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High-speed flows:
Flight trajectories on Earth... ...and reentry on Mars

Schiaparelli enters atmosphere
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Air-launched hypersonic air-breathing cruise missile
Multistage rocket space launcher
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m—— |ntercontinental ballistic missile
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Speed: 240 km/h

!

| Thruster ignition
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Speed: 250 km/h
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Adapted from Urzay, Annual Review of Fluid Mechanics [2018] ESA website
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Main features of high-speed flight at low altitudes:

High Reynolds number (turbulent boundary layers) @\_
High freestream Mach numbers (intense shocks and large recovery temperatures) : :

Possible chemical-reactions activated by high temperatures

Aerodynamic heating (large thermal fluxes at the wall)

Source: NASA website

Tedge = Adiabatic

Isothermal (cold wall)

The presence of turbulent, hot and
highly compressible boundary layers
increase the mechanical and thermal

loads on the vehicle!

q,=0 l

q,>0 A detailed description of the flow dynamics is
essential to predict drag and thermal fluxes
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Three main tasks:

Wall
model

T [—
] Wall-models for
High-speed boundary .
layers over rough walls hypersolglce?Soundary

Stanford

University

High-speed boundary
layers over smooth walls

2
SAPIENZA TU Delft

UNIVERSITA DI ROMA

In collaboration with:

SAPIENZA

UNIVERSITA DI ROMA

Objectives of this study:
1. Direct Numerical Simulations of high-speed turbulent boundary layers over smooth walls
2. Direct Numerical Simulations of high-speed turbulent boundary layers over rough walls

3. Wall-modelled Large Eddy Simulations of hypersonic turbulent boundary layers
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e Computational methods for CFD

How are turbulent flows modelled? Large-Eddy Simulation

LES Entry #: V034
COMPUTATIONAL COST Large-eddy simulation of an
over-expanded nozzle

T/Ty
9.7e-011.1 12 1.3 1.4 1.5 1.6 1.7e+00

e

Solves the full unsteady
Navier-Stokes equations
* Resolves the whole
spectrum of scales
* No modeling is required
* The costis too
prohibitive for industrial
flows

T/,
9.7e-011.1 12 1.3 1.4 1.5 1.6 1.7e+00

T/Ty
9.7e-011.1 1.2 1.3 1.4 1.5 1.6 1.7e+00

 —

+ Solves time-averaged N-S
equations

* All turbulent length
scales are modeled

* Most widely used

approach for industrial
flows Reynolds-Averaged Navier-Stokes simulation

“ DOE Britton J Olson
& CSGF Sanjiva K Lele
} APS 2011

Stanford University Division of Fluid Dynamics
Department of Aero/Astro Baltimore, MD

+ Solves the spatially
averaged N-S equations
+ Large eddies are directly
resolved, smaller-than-
mesh eddies are modeled
* Less expensive than
DNS, but still unpractical
for industrial applications
(especially for bounded .
flows) s

2520400

e Separation shock  Recirculation region
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PHYSICAL ACCURACY v
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No model! Modelling small scales Modelling all scales ii:;::: o
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Reflected shock
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8O Gilis mat Tasks #1-2: Computational setup

“ Numerical method Immersed boundary method

STREAmS (Bernardini et al. CPC 2021): Direct Numerical Simulation: * Numerical method capable of
* Open-source numerical solver for * Navier-Stokes equations are solved representing the solid boundary on
compressible flows with very high temporal and spatial structured cartesian grids
* Supports MPI parallelization and multi- resolution, down to the Kolmogorov * Ghost-Point-Forcing Method -> the
GPU architectures scale mesh nodes inside the solid boudary
* No model is employed are used as ghost points to give the
right boundary conditions (Piquet et
al. [2016])

Navier-Stokes equations in the conservative formulation: Calorically-perfect gas:

ou B _3FJ(U) N @ij(U) E = ¢, T + uju;/2

ot 0x; 0x; H=FE+p/p
. . p=pT
P M., J
U= |pu;| Fy(U)= % Tij F;(U) = | pusu; + poy;
pE O4jUj — ﬁ%%‘ pu;H
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0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5
x/6

High-speed boundary layers are a representative of the thin region near the aircraft surface. Their study is of critical
importance for estimating the drag and heat transfer experienced by the vehicle.

Key parameters of the study:

MOO = UOO/CLOO Re’T — ﬁqu(S/ﬁw Tw
Mach number Friction Reynolds number Wall temperature
Large variations of thermodynamic properties (e.g. density) ~ Greater separation of turbulent scales Large wall heat fluxes (aerodynamic heating)
2 =110
Too

My, =2

2110
My, =6

v T, 9w
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8 ) s Task #1: Visualization

Visualization of Q-criterion at Mach 6

Vorticity Magnitude
5.0e+00 8 10 12 14 16 18 2.0e+01
e | oo
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First study:

Effect of Reynolds and Mach
numbers on high-speed zero-
pressure-gradient turbulent
boundary layers

Key points discussed:

+  Correlation between velocity and
temperature fluctuations

*  Uniform momentum and
temperature zones

« Validity of compressibility
transformations and temperature-
velocity relations

»  Spatial organization and length

scales
Database:
. M, =2,6

.+ Re, = 450,1950

Michele Cogo

Higher Mach number

Contours of the density gradient in a streamwise wall-
normal plane

Higher Reynolds number




8O0 eill3 m Task #1: Selected Results

Contours of density in a streamwise wall-normal plane

Second study: Higher wall temperature
) 110 2 1.10
Effect of Mach number and < o
wall temperature on high- : b J — v ‘ -
Speed Zero_pressu re_gradient 20 22 24 o6 26 28 30 20 22 24 o5 26 28 30
turbulent boundary layers s (@) Moo =2,0=0.25 (b) Moo =2,0=1.0
K]
. . €| 2 : 1.10
Key points discussed: 2|~
«  Correlation between velocity and 5 | > P : A s S cpakech o >
temperature fluctuations s | % 2 2 2% % 30 10 O 2 2 2 23 50 10
. Validity of the Reynolds analogy % o el
+  Modulation of scales separaton (€) Moo =4,6=0.25 (d) Mo =4,6=1.0
«  Similarities and differences of T, 110 2 1.10
Mach number and wall-cooling < S
effects = ‘ . o s |
0 -~ . U — : : 0.10
v 20 22 24 15 26 28 30 20 22 24 b 26 28 30
Dataﬂlzasi: ) 4 (€) Moo = 6,0 =0.25 (f) Moo =6,0 =1.0
. Rgo _ 4,50, Cogo M, Bau U, Chinappi M, Bernardini M, Picano F. Assessment of heat transfer and Mach
T number effects on high-speed turbulent boundary layers. Journal of Fluid Mechanics.

* 0 =0.25,0.5,0.75,1 (non-dimensional wall temperature) 2023;974:A10. doi:10.1017/fm.2023.791
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Boundary layer with sourface roughess:

Tipically high-speed vehicles exhibit regular or irregular patterns of
roughness.

Turbulent boundary layers exhibit higher skin friction and mixing,
causing increased vehicle drag and heating.

Key questions:

* How does surface roughness affects turbulence near the wall at
high speeds?

* What is the effect of Mach number and roughness level in the
alteration of drag and heat transfer?

Apollo 12 heat shi
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Domain configuration:
Length (-0;r)
135

Two configurations are
considered:

— Aligned (CB-A)

E B BN
e
N

k=01 6inflow12
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Wall-normal planes
Aligned (CB-A)

5.0 ol o
&
L 2.5
N
0.0
45 50 59 60 65 70 75
Staggered (CB-S) 7/ din p/poo
5 — - 1.2
S
o
~
D
0
45 50 55 60 65 70 75

The shock wave is more intense for the staggered case, as frontal area of roughness is larger
14
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Wall-parallel planes below the roughness crest

Aligned (CB-A)
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In progress: analysis of the resulting friction and heat transfer at the wall. Comparison of results with the classical theory of
roughness developed for low-speed flows.
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Task #3: Motivations

DNS simulations are very accurate but require extremely high computational cost, especially near the
solid boundaries. This problem is also shared with LES, which has similar mesh requirements near the
wall.

Features of Wall-Modelled LES:

Avoid resolving the near-wall scales Viee T Pl
by introducing a wall model that

provides the computation of the wall

shear stress t,, and the wall heat flux ™
q,, and feedback their values to the
main solver.

Wall Model

v' Massive reduction in h i
computational cost o '

v’ Sitill able to predict non-stationary
phenomena of the flow (in contrast q,T,
to RANS)

Wall
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In high-speed boundary layers temperatures
can get so high to activate chemical
processes (dissociation and recombinatin of
air).

nose shock

At the present time, there are no wall- e £ ”
. . VISCL ayer a1 100258
models able to predict the variation of no ' v

composition in the boundary layer.

The objective of my work is to develop and oot g @\ | dsgonet, 500
test new wall-models in the form of ordinary =~ *"%e i
differential equations that can B =1\
instantaneously predict: LA

. 5":’;‘* e;x. ‘\,‘l‘ =4 near SresS - eb‘“
* Velocity u g — %\,\0}_ TN ke
- Temperature T \ Sy Ly,

* Mass fractions (O,,N,,NO,O,N)
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Summary of the past and future activities

> Investigation of the physics phenomena related to
high-speed turbulent flows using high fidelity
methodologies (DNS) on simple geometries.

> Application of high fidelity methodologies (DNS + IBM)
on rough surfaces. Investigation of different
geometries and Mach number effect.

» Development and testing of wall-models for high-
speed boundary layers with chemical reactions.

Several other applications are
directly related to the research -

activity!

Orbital flights Sub-orbital flights



8665 Conferences, Publications, Grants

Publications: Conferences:

» Cogo, M., Salvadore, F., Picano, F., & Bernardini, M. (2022).
Direct numerical simulation of supersonic and hypersonic
turbulent boundary layers at moderate-high Reynolds numbers
and isothermal wall condition. Journal of Fluid Mechanics

« 33rd Parallel CFD International Conference in
Alba, Italy (25-27 May 2022). Presentation of

+ De Vanna, F., Avanzi, F., Cogo, M., Sandrin, S., Bettencourt, M., “DNS of supersonic and hypersonic turbulent
Picano, F., & Benini, E. (2023). URANOS: A GPU accelerated boundary layers at moderate-high Reynolds
Navier-Stokes solver for compressible wall-bounded flows. numbers with heat transfer” and participation to
Computer Physics Communications, 287, 108717. the seminars.

* 14th European Fluid Mechanics Conference in

Visiting researcher: Athens, Greece (13-16 September 2022).
Presentation of “Compressibility effects in
« Research period at TU Delft hosted by prof. supersonic and hypersonic turbulent boundary
Davide Modesti (4 months) layers at high Reynolds numbers” and
« Research period at Stanford University hosted participation to the seminars.

by prof. Parviz Moin (6 months). Supported by
Fulbright scholarship and Zegna founder’s
scholarship.
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Activity plan

NUMBER COMPLETE 0 N D J FM AMJ JASONDUJFMAMUJJASONDUJFMAMUJJAS
1 DNS - Attached flows over smooth plates
1.1 Analysis of the state of the art 100% .....

1.2 Hypersonic turbulent boundary layer over a flat plate with DNS at high Reynolds numbers 100% ........

1.3 Investigation of Mach number and wall-cooling effects in a hypersonic boundary layer 100% ......

2 DNS - Attached flows over rough plates

2.1 Analysis of the state of the art 100% ......
22 Hypersonic turbulent boundary layer over a rough plate with DNS - simulation setup 100%
23 Hypersonic turbulent boundary layer over a rough plate with DNS - geometry effect 50%
24 Hypersonic turbulent boundary layer over a rough plate with DNS - Mach number effect 0%
3 LES - Attached flows over smooth plates

3.1 Analysis of the state of the art 70%
3.2 Wall modelled LES of hypersonic turbulent boundary layers - calorically perfect gases 50%
3.3 Wall modelled LES of hypersonic turbulent boundary layers - Thermally perfect gases 50%
34 Wall modelled LES of hypersonic turbulent boundary layers - chemically-reactng gases 40%
4 Writing thesis and reports

4.1 Reports for admission to the next year or conferences 60% .. .. .. --

4.2 Writing scientific papers 60% BEEEEn [ | | | | | | | ] ||
HEEEEEEEEEN

43 Writing thesis obs

Michele Cogo High fidelity simulations of high speed flows for aerospace problems 20



Thanks for the attention

UNIVERSITA
DEGLI STUDI
DI PADOVA

1222-2022

()()

A NN I




