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Outline

» What CFD stands for?
 CFD types and differences
* CFD case step-hy-step

* Sensitivity study
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CFD = Colours For Directors?

A
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Computational Fluid Dynamics - CFD

« Numerical technique for solving mass (and heat) transport in real geometries based
on fundamental conservation laws (or even ab /nitio):

« Continuity (Mass):

dp

—4+V. =0

5 T (pu)
e Momentum:

d(pu
(5t)+|7-(pu><u) =—-Vp+V-74+pg
* Energy/Heat:
d(pE)

m +l7-(u(pE+p))=V-(kVT+u-T)+Sh

 Think of CFD as of Digital Twin of a real experimental setup
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Spatial discretization = meshing

* We DO NOT solve ONE SET of governing
EQUATIONS for the whole geometry

 We DO solve NUMBERS of SETS of
EQUATIONS at discreate locations in such
geometry in an iterative process.
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Velocity

»~

RANS, LES, DNS = CFD types

LES /x/}/mﬂfk\l DNS

RANS

e

u=u+u |-
* Most common division
Computed in DNS
log E (k)
% Modeled in RANS
Computed in LES Subgrid scale
E( ) ; g2 /3
K)=(——
15/3
~173
e~uy/l - S — log K
Inertial Dissipation 2
Energy containing range Unwversal equilibrium range K = T

L

Time

s 1
”l

Direct Large Eddy Reynolds
Numerical Simulation Average
Simulation (LES) Simulation

(DNS) (RAS)
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Afaque Shams, Tomasz Kwiatkowski, Towards the Direct Numerical Simulation of a closely-spaced
bare rod bundle, Annals of Nuclear Energy, Volume 121, 2018, Pages 146-161, ISSN 0306-4549,
https://doi.org/10.1016/j.anucene.2018.07.022

n
N‘ BJ' S eX e rl e n Ce Tomasz Kwiatkowski, Afaque Shams, Towards the accurate prediction of axial flow and heat
transfer in a tightly spaced bare rod bundle configuration, Nuclear Engineering and Design,
Volume 403, 2023, 112119, ISSN 0029-5493, https://doi.org/10.1016/j.nucengdes.2022.112119

cross-section plane

streamwise plane

——— v Most commonly used
Flow direction  / aptractive for industry
v Ability to model very complex systems
v Good, but average values
v Relatively fast results
v No need for large computing power Courtesy of Tomasz Kwiatkowski

Vv Accurate/real results

v Calculations take much longer -months/years
v/ Much more computing power is required

v High computational cost

v Simple/less complex geometries
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Continuity equation - explained

« Continuity (Mass): ]
a—'[t) +V-(pu) =0

How much mass accumulated through the time? How much mass transported through
a control volume boarders?

Usually: 7 = (2 29
SUY- V= \0x 9y 0z
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Momentum equation - explained

* Momentum:
d(pu)
+ V- (puxu)=-Vp + pg
ot
Acceleration Momentum convection Pressure gradient Viscosity/Friction forces Body forces
Momentum Main drive-force Gravity, buoyancy
accumulation in time, for flow
ex. pump startup (from high to low pressure region)
aui auj
Ex. acceleration due Internal/Shear forces 7;j = U 3 +
Xj axi

change of cross-section

A
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Boussinesq hypothesis

7 19U 0"71) 20X
PUU; = Ut ox; | ox; 3P ij

Turbulent Reynolds stresses Mean flow velocity gradients Kronecker delta
rf}”’b = —p?u]f (molecular viscosity analogy) 5 = Oifi+j
YT\ lifi=]
Eddy (artificial) viscosity Turbulent Kinetic Energy
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Effectively, when using RANS

* Instead of solving this one:

_ Oui + Bu]
Tij —# ax] 0xl-

* We are modeling with this one:
T?Qtalz( + ) @4_@ _E kS

* But the problem s Turbullent Kinetic Energy:
=5 ()" + ()’ + @)




Essence of RANS turbulence modelling

* The general form of the resolved TKE equation is derived from sum of
products of Navier-Stokes equations with fluctuating velocities:

U
V=-
None of them known, each term has to be modelled in RANS P
ok, ok ou;  ou/ou; ol ok 1 o’ u'l g
— i — = | U — —V——— + V— - -u; U u; — - =p'u;;
ot |7 0x; T 0x; Ox; Ox;  0x; Ox; 2 R o o~ '
. . y /|
Local change Advection Production Turbulent viscous Molecular Turbulent Pressure Buoyancy
of TKE in time dissipation (g) diffusion transport diffusion flux
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Turbulence models

* The choice of turbulence model appropriate
to the physics in question is always a matter

of engineering judgement.

* |t is usually based on answers to following:

* What is the general focus of the model?
What are the strongest and weakest points?

* Does the model was calibrated against

real life example similar to the one in question?

* The final choice is mostly motivated with
engineer’s past experiences.

Viscous Model

Model Constants
Inviscid Cmu
Laminar 0.09
Spalart-allmaras (1 eqgn) C1-Epsilon
@ k-epsilon (2 eqn) 1.44
k-omega (2 eqn) C2-Epsilon
Transition k-kl-omega (3 eqn) 1.92

Transition SST (4 egn)
Reynolds Stress (7 eqn)

Scale-Adaptive Simulation
Detached Eddy Simulatiol
Large Eddy Simulation (LES)

k-epsilon Model

® Standard

RMNG
Realizable

ear-Wall Treatment

8 Standard Wall Functions

Scalable Wall Functions

TKE Prandtl Number
1

(SAS) TDR Prandtl Number

n (DES) 1.3

0.85
Wall Prandtl Number

User-Defined Functions

Turbulent Viscosity

Prandtl Numbers
TKE Prandtl Number

Non-Equilibrium Wall Functions

Enhanced Wall Treatment

Menter-Lechner

User-Defined Wall Functio

s
Viscous Heating
Curvature Correct
Production Kato-Laund
Production Limit

TDR Prandtl Number

ns
Energy Prandtl Number

Wall Prandtl Number

Energy Prandtl Number

»
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Turbulence models in ANSYS Fluent

Viscous Model

« ANSYS Fluent provides plenty of models,

® k-epsilon (2 eqgn) 1.44

submodels and their derivations with some

ransition k-kl-omega (3 egn)
Transition SST (4 egn) TKE Prandtl Number

d efa u lt Opt i Ons. Reynolds Stress (7 eqn) 1

Scale-Adaptive Simulation (SAS) | 1R Prandtl Number
Detached Eddy Simulation (DES) 1.3

« User is allowed to combine them (almost) freely, ==« o

k-epsilon Model

including changes in some model constants . R

or by adding user's own functions instead.

Standard Wall Functions
Prandtl Numbers

o ) TKE Prandtl Number
Non-Equilibrium Wall Functions

* Such a customization seems attractive, but adds | ccivene™ e
several biases and assumptions, creating Iy s

Scalable Wall Functions

a deviation from the original calibrated model oo

of general purpose. That requires V&V. O
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Which one Is correct?

* How do we know the simulation output is correct?

» Usually, we don’t know”, but we can estimate the impact of turbulence
model choice on final results - we call this sensitivity study.

0.20
0.15
N
%

0.10 4

0.05 4

0.00 T T T T

0.0 0.2 0.4 0.6 0.8 1.0
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ANSYS Fluent isn't an easy tool

* The choice of turbulence model is just one source of headache. There are
few others related when using ANSYS Fluent particularly.

 Until 2-3 years back, Fluent offered only two ways of setting case
configuration, I.e. via:

e GUI - Graphical User Interface

« Although, it seems most attractive apporach, yields quite a lot of problem when the targeted
simulation requires more hardware than we have locally or it takes an hour to load the data
to RAM just to check/change settings.

 TUI - Text User Interface (based on dedicated/limited syntax)
* Prefered option when sensitivity study is a major topic - with some significant issues.
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ANSYS Fluent TUl - example

Definition of Inlet boundary conditions (BCs):
* Interactively we answer questions as below:

/define/boundary-conditions> mass-flow-inlet
(inlet) . .

zone id/name [inlet] inlet
Reference Frame: Absolute L%es] es
Mass Flow Specification Method: Mass Flow Rate [yes] yes

Use Profile for Mass Flow Rate? [no; no

Mass Flow_ Rate (in [kg/s]) [0] 0.6234

Use Profile for Supersonic/Initial Gauge Pressure? [no] no
Supersonic/Initial Gauge Pressure (in [Pa]) [©@] ©

Direction Specification Method: Direction Vector [yes]_no
Direction Specification Method: Normal to Boundary [nO] yes
Turbulent Specification Method: K and Epsilon Eno no

Turbulent Specification Method: Intensity and Length Scale [noE no
Turbulent Specification Method: Intensity and Viscosity Ratio [yes] no
Turbulent Specification Method: Intensity and Hydraulic Diameter [no] yes
Turbulent Intensity (in [%;) £5] 4.0377199

Hydraulic Diameter” (in [m]) [1] @.02

woevwoeVvwoevwevwevwevwIivweIi e vevweivwe e vwevwewewe

But we can write the same as a one-liner:
/define/boundary-conditions/mass-flow-inlet inlet y y n ©.6234 n @ ny n n ny 4.0377199 0.02

«  Now to show the essence of the problem in a soft way, let's imagine we turned on energy equation at some point (it's not 'on’ by default) to account for
temperature field, then we need to add an appropriate change in the inlet BC:

/define/boundary-conditions/mass-flow-inlet inlet y y n ©.6234 n 313 n @ ny nnny 4.0377199 0.02
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ANSYS Fluent TUI - issues

* TUI syntax is neither obvious nor fully documented. It is also confusing
(or better to say frustrating) as some of the definitions rely heavily on
some general case settings, you may need to change at some point.

« The definition may change either in number of arguments and/or their
order! With no easy option to call the list of current requested
arguments, with no if, while and any other loops to fill available
arguments with possible values.

* Nightmare, you can compare only with the user expierence of any early
stage open-source code, with every new release bringing change in the
layout or naming of your input deck. Imagine an input deck of 1000 lines!

* Fun fact: TUl syntax is more than 40 years old!

EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE
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The problem in question

* Boundary layer detachmentis an ° It is hard to predict correctly

enemy, we try to avoid in even for the easiest axially
aerodynamics... symetric flows.

Time-averaged Velocity Profiles

Al

L

Wall'Shear Stiess =0/ Pa

lem peratuie;
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CFD solution workflow

 Make CAD geometry (2D/3D)

* Discretize it - generate mesh upon the geometry
* Define material properties and flow condtions

« Choose solution strategy (RANS/LES/DNS)*

* Run simulation

 Extract and post-process simulation results

» Validation and verification

EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE
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The domain and the flow conditions

Tiser = 313 K (40°C)
Dres = 101325 Pa

q"; =q", =10 000 W /m?
U = 0.44,0.8,2.0 m/s

p=992.18 kg/m?3

k
U= 6528 x 104 —9_
m-s
J oy
= 4178.82 ——— o
» kg - K S
A =0.6304 il
T m-K
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a = Di/DO = 0.5
D,=D,—D;=0.01m

(

;=001m

N
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Dimensionless approach

[

a=—=05=BR =25%
0]
2
U _ Douter
annular — inletDz _ DZ
outer inner

T =qi/q0=1

pUDy
Re = p =8900,16 200,40 500
C
pr=2E _ 4377
A
a1,
T
Nu = L =7
Twall - Tref

~
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Mesh

Parameter

z/Dy, range

Time step [s]

mMax(CFlge-40500)=2-6,
max(CFLge-16200)=1.05,
mMax(CFlge-gg00)=0-56

Element type hexahedral

First element layer height to hydraulic diameter (at both cylindrical walls) 6.5x104 6.5x10% 6.5x10% 6.5%x10%

Number of elements in axial direction - N, 333 250 500 1917

Number of elements in radial direction - N, 235 235 120 120

Number of elements in azimuthal direction - Ny 480 480 480 480

Total number of elements - Ny 01 196 586 400

Total number of nodes - N, 45 197 985 704

Element growth rate in axial direction 1 1.012 1.006 1

Maximal cell size to hydraulic diameter ratio in axial direction - max(A,) /Dy, 1.2x102 1.2x102 1.26x102 1.2x102

Element growth rate in radial direction max 1.052 max 1.052 max 1.052 max 1.052

Maximal cell size to hydraulic diameter ratio in radial direction - max(4,)/D;, 1.3x102 1.3x102 1.3x102 1.3x102

Element growth rate in azimuthal direction

Maximal cell size to hydraulic diameter ratio in circumferential direction -

max(Ag)/Dp,

~
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Y

Flow physics (based on Re = 40 500)

SWIERK
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Flow physics (based on Re = 40 500)

m— Particle 40 (Gen01, zm0500)
m— Particle 58 (Gen01, zm0500)
me Particle 53 (Gen01, zm0500)
m— Particle 47 (Gen01, zm0500)
wes Particle 49 (Gen01, zm0500)
Particle 50 (Gen01, zm0500)

m— Particle 52 (Gen01, zm0500)
mes Particle 54 (Gen01, zm0500)
== Particle 44 (Gen01, zm0500)
m— Particle 48 (Gen01, zm0500)
m— Particle 59 (Gen01, zm0500)
= Particle 60 (Gen01, zm0500)
m— Particle 41 (Gen01, zm0500)
wes Particle 45 (Gen01, zm0500)
Particle 42 (Gen01, zm0500)

m— Particle 57 (Gen01, zm0500)
= Particle 51 (Gen01, zm0500)
= Particle 43 (Gen01, zm0500)
m—— Particle 55 (Gen01, zm0500)
= Particle 56 (Gen01, zm0500)
we Particle 46 (Gen01, zm0500)

0.0}
[ ]
L
23 0
S
@
[-3
)
>
=
2
o
§ e
0.0 —n —— = — — = e = — — = j( \]
0 — ——
+4 \ - = = -
% 2
% N o,
or 3 % >
2 s 2 L
4 < s Z Position (m)
A + 00 (3 s
o8 &
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Does the separation length depend on velocity?

0.02 1
0.01 1 N
TWZ i il ————11._——————————-————————————. ————————
Cr = ) cj. 0.00 —— Re=28900 (|nner)
f 1 Uz | ---- Re=8900 (outer)
2 annular 0.01 . —— Re=16200 (inner)
' ---- Re=16200 (outer)
1 —— Re =40500 (inner)
-0.02 ---- Re =40500 (outer)
2 ~1 0 1 2 3 4 5 6 7 8
z{Dy
0.20
« I~ Tinner 0.16 1 b) —— Re = 8900
r = J — Re=16200
Touter — Tinner , 0127 —— Re =40500
= 0.08"
U,=0 0.041
0.00 & | | | | | . |
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
zIDh
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Why we believe this is true?

— 228M (inner)
== 228M (outer)
= 200M (inner)
= = 200M (outer)
we= 170M (inner)
= = 170M (outer)

—0.005 A

—0.010 A

-05 0.0 0.5 1.0 15 2.0 25
z/Dy,
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CFD fuels multi-variable analysis

Re = 40500 at z/Dh = 0.73 (Range: 0.000-25.000)

1.0 1.0 1.0 1.0 1.0
—e QLU,>0,u\>0 P
—— Q2: U, <0,u;>0
0.8 0.8 0.8 0.8 = Q3 u,<0.u:<0| 08
-8 Q4:u;>0,u <0
0.6 1 0.6 0.6 0.6
*
~
0.4 0.4 0.4 0.4
0.2 0.2 0.2 0.2
0.0 4 : : : : : : 0.0 : . : . : 0.0+ : : : : — 0.0 0.0 41— : : : : :
-02 00 02 04 06 08 10 12 -0.175 —0.150 —0.125 —0.100 —0.075 —0.050 —0.025 0.000  —0.05 -0.04 -0.03 -0.02  -0.01 0.00 0 3 4 5 00 01 02 03 04 05 06 07
e e le-2
Uz/UZhn U/UZ,, ATV wuuz, i (T = Toin)(Tmax = Trmin)
1.0 7 1.0 1.0 1.0 1.0 PR — it
—— QL:T'>0,u;>0 —e— QL: T'>0,u’ >0
- Q2:T'<0,u;>0 - Q2:T'<0,u',>0
0.8 1 0.8 4 —4— Q3:T'<0.u,<0 | 0.8 0.8 —— Q:T'<0,u,<0 | gg
- Q4:T'>0,u><0 - Q4:T'>0,u,<0
0.6 0.6 0.6 0.6
*
“
0.4 0.4 0.4 0.4
0.2 0.2 0.2 0.2
0.0 T T T T T T T 0.0 - s s + T 0.0 4+ T T T T - 0.0 r T T T r T T
0.0 0.5 1.0 15 2.0 2.5 3.0 -15 -10 -05 00 05 10 15 -0.8 -0.6 -0.4 -0.2 0.0 -2 -1 1 2 3 4 5 ~1.00 —0.75 —0.50 —=0.25 0.00 0.25 0.50 0.75 1.00
iy le-2 sy le-3
THF /Qgan ulT (raw) ¢ THF /[ Qyan ulT (raw) ¢ LHF/qyay
B Separation Bubble Development H12 Development a6 Nusselt Number Development
0.35 |~ Main bubble (RB) 2/Dh = 0.730 12 —— Reannuiar = 40500 (inner) - —— NUrmin(40500, inner)
=== Inner bubble (RS) 1 === Reannuar = 40500 (outer) === NUrzin(40500, outer)
0.30 101 600 1
0.25 S 8 < 500
2
¥ 020+ S ] § a00
i = 67 =]
0.151 £ . = 3001
0161 i NSRS {75 . INEEE SRS, Fetey S
0.05 1 \ L e T TII
0.00 +=—== . . . » 0 . . . . 0 - "
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.5 1.0 1:5 2.0 25 3.0 0 1 2 3
z/Dp z/Dp z/Dp
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Piotr Prusinski, MSc. Eng. | CFD Analysis Group

Division of Nuclear Energy and Environmental Studies (UZ3)
Departament of Complex Systems (DUZ)

National Centre for Nuclear Research (NCBJ)

A. Sottana 7, 05-400 Otwock-Swierk

e-mail: piotr.prusinski@ncbj.gov.pl

tel: +48 22 273 11 26

Tomasz Friiboes, PhD

Software Engineering Division (UZ2)
Departament of Complex Systems (DUZ)
National Centre for Nuclear Research (NCBJ)
A. Sottana 7, 05-400 Otwock-Swierk

| h e E n d e-mail: tomasz.fruboes@nchbj.gov.pl

[ts the time to ask all these questions
/ did not cover with my presentation
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