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Why 6e6 CPU-Hours?

Why we needed 6e6 CPU-Hours and 25TB of storage to run a simulation?

Energy Cascade

Kolmogorov (1941)

Big whorls have little whorls
that feed on theiwr velocity,
and little whorls have lesser whorls

and so on to viscosity.

Richardson




Energy flux in homogeneus flows
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Dissipation: 5 — 1007
Energy: 0.01 — 50L,
Stress: 0.1 — 20L,

Typical industrial flows:

Rer = 6000 — 1000000
Wake of a person walking
Rer = 16000

Boundary layer of a
commercial aircraft

Rer = 6000000



What is a turbulent channel?

~ 1260+

Flores & Jiménez (2006)



Cascades in wall turbulence
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Domain and grid size

Grid size
N, = 6144
N, = 633

4608

2h ~ 4000 +
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Previous simulations versus channel 2000
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Kim, Moin and Moser, 1987, 180 (Cray XMP, NASA Ames)
Del Alamo and Jiménez, 2003 (Kadesh, CEPBA) 180

Del Alamo and Jiménez, 2003 (Kadesh, CEPBA) 550

Del Alamo, Moser, Jiménez and Zandonade, 2004 (Blue Horizon) 950



Navier-Stokes Equations

o Op 1 o
— — - | H.,-_; —+ —V u;.
ot ox; - Re

E‘)ui
— = 0,

ox; |

— 1 L
H = ux o — §V(q .1 )



Velocity-Vorticity form
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Discretization

Time stepper: third order Runge-Kutta method (Spalart et al 1991)
u = L(u)+ N (u)

v = u, + At[L(aqu, + G1u') + 11 N, ,
u' = ' + At[L (agu + Bou”) + o N' + &N, ],
Upt1 = u'’ + At [L (Cl:'g'u-” + Iﬁg -u..n+1) + "}*31\5” -+ ggi\ﬂ]
Wall-normal: Compact Finite Differences (Lele, 1991)
M |
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Parallelization

Planes code

/

Nproc < Ny = 633

Line-plane code

/
/




Parallelization

MareNostrum
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procs.

OLD CODE

9 Fourier buffers
8 buffer transposes

Comm. Time/Total = 28%
N proc < Ny

NEW CODE

12.5 Fourier buffers
13.5 buffer transposes
Comm. Time/Total = 58%

Nprac < N, ’1,/ 3




Dns are very expensive!

Memory

Time steps

Time for each Runge-Kutta step

Total CPU-hours

Total human hours

Data transferred between processors for each step
Total data transferred

Total amount of raw data obtained

Flops obtained

Total Flops

Processor Total

0.2GB 400GB
125.000 125.000

40s 40s

2800h 6e6h (4e6h)
4 months 4months
500GB 1PB

61PB 122EB
25TB 25TB
S50GF 3TF

18.3PF 3.6EF



Simulations of channel kinematics
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One point statistics

-,
-y
-,
-
-y
--------
-----------
......
......

1.
oy
-y
Ty
-
s
hhhhhhhhhh
......
......
il 1
-

‘ 0
150 200 -1 -0.8 -0.6 -0.4 -0.2 0




One point statistics
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Scaling failures
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Simulations
Experiments
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Rer = 2000, E,,, and —E,;
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Cascades in wall turbulence
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Instantaneous velocity and vorticity

Colored on uw. Shaded on w-

Streamwise: u & w. Spanwise: u & v
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Hoyas & Jiménez, 2005



Conclusions

First DNS on Turbulent Channel Flows with an
appreciable log layer and inverse momentum
cascade

This DNS has been a very expensive simulation, but
not more that one experiment of the same
magnitude, and we can compute almost any
Imaginable quantity.

We have obtained 25TB of data that we are
analyzing: Pressure, Energy balances...

We have confirmed some trends but we also have
found new questions.



Future work?

When a channel 4000 ?

e Grid size

(12288,901,9216)
» Estimated time per step:

140s on 4096 processors, 280 on 2048

 Number of steps needed

250.000

e Total time

20 million CPU-Hours, between 800 and 1400 days

* Do you have a new MareNostrum?



