows

SAE (S RET)

» Tracks the exact surface location using the level

set or phase field models, or by using a moving
. LRLEY FETIV, 72—XT4—ILEETIL,
meshinterface  ggx,o2s 55— xzmmLT.
ERGRE( % B0
. i - i STRAGRRT A T UNE
Accurate modeling of SL.Jrface te.n:%lon e.:ffects. i
Includes a surface-tension coefficient library =7v>ostaee

» Can be combined with any turbulence model*
HoWBARTTFIEDBH B DU

» Three-phase flow can be simulated using a

ternary phase-field formulation

&, BRI DIT—X T4 —ILF
EXLZEERALTOSaL— AR

Sloshing in a fuel tank

Gas bubble rising from a dense liquid up
into a light liquid in a three-phase flow,

phase-field simulation
*Two-phase flow only

28RS
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Nonisothermal Flow
and Conjugate Heat
Transfer BT L HGER

= Heat transfer in fluids and solids

. etk /B DEYEE
= Laminar and turbulent flow
B/

= |ncompressible - Boussinesq
approximation, weakly compressible

or compressible FEE##E (TR 25 5E)
/B IEHE I/ EfEE

= Engineering correlations for
convective heat transfer ssuzEo L2040

= Porous media domains gammik kg

= Thermal wall functions when using
the k-epsilon, Realizable k-epsilon or

k-omega turbulence models k-e/Realizable k-e/k-wELHETILE
AT RO REEK

= Turbulent Prandtl number models
ARTIV FALBETIL

W CoOMsOoL

Conjugate heat transfer in the cooling of an engine block

Conjugate Heat
Transfer Example

= The model examines the air

cooling of a power supply unit zme Lciees 288%

; ; irc DEFBAERAL-TR

(PSU) with muItl.pIe electronics 2% rsu i
components acting as heat DEFIL

sources

HEREEOH

= Avoid damaging components by sagomgi-£3
excessively high temperatures #a&OREOE:E

= Extractingfan and a perforated

rille cause an airflow inthe Z7v&&UZFAshl=
g JYLESIEHT LIS

enclosure k3. BENTOSHD

. . RE
= Fins are used to improve cooling
efficiency #a#®z%ET 2-H0
T4 2DEA

W CoOMsOoL

Cooling of a power supply unit




Conjugate Heat Transfer Example

HEREEOH
Fluid flow described by Navier-Stokes Heat transfer by conduction and
in air in the compartment gErozgs+0+Ex-2 -5 2 advection in air zstoE#IBRIcs sEE

IT& > TR Eh S FREDTN

Continuity in heat flux
and temperature at

solid-air interfaces
B LS RETORAR E REQESHH

[
Heat transfer by conduction

in the solid parts
EHBROEEIC & SMEE

W CoOMsOoL

High Mach Number Flow

Y yNEifth
) . BF/E RO TN . EfitA 4 5—FERAA 258 T z—2
» Laminar and turbulent viscous flow » Compressible Euler Equations interface
— k-gand Spalart-Allmaras turbulence — Based on the discontinuous Galerkin
mode| e&Spalart-Allmarasalifi 7 method FEg#s—*vkzEeds
— Fully compressible flow for all Mach —  WENO with positivity preserving
numbers £Tov v n\ETORLEREA limiter available EiEtt%#v 5 FmHEHEWENO

— Viscosity and conductivity can be

determined from Sutherland’s law
Y-S5 ROKINSRESNIHBEL BBE

—

Shock-diamond pattern for turbulent flow in a supersonic ejector Density variations around a rocket at supersonic speed

W CoOMsOoL




High Mach Number vs.
Nonisothermal Flow  FEiaiais

Both interfaces solve the same __ ., D2 & LERNED

equations for ideal gases, but: Fismxz@, ==L,

* High Mach Number Flow &= #ifh

— Has characteristics based

boundary conditions for inflow A sR/mHEROBE-ES |-
and outflow boundaries HEREHZELD

— Has consistent stabilization
methods specifically suited for m=m/ma=EmizgiE L.
transonic and supersonic flow —®ULi=&E{LFEEED
= Nonisothermal Flow #&iEsh
— Has more turbulence models #< QAFBETILESD

— Can handle general material | |
models —ggaziE 7LD Y FUATEE

W CoOMsOoL

Reacting Flow swa

* Multicomponent transport and flow in
diluted and concentrated solutions #R&/ERES#TOSRAHE L FHin

— Fickian and mixture-averaged diffusion
o _ 749 YBEUBATHEER
— Migration of charged species in

electric fields 2@+ o#RiEEOBE

Pa mol/m*

 6.82

6.47
6.12
5.77
5.42
5.07
472
437
4.02

— Mass transport in free and
porous media flow z E%;/&?Lﬁﬁﬁiiﬁht‘w

-4
— Turbulent mixing and reactions #ga £ &t

3.67
3.32
F42.97

2.62
2.27
1.92

— Stefan velocities on boundaries
with reactions REEH# 3 BERELDRAT 77 VEE

1.57
1.22
0.87
0.52

— Concentration-dependent density and

viscosity in flow description
RNBRBICE T I RERFOBE & HE

0.17

Reacting flow in a tubular reactor

W CoOMsOoL




Fluid Structure Interactions vemsesa—w/msnsees—LeRntms-maEEem Fs)

(with MEMS or Structural Mechanics Modules)

= Based on the ALE moving mesh technology
in COMSOL coMsoLnALERE # v & 2 ke E E LT3

= Fully bidirectional coupling between fluid
and structure s#kemEomMOsELERERER

— Viscous, pressure, and inertial fluid forces
onthestructure mEmizpss4ste, Eh, EEFRGE

— Momentum transfer back to fluid
TE~DEEEHBE

= Small and large deformations , « g %2

= Highly accurate fluid load computation
(weak constraints) mmEomsatHE (F@H%)

» Predefined physics interface makes it easy
to build models rapidly - no manual
interfacing between different solvers

BENERSADES V271 —XIZ&D.,
EFNORBLGEEDEZR S -BAEDVIL/A—
w8 COMSOL BOBETTE

Benchmark model for fluid-structure interaction

General Capabilities in the CFD Module

CFDE ¥ 1 — )L O—RAHRE

Robustness, performance, and accuracy  B#tt. {7+ —v X, HE

Solvers visi—
— Automatic solver suggestions vv/i<—o asisiiRE
— Algebraic and geometric multigrid s ge/smmsmne sz 5y v £
— Pseudo time stepping guBmxsy 7
— Cluster computing ¥5z4%%

State of the art FEM for CFD croo&siFEM

— Stabilization techniques #wEitxiE

— Discontinuous Galerkin for sliding meshes
RSAF4 0T Ay Y 1 AOTERH 5 —F Uik

Boundary layer meshing

Meshing #vva

— Physics-controlled mesh 74 v R&lHA v
— Boundary layer mesh BREAYYa
— Mesh control entities for advanced
meshing  ; ygmms vy IOtdnt v 2 HBTF 15 4

W CoOMsOoL

Automatic boundary layer meshing




Which turbulence model is
right for your application?

RARIZE CEERETILORBIRA X

W CoOMsOoL

Laminar, Transitional, and Turbulent Flow

B /B AR

—— Log layer smm

Buffer layer xvorm

Viscous sublayer
R

Laminar Transition Turbulent
5 BB A

W CoOMsOoL




Laminar Flow: Resolution
BRDBRRE

Low-Re channel flow One single 2nd-order element
ELA 7 LIEF v RIFh 1DM2REHR

W CoOMsOoL

Turbulent Flow (LES): Resolution

BT (LES) DR E

High-Re channel flow 32x32x32 2"-order elements
BLA/ LZXEF v R 32x32x32 2R EHR

W CoOMsOoL




4 == Fluid Flow

Large Eddy 5 4 == Single-Phase Flow

—YITA4¥Ralb—ray == Creeping Flow (spf)

(J o
SImUIatlon == Laminar Flow (spf)
[ =22 Turbulent Flow

* The larger three-dimensional, 4 %, Large Eddy Simulation

unsteady eddies are resolved, &% LES RBVM (spf)

whereas the effect of the smaller o LES RBVMWY (spf)

eddies is modeled /323 7175 ) XE oD Etn ot LES Smagorinsky (spf) | LESinterfaces

. ) EFLEEND

- Sl'mulat.lons must !ae three- £% 2 L—t 2 IEIDOBMEET

dimensional and time dependent #<»Z#Y 20

18

= Accurate but expensive ww s vt 2 katEL 16

14
12

(computationally)

= The three current interfaces are

8
based on variational multiscale 6
methods JEnson1 47 z—x04. :
EREDINFRT—LFikE
Y Turbulent channel flow at a turbulent 0 — - - 5
Reynolds number of 395 10 10 ,10 10

W CoOMsOoL

LES Modeling

S—CIF4YZTaLb—Yav(ES)DETILY

Decompose velocity and pressure fields into resolved and unresolved scales,
U=u+u,P=p+yp BEEENGERBA T —IV ERBBRT—IVIZS R
)

and use inner-product space (v, q) to filter out unresolved scales,
WRZER (v,q) EBALTRBRER7—ILERA

0
<v'pa_1:> - (V D, p)Q + (V'U: ,u[Vu + (Vu)T])Q + (V *u, q)Q - (”'f)aﬂ =
Q
WV-v,p)g+ Vqgu)g+ Vy,pluQu+uQu +u Qut+u Qu})g

. L . BREAR—ZDERINFR7—) (RBVM)
» Residual-based variational multiscale (RBVM),u” = —t,,res,,, p' = —1.res .

= RBVM with viscosity (RBVMWV), add (Vv: pClu’

TT1) #tt%=mLI-RBYMIZ
h[Vu T (Vu) ])Q (vv: pClw'|h[Vu + (Vu)T])ﬂé‘/ﬂﬂ;

= Smagorinsky, replace (7w, pu’ ® u)q by (Vv: 2pCs|S|h?[S = S]) | zevayzs—ernisy.

(7o, pw’ @ u)g % (Vv:2pCs|S|h?[S — E])n
TE#RTS

W CoOMsOoL




Live Demo - LES of Channel Flow at Re; = 395

$3IAL—YavDER(LA/ILZEIISTOF v RILFTNODLES)

= Use LES to resolve the large scales of a complex
turbulent flow field in a simple geometry LESERALTRAELG A A U THELRGRATSORE

= Domain gxsy
— Bounded bywallsaty = +1[m] =omsres
— Periodicinx € [0,2r][m], z € [0,2m/3][m] m#m%&H

= Scale NS-eqn withu, = \/z,,/p,and I, = 1[m]
FEI-R b=V RFEXZECOFHTRT—ILE

Ju 1
- . - — R P T I~
ot u-Nu=-Vp+V Ren (vu+ (vw)T)|+2

V-u=0
= |nCOMSOL

1
p=1[kg/m*],u = g[l’a -s],F = %[N/m?]
T
CDRASA FERDASA KT,
. — COMSOL Multiphysics ZfE > -EEF1TS

Live Demo - LES of Channel Flow at Re; = 395

YE2alb—YavDERE(LA/ LAEIISTOF ¥ RILFNODLES)

= Spatial resolution - viscous wall units
U Ax  ERSREE: #EEa- o b
Axtas ——
v

— Actual (Recomended) = (#:=%)

Axt =39(30), Ay}t = 1(1),Az* = 13(10)

= Temporal resolution - CFL condition
At|lu|? RIS MAREE | CFLEM

|u - Ax|
— Actual (CFL) =x(cFL)

At =2.5-1073[s] (5-1073[s])
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Nonisothermal flow,
LES interface FEEF(LESA 8 T T—R)

= |ntroduces buoyancy effects in
i i i TLRRYERERNT
|ncompre55|ble rovy using the J 0 e
Boussinesq approximation — 2r#Rz#EA

= Unresolved small-scale
turbulent heat flux modeled
using the variational multiscale

ERTILFRI—IVEEFERLT.
method YITJ U ERy—LOINREEL R
— RBVM BAFREETIELT
— RBVMWYV

— Smagorinsky

Passive-particle tracing in
nonisothermal LES

W CcoOMsOoL

RANS Turbulence Modeling

RANSELFEETY v ¥

t

» Reynolds-averaged Navier-Stokes (RANS) models predict the time-averaged or

ensamble-averaged solution of flow that is fully in the turbulent regime
e e o
. . . i A Yid
= RANS gives approximate solutions on desk-top Worketation clase computers

RANSIZ& B, TRY by TT—HRF—23 0P 5 ANDAVEL—4—TORELBORE

W CcoOMsOoL




Turbulent Viscosity

BLrsiE

RANS turbulence models are derived using Favre averaging,
FavredEig %A L THE S h S ELFTM

ou 2 — =
ﬁ<E+ @ v)u) - vpav- [ﬁ<7ﬁ+ ()T —§<v-ﬁ)l) —pu’u'] +F

with a Boussinesq hypothesis for the turbulent viscosity
ETMEHED T SRR D EBEFIA LR

- 2 2
—pu'u’ = ur <l7ii + (V)T — 3 (7 - ﬁ)l) — =pkl

when applicable
BRTRGES

W CoOMsOoL

Heat Transfer in Turbulent Flow

AR TOMEE
= Standard conduction-convection ### &E-sH

oT
pC, a—+V (—kVT)+pC,u-VT =0
t
= But,
— Additional mixing due to turbulent eddies: LaL. Efi=&2BEzERTS

C
—(k+ k) k=T

k.. .
effective
Pr .,

— Watch out for symbols: k is molecular, k; is turbulent
kIESDF. kp 3BT

W CoOMsOoL




Mass Diffusion in Turbulent Flow

ELiRIC & S EEK

= Standard convection-convection ### E#-x#%

dc
—+V-(-DVe¢)+u-Ve=R
ot
= But,
— Additional mixing due to turbulent eddies: LnL. &fic&2BE2ERT S
_ _ My
Deﬁective _(D+DT) DT -
pSc
— Watch out for symbols: D is molecular, Dy is turbulent
KIEHF. k3B
YB COMSOL

RANS models

RANSDE T I
» Turbulent flow = 4 == Fluid Flow
| . | | 4 == Single-Phase Flow
Algebraic yPlus model ##sypusE 71 — Creeping Flow (spf)
— L-VEL model == Laminar Flow (spf)
—  k-e model 4 722 Turbulent Flow
€ mode E Turbulent Flow, Algebraic yPlus (spf)
— Realizable k-e model =} Turbulent Flow, L-VEL (spf)
—  k-&»model “2% Turbulent Flow, k- (spf)

W CoOMsOoL

Z7% Turbulent Flow, Realizable k-z (spf)
— SST model Z2% Turbulent Flow, k-w (spf)

= Turbulent Flow, 55T (spf)

Z22 Turbulent Flow, Low Re k-2 (zpf)
— Spalart-Allmaras model 1:,:‘ Turbulent Flow, Spalart-Allmaras (spf)
@ Turbulent Flow, v2-f (spf)

— Low Re k-¢ model ELA/ LZEK-cETIL

— v2-f model




Computational Cost
for Turbulence Models

= Algebraic yPlus and L-VEL
H#agyPlus/L-VEL

= Spalart—Allmaras

ERETIOHEIR

= k-epsilon
= k-omega, SST and
low Re k-epsilon

BLA /LA k-
= Realizable k-epsilon

[ V2 -f Increasing cost
aR MEX

W CoOMsOoL

Algebraic Turbulence Models

RBEFTETIL

» Algebraic turbulence models are faster and more robust but, generally less accurate

than transport-equation turbulence models #swazEF L iEEcEETHIRE. —RIICHESELERET
L&Y HFREHEL
= Reynolds number based on local velocity magnitude and wall distance
BREEOAS S LBERIESC LA/ LAY

pUy U pury _ i
Re = = — =yt +’ =+ =
TTF Twog Y HTHT = 50 oy

= Algebraic yPlus model prescribes ut* (y*) from an extension of the logarithmic wall law
and solves for yt Ra#mypluse iz, HENERORANOHLBAS u* () EREL, * ERL

* L-VEL model prescribes y* (u't) from a different extension of the logarithmic wall law
and solves for ut LVELEFLi. ABRLRORNORE BHEN S v (HEREL. v ERL

— NOTE: No turbulent transport === no wake interference and no in/outflow of turbulence
Bl L ®BRTHEL, LROFA/FHEL

W CoOMsOoL




Transport-Equation Turbulence Models (2-Eqn.)

HEFEXIARETI QHEXETI)

Transport-equation turbulence models solve for the transport of turbulence quantities.
BESERARET LI, ARROBEEM

» k-epsilon: Transport equations for k and . General purpose model with wall functions
for smooth and rough walls. ke : ks veomzsEs, BorTHEOBAFOREMERLARTTIL

= Realizable k-epsilon: Realizability constraints are built into the model parameters.
Realizable k-¢ : Realizability#®E(E. ETIN/IF A =4 —IcHARAFTFATINS

» k-omega: Transport equations for k and w. More accurate than the k-epsilon model
close to walls and in recirculation regions. Wall functions for smooth and rough walls

k-0 kB UoDMEHER, BISIOEFRERO-ET L&Y b EMR,
but can also resolve the flow close to walls. & s S T ivga it g 2 0. iR kit 2

= SST: Combines the k-omega model close to walls with the k-epsilon model in the outer
flow region. Can resolve the wall layer. e s, Bt A s

» Low Re k-epsilon: Wall resolved k-epsilon model.
ELA/ WZXE ke : BEREBk-ETI

W CoOMsOoL

Transport-Equation Turbulence Models (1 and 3 Eqn.)

BEAEXIARETI 1ARRX/BABRKXETL)

= Spalart-Allmaras: Transport equation for oi-. Wall resolved turbulence model

H i i Spalart-Allmaras : U, D#EFER,
developed for aerodynamic applications. Ak A g s

= v2-f: An extended low-Re k- model. In addition to k and ¢, it also solves for the wall
normal fluctuations (v2) and an elliptic relaxation function (f). Good predictive

capabilities for flow over curved surfaces. Can resolve the wall layer.

v2-f: HEBRSMAE LA / WAB k-eETF I kEelTMZTRDZEED (v2) SEMENESR )
. HELOFNICHT @M TRME. BL A v—ERETH

W CoOMsOoL




Wall Treatment

BEaE

1
ut =—log(y*) +B
ut(y®) K

Wall offset BEhoOFT7Ey F

= Wall functions: A wall offset is applied. The computational domain always start in the

log-layer. emas: gty rotERENS, BHEF AL SERCHERTRES

= Low-Reynolds-number treatment: The viscous sublayer must be resolved.

BLA1 7/ LXEHN

cHEERERET ILENHD

= Automatic wall treatment: A wall offset is applied. The computational domain can start
anywhere in the boundary layer. amenz . 2454y roEASh S, HEFASDIBERROE 55T LMK

W CoOMsOoL

Resolution for Low-Re Wall Treatment

LA /7 W XE ORI RIGE

20
18
16

14

Algebraic yPlus
L-VEL

IEREL
= 10 Accurate wall stress
A

vl

May/still converge

IRETREME B Y

] k-omega
Low-Re k-epsilon
SST

2 I—A—\

101 10°

W CoOMsOoL

10*
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Automatic Wall a#zsricsszansnm
Treatment for
Turbulence Models

= Switches between a low Re

and wall functions Ev+/ L XL ERED
BMODRA vF

» Provides the accuracy allowed

by your mesh resolution
+HBRBEDA v 228D L TRMAENBELD

= |nherits the robustness that is

provided by wall functions
BRAMIC & - TIREE SO B EE MK

Low Re Wall functions
BELS/ LZH B

Flow in a pipe elbow simulated with the k-w model

W CoOMsOoL

Flow around a spinning soccer ball simulated

A I g e b r a i C P—— with the Algebraic yPlus model
Turbulence Models

= Algebraic yPlus model prescribes
ut(yt) REBYPUSETLIC L 2ut () ORE

= [-VEL model prescribes y*(ut)
L-VELETNIZ L Hy* (uh) DIRE
= Advantages: &t

— Robust and computationally cheap m#csma x FatEL
— Resolve wall layer &L v—#%fmEmE

— No boundary conditions are needed

- easily coupled to porous domains
BREUNFETCEAE FAS VDAY TYLITHRER

= Disadvantages: &
— Lessaccurate FWEALEHEL

—  No turbulent transport, hence no
wake interference, no inflow and
outflow of turbulence

AFEENG O, BRTS. AROTBA/FREA L

Flow around a torpedo simulated with the Algebraic yPlus model
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Spalart-Allmaras

Spalart-Allmaras&Li €T /L

Turbulence Model

The Spalart-Allmaras model was

developed for aerodynamic

lications Spalart-AllmarasE 7 )Lik
applications EHRA&ME TR SN
Advantages: &Ft

— Stable, easy to ggt the model to solve
EEIZEN. ETILORRHIES
— Usesless memory than Low Re k-¢

and SST BL A / L X#k-¢/SST& Y ERARAMBEAVNE LY

— Automatic wall treatment, possible
to accurately compute: lift, drag,
heat and mass transfer
BRENEE, ERGHENTEE (508 N/R/METEE)
Disadvantages: @@

— Does not accurately compute flow
fields which exhibit: Separated flow Flow around a NACA airfoil simulated with the Spalart-Allmaras model
or decaying turbulence
SEER/BET EAROFNBOHAA BT L L EETEHEL

W CoOMsOoL

e-Based Turbulence
Models ::zs<amzesn

Flow around an airplane simulated
with the k-e model

k-epsilon: popular in industrial applications
k-e: ERRA7 TV r—>avicBLWTRELF—
Realizable k-epsilon
Low-Re - has automatic wall treatment
ELA/ VZE : 5BhEERE
Advantages: £/
—  Stable, easy to get the model to solve REICEN. ETILORELSES
—  Canuseacoarser mesh near thewall EB@;EETH. & VLA YY1 OERATTEE

- Performs well for external flow problems,
complex geometries smpFhORECERE ST A MY ISHLTS F<#ETS

Disadvantages: &R

k-g and Realizable k-¢ use wall function k-eds & URealizable k-e X B EAE3E Bl % A -
approximation: solution at wallisless g fnERMEOE = (8 5/5 /8 MEEE)
accurate: lift, drag, heat & mass transfer

- Does not accurately compute flow fields
which exhibit: adverse pressure gradients,
strong curvature of the flow, jets (standard k-

epsilon) sgE h HE/FnORLEE/S T v (k) O

Flow around a cube simulated
with the Low Re k- model

w8 COMSOL FhIBOHELS BT L L ERTIEEL




Adverse Pressure Gradient z=ssmom=

SHERS b
Separation Point

BARE
Boundary Layers

J Z) Nozzle: Throat: /M Diffuser: #Li&#R
mHEEN ! »Area & Pressurel * Area & Pressure is *Area & Pressuref EEEENT
#E1 o Velocty constant i E —j « Velocity § 2 |
*F | * Velocity is constant .
e L EASR av'orab e pressure| elocity ngg_i AdYerse pressure
gradient * Zero pressure gradient uEham
gradient
EhARtEo
YB COMSOL

mw-Based Turbulence
MOdElS £ S CAFEFL

= k-omega model

= SST model: combines k- near walls with
k-einbulk ssTEFL : BEHBOK-0 & /LY Dk-DRHEDE

= Advantages: &

— i AERh OREISHN L T
Performs well for internal flow problems 5% < WEET 3

—  Canmore accurately compute flow fields
which exhibit: curvature, separated flow, }m,%ﬁlfﬁ%ﬁf;fﬁ
adverse pressure gradients, jets £ U EREICEHE R

—  Low-Re, automatic (and wall functions for

k-m) wall treatment
ELA/LXHTOES (5&Uk-0DERES) ENE

= Disadvantages: f&@fi

—  Sensitive to free stream values of w for
external flows SHEHELDWOBEER Y —LABIZL >TREAEEEID

— Difficult to get convergence: more
nonlinear than standard k-¢ Flow in a centrifugal pump simulated with the k-w model

IRFAEE - ke & U IEIRT
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v2-f Turbulence
Model

= Extension of the k-e model,
which, in addition, solves for the
wall-normal turbulence velocity

fluctuations keE7L0MmE,
BHROIREELTHE & KRBT,

= Advantages#&m

Captures turbulence
anisotropy HRRFEEFx TF v FTH

V2-fELFRE TIV

Applies elliptic relaxation to
account for differences in
near-wall and bulk flows

2T 0%k (RWAVI Bz (108 {AY 3
FET S =HiRAKENEER

= Disadvantage

Increased computational cost

due to additional equations
HFRAFEMTHC L CRHEIR FHER

W CoOMsOoL

Flow in a hydrocyclone simulated with the v2-f model

Automatic a#zrimosnzs
Translation Between
Turbulence Models

= Successful strategy: #Lusi

Start with a simple and
robust mode| EZ CERELETILALIKDS

Migrate to a more
accurate and maybe more
sensitive and expensive

model & YERTREABLEFESAS
BEZETINICBTTS

Current solution used

automatically as initial

BUESS MMBETORRE LT
BEOREEBNICEAT S

W CoOMsOoL

~ %/ Settings

Generate New Turbulence Model Interface

Model Builder
=1 15~ EEE

-

4 @ water_purification_reactor.mph (root)
Global Definitions
4l Component 1 (compl)
= Definitions
A Geometry 1
i% Materials
4 27 Turbulent Flow, k-z (spf)

Label: Generate New Turbulence Model Interfa: IE‘

¥ Model Generation

Copy only active settings
| Create |

D : :
n‘ F'f"f’ Properties1 ~ Turbulence Model Interface
i Initial Values 1
D
= Walll | Turbulent Flow, SST ¥
mw Inlet1
= Symmetry 1 ¥ Study
w Outlet1
6 New Turbulence Model Interface | Study type:
4 A Mesh1 | Stationary with initialization -]
M Size
Sizel Initial value from study:

8 Corner Refinement 1
&\ Free Tetrahedral 1
E Boundary Layers 1
4 " Study 1
= Step 1: Stationary
) ™. Solver Configurations
# Results

| Study1




