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Urban flow modeling

Challenges:

o Atmospheric Boundary
Layer (ABL)

o Bluff bodies
o Large distances

o Scalar transport

A Rakei  Validation studies of flow modelling around buildings TR



Urban flow modeling

Purpose: Computational Wind
Engineering (CWE)

o Wind load on buildings

o Wind comfort

o Pollutant dispersion
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Compare to analytical or measurement data:

o Profile comparison
o Contour plots

o Validation metrics

0 for else




Test cases

CEDVAL and CEDVAL-LES database:
@ Atmospheric Boundary Layer (ABL)
@ Flow around a cube (1 building)

@ Flow around an array of cubes (Mock Urban Setting Test -
MUST)

@ Idealized Central-European city sentre (Michel-Stadt)

Environmental Wind Tunnel Laboratory
University of Hamburg
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OpenFOAM details

o simpleFoam

(%]

standard k — ¢, realizable k — ¢, RNG k — ¢, k — w, nonlinear
Shih k — e

rough wall-function and modifications

upwind and cellLimited linearUpwind convection schemes

inlet defined with timeVaryingMappedFixedValue or GroovyBC

© © o0 o

coded Function Objects and sampling for post processing
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Linear versus nonlinear approach

Reynolds Averaged Navier-Stokes Equations (RANS)

In the standard k — € model: isotrophic eddy viscosity
2
R,'J' =ujuj = §k5,j — l/tS,j
ve = C,2 ¢, =0.09

Nonlinear

2
R,:,' = ujuj = §k6U — l/tS,‘j + f(SU, QU)

+ nonlinear stress

Model Cy a(er1) @ (cr2) s (cr3)
Craft et al. 1993  Cucrae -0.1 0.1 0.26
Shih et al. 1993 Cyshn -4 13 2 4
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Results Conclusion Outlook

Validation
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Urban flows

Atmospheric Boundary Layer

Incident flow

12 Incident flow error 1 ‘
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Test case 1 - Atmospheric Boundary Layer

2D ABL mean Re stresses
hih model

Analytical solution
Linear: Rll = R22 = R33 = %k
Non-linear: 025

2
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2 k3 5 (2 1 0.2
Ri1 = §k+c#€—2 (U3) <CT2 — 3CT3> %’

ETURIESS e s s SO

b 31 24 B RS
R AREpRE

3 15
2 k3 [ 1 1 R I
Roo = §+Cu?2 (U1,3) <—3C72 - 3Cr3> 0.05 .
2 k3 5 (2 1 o “y2 06708
Rs3 = gktcu— (Ur3) <3CT3 3CT2> Ry
Experiments: Ri1 > Ry > Rss
Conclusion
There is a switch in OpenFOAM in Ry; and R337 \ ¥y
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The bluff body problem

Martinuzzi and Tropea 1993
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The bluff body problem

Usual approach: RANS with linear k — ¢ model

Overpredicted wake un,| High k in stagnation
1

L=1.76H 0

K,
0.12
0.1 02
0.08 Y
0.06
0.04

. = | =2.72H 002 - ﬂ e
Standard k — € Standard k — €
Solving one causes troubles with the other

In cooperation with Carlo Benocci, Von Karman Institute for Fluid Dynamics
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The bluff body problem - different view

Usual approach: RANS with linear k — € model

Overpredicted wake High k in stagnation

ey | = 1.76H B e T,
Experiment Experiment

005

0z

025

e | — D 7OH - :
Standard k — ¢ Standard k — ¢

m) -
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Test case - First results with nonlinear model

L=176H
L=272H e
Standard k — €
L=3.92H
Shih nonlinear k — ¢ Shih nonlinear k — ¢ —
gey
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Test case - First results with nonlinear model

L=176H
L=272H
L =3.68H

Shih nonlinear k — ¢ modified

A Rkl T S RSS20z 18/ %



Test case - Importance of C,

L =2.64H
L =2.60H

- L = 2.60H :
Parente 2011

il
Parente 2011
Parente, A., Gorlé, C., van Beeck, J., Benocci, C., (2011), A Comprehensive Modelling Approach for the Neutral

Atmospheric Boundary Layer: Consistent Inflow Conditions, Wall Function and Turbulence Model, Boundary Layer
Meteorology, Volume: 140, Issue: 3, Pages: 411-428

June 27, 2012 19 / 32
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Metrics
Model Hit rates for Ui/ U,er || Hit rates for k/U2;
Std k — € 0.66 0.55
Craft k—e b=5 0.68 0.60
"Linearized Craft” b=15 0.68 0.60
Parente 2011 ASQ 0.62 0.61

B

U, [ 0.02 0.98

Z[m]
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Mock Urban Setting Test (MUST)

BOTTOM

CONTAINERS

A. Rakai



Profile 17 comparisons

Streamwise velocity Lateral velocity
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Profile 18 comparisons

Streamwise velocity Lateral velocity
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Michel-Stadt wind tunnel model
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Michel-Stadt numerical model

COMPUTATIONAL DOMAIN (FULL SCALE)

Measurements :
40 vertical
profiles

2 horizontal
planes

3 street canyon
planes

2158 meas.
points total

In cooperation with Jorg Franke, University of Siegen

e
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Urban flows

Meshes

Validation Results Conclusion
coarse medium fine
polyhedral | 1.73-10° (P3) | 3.21-10° (P2) | 6.17-10° (P1)
tetrahedral | 6.65-10° (T3) | 13.17-10° (T2) | 26.79-10° (T1)

Outlook

A. Rakai
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Polyhedral mesh
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Profile 29 comparisons

Streamwise velocity Lateral velocity
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Profile 29 comparisons

Streamwise Lateral velocity Turbulent shear
velocity RMS RMS stress
verticalProfiles 029 Ugyys " verticalProfiles 029 Vgys 2 verticalProfiles 029 UV
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Hit rates

Wimeon/ Uner = 0.033
Wy, /Uy = 0.0576

Table: Hit rates for OpenFOAM / Fluent

Umean/ Urer coarse medium fine
polyhedral | 0.66/ 0.64 0.68/ 0.68 0.69/ 0.69
tetrahedral | 0.72/ 0.69 0.76/ 0.75 0.76/ 0.75
Vimean/ Urer coarse medium fine
polyhedral | 0.78/ 0.78 0.79/ 0.78 0.78/ 0.78
tetrahedral | 0.82/ 0.80 0.82/ 0.82 0.83/ 0.82

Rakai, A. and Franke, J. - Validation of two RANS solvers with flow data of the flat roof Michel-Stadt case, Proc.
8th International Conference on Air Quality - Science and Application, Athens, Greece, 2012
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o OpenFOAM can be used for CWE
o Ideal tool for model testing

o Difficulties without documentation
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Outlook

Suggestions for future work

o More complicated gemoetry: Oklahoma
o Dispersion

o More meshing (snappyHexMesh)

A. Rakai
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Thank you for your attention!




i=1

P;—0;
i < (0. PR | <
5, {1 for ‘ 5 ’_025 or |Pi—0Oil < W 2)

0 for else
1
k(x3) = 5((U1 Ureurs)? + (Ut - Useurp)® + (U - Useuns)?) — (3)

0.012 for Us/ Urer
0.0316(k/U2,,)°518 for k/U2,




Turbulence model

The equation for turbulent kinetic energy:

ok Uk  ——0oU; = 0 [ig,,ak]_e

- = Uy — 4+ — u,u;—
. 1) . . 1) .
ot 0x; Ox;  Oxj |oge 0x;

For its dissipation:

u.u.—
ogee ' Ox;

%4_801-6__(: Eﬁa_[/i_'_i 1 k—— Oe —cf
ot ox; | “kox T ox >k




Developed ABL profile — Comprehensive approach

Inlet
o Velocity from Richard and Hoxey JWEIA 1993

U(z) = Lin (Z + ZO)

K 20

o Tke from Parente BLM 2011

k(z) = Aln(z + zp) + B
o ¢ from equilibrium hypothesis
u*3

e=———
k(z + z9)

o Height dependent C,

o Height dependent source term in € equation
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Developed ABL profile — Comprehensive approach

An additional source term was suggested by Pontiggia et al.
(2009) for the dissipation:

S.(2) = 22 (‘Czclﬁﬁ_l)

(z+ 20)? K2 O

The model parameter C,, was generalized by Gorlé et al. (?) to be
dependent on the distance from the wall:

u*4

CM(Z) = w

To satisfy the turbulent kinetic energy transport equation a further
source term was added:

vt 9 Ok
S(z) = (szriz())az ((Z +2)5, )

A. Rakai Validation studies of flow modelling around buildings June 27, 2012 40 / 32



Developed ABL profile — Comprehensive approach

Wall function

Engineering: sand grain roughness
* E +
o =i ()
K

Meteorology: physical roughness

U(z) = %*In (Z - Z")

20

Implemented in OpenFOAM by Balogh VKI RM report 2010
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Numerical details

o simpleFoam
o linearUpwind

o parallel on 4 nodes

Model scale 1:200, simulations done in model scale

Name Symbol Value Name Symbol Value
Reynolds number Re 37250 Roughness height 2y 0.0007 m
Friction velocity Us 0.377 m/s Offset height do 0
Power law exponent n 0.21 Turbulent length scale L 0.32
Obstacle height H 0.125 m Reference velocity Urer 6 m/s
Reference height Zref 0.5m

A Rkl T S SRS ERE ez o012 42/%
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Used computational grids

o 1.7 million cells
o structured hexahedra
o smallest cell height 0.0075

m
Domain x; X2 X3
min -1 -0.75 0
max 3 0 1

Number of hexa cells: 1741894

A. Rakai Validation studies of flow modelling around buildings June 27, 2012 43 /32



Residual
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Test case - First results with nonlinear model
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Test case - Results with zonal nonlinear model
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Quadratic Stress Relation

2
k
+C1Vtz(5ik5jk - (1/3)5mk5mk5ij)+
k
+C2Vtz(QikSkj + Qi Sii )+

k
+C3VtE(Qiiji — (1/3)Q Q21 6if)

Model Cy a(er1) @ (cr2) s (cr3)
Craft et al. 1993  Cucrr -0.1 0.1 0.26
Shih et al. 1993 Cushin -4 13 -2




Urban flows

Test case -

Validation Results

Conclusion

000000000000 00000000

Check with Fluent

Experiment

il

Standard

k —e¢

)

Shih nonlinear k —e b =5

” Conclusion”

Shih is worse with zonal model also

A. Rakai

Validation studies of flow modelling around buildings

oz . g

o2 os

Standard k — €

0

Shih nonlinear k — ¢

June 27, 2012
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Test case - Reynolds stresses

R13 (7, -1 08-08-04-02 0 02

0z 4 0z

xim)

Experiment

)(’(‘M] o2 e o4

Nonlinear model Nonlinear model

Conclusion

Reynolds stresses resemble more for the nonlinear model |
A. Rakai June 27, 2012 49 / 32
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Fitness for purpose

Model Hit rates for Ui/ U,er Hit rates for k/U%, L
ups.  building  downs. all ups.  building  downs. all

Experiment 1 1 1 1 1 1 1 1 1.76H
Std k — ¢ 0.87 0.75 0.51 0.66 | 0.24 0.33 0.62 0.46 | 2.72H
RNG k — ¢ 0.89 0.80 0.45 0.64 | 0.24 0.14 0.45 0.33 | 3.04H
NI k—e€ 0.92 0.70 0.38 | 0.60 | 0.30 0.33 0.15 0.22 | 3.68H
Nl k—eb=05| 0.87 0.73 0.45 0.62 | 0.59 0.40 0.58 0.55 | 2.96H
Nl k—eb=2 0.90 0.76 0.50 0.66 | 0.62 0.40 0.61 0.57 | 2.72H
Nlk—eb=5 0.91 0.76 0.52 0.68 | 0.63 0.38 0.66 0.60 | 2.64H

N

**| u,, [ 002098

0.2

Z[m]
J

0.1

ERR R R
ERARERARER IR RS

0
-0.3 0.2 03 04 0.5

0.1
X [m]
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Ehrhard et al. 2000

Table 2
Cube normal to incident wind
Turbulence model Roof reattachment Wake reattachment
Standard k-epsilon None 22H
M.M.K. k-epsilon No reattachment j2H
RNG k-epsilon 0845 25H
Non-linear quadratic, k—epsilon 0.75H 2.15H
Differential stress No reattachment 20H
Experimental (S.R.L 1999) 0.7H 1.2-1.4H

H = cube dimension.
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Reynolds Averaged Navier-Stokes Equations (RANS)

In the standard k — € model: isotrophic eddy viscosity

2
Rj = uiuj = §k5ij — ¢S
with
k2
vy = CM?
C. = 0.09




Non-linear approach

Non-Linear Eddy-Viscosity Models:

2
R,'J' =ujuj = 5!«5,1 — IJtS,'j + f(S,J, Q,J)

Original definition of Reynolds stress tensor
+ nonlinear stress

Different C, definition.

Compromise between cost and accuracy

Model Cy a(er1) @ (cr2) s (cr3)
Craft et al. 1993 Cucratt -0.1 0.1 0.26
Shih et al. 1993 CuShih -4 13 -2
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Test case 1 - Atmospheric boundary layer

Analytical SOlUtiOn 2DABLmea.nRe stresses
. 03 Shi

Linear: Ri1 = Ryp = R33 = %k

Non-linear: 0.25

2 k3 5 (2 1 0.2
R = §k+cp€—2 (U13) <§C7'2 - §C7'3) -

2 K3 1 1 o1
Rop = §+Cﬂ€—2 (Ur3)? <—§C72 3673) 005
2 k3 5 (2 1 0
Rz = -k 5 5 e T
33 =3 +cu 2 (U13) (36 3 3C 2)
Experiments: Ri1 > Ry > Rss

3
3
f
?
.

.
oy

».,

Conclusion
There is a switch in OpenFOAM in Ry; and Rs3 J
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2D ABL mean Re stresses
Shih model modified

0.3 N = R-expy; =
" T Rexpy x
. Reexpsyy &
025 R 1;,-Shi
N - ticaly -oht
o R 1,--Shih
N -analitical;-Shih
0.2 R-nonlin; ;-Shih =
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— N R-noaliny;-Shih -+
N -
Eo.15
N S .
0.1 : e
N i .
0.05—% :
N
002 (}

k Ru [m2/

It is because of transposing VU




Test case - Results with zonal nonlinear model

L=1.76H

)

— = =296H
Nonlinear Craft b= 0.5

T 0

Nonlinear Craft b= 0.5

e TSNS | = 2.64H L — e,
Nonlinear Craft b=5 Nonlinear Craft b=15
Conclusion =

-y
Results are sensitive to zone transition
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