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Introduction

CFD: Its Importance & Challenges

The NS System of Equations: Its Closure
Expectations: Flow Physics Prediction Capabilities
The NS Non-Dimensionalization Process

The IDS Concepts: From Grids to Points, Cells & Control
Volumes; Spatial & Temporal Cells

The IDS — Solving the Integral form of the NS Equations
IDS — An Explicit Numerical Method, its execution
IDS Applications

o The Hypersonic Flat Plate, the Shock Boundary Layer
Interaction and the Cross Flow Injection Problems

Conclusion
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Ref. 4 Data

747-100 in service January 1970
Passengers: 366 (3 classes)
Range: 4,300 miles

Thrust: 186,0001lb

Fuel: 48,445 gallons

Max. Takeoff Weight: 735,000Ib

www.plane-mnh.cbm

747-8 to go into service in 2009
Passengers: 467 (3 classes)
Range: 8,000 miles

Thrust: 266,000Ib

Fuel: 60,125 gallons

Max. Takeoff Weight: 970,000Ib

www.boeing.com
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CFD Challenges NAsA

Engineering Perspective: Analysis, Not Design

Ref. 4 Data

Long Cycle Times Due to
1. Grids Generation Req. &
2. Fidelity of Simulation Tools

A 4
P
_‘ *

Final Product

Potential Benefit
Elimination of Complex Grids

TFAWS 2017 — August 21-25, 2017



State-of-the-Art in the CFD Industry

!Use DNS/LES Data to Develop Turbulence Models for CFD Applications

http://www.bcs.org/content/conBlogPost/2035
Future of Supercomputing

Moore's Law for Supercomputers

100 Efiop/s
10 Eftop/s

1 Eflop/s

100 Pliop/s numbcr
10 Pllop/s {]f

1 Pflop/s applications

100 Thiop/s

10 Thiop/s
1 Tflop/s

100 Gflop o et S - . . .y
10 (::!(r‘:) j). i [ W J M I LES DNS
8-10 years hﬁ k —£ RS

1 Gflop/s NGiEts }
Note oK
100 Mflop/s I level of turbulence model

1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 202(

Computer Speed vs. Time (Year) Industrial Applications vs CFD Models
Why Algebraic Turbulence Models? Why Cartesian Grids?
- numerical & memory efficiency -fast grid generation, numerical &
- capture the basic physics of the process memory efficiency during parallelization
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Introduction

Opportunity

*  Historically only Analytical Fluid Dynamics (AFD) and
Experimental Fluid Dynamics (EFD).

*  CFD is the computer simulation of fluid dynamic systems through
the use of engineering models (mathematical formulation) and
numerical methods (discretization methods and grid generations)

*  CFD made possible by the advent of digital computer and advancing
with improvements of computer resources (1947, 500 Flops, = 2003

Teraflops, 2003 = 2015 Petaflops = 2020 Exaflops ) Data. Ref. 2

1947 - 500 flops Computer 2003 — 20 Teraflops Computer
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Research Objective: To Solve the NS Equations

- Applicable to a wide Class of Fluid Dynamic Problems
- Accurate Flow Physics Capturing Capabilities

- Efficient Grid Generation & Solution Process

NS Eqs: System of Conservations Laws

g aiﬁ.:j,odv—l—ﬁde_ =0

) g fH ovav+ oV .das)vV =—f{ Pds + {{ zds
% prEdwrﬁpEV.cﬁ _ —ﬁp?.a@ +ﬁf17d§ n ﬁgcg

_ Plus the Boundary & Initial Conditions
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Equations and formulas from: J.D. Anderson(1995) : “Computational
Fluid Dynamics-The basics with applications”, McGraw-Hill, Inc.
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> Additional relations

= Equation of state P = oRT
* Internal energy e=CT
1.5
= Sutherland’s law for viscosity = ﬂw[Tj I, +110
T ) T+110

= Prandtl number r = k(T)

» The closed system of the equations has only five unknowns
(o, u, v, w, T)
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A

f/’\__Capability: Predicted Flow Physics

INALYSIS WORKSHOP

IExamples of Problems to be solved

Incident 3ok Resatrachment shock

BOW SHOCK

Induced separation
shock

M>1
e—
DR : . T
NN \\\\\\\\\\\\\\\\?\\Q\\\\\\\\\{ SEPARATION SHOCRK
Separaton Locslly separated Resttachment {7
point region point
Shock/Boundary Layer Interaction Flow Over Blunt Body
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Flow

Circumferential Rollers

3D K-H Instability

3D Bow Shock
3D Separation Shock
# &= Average Jet
/ / r Boundary
// z 3 Side Arms
//
/ 7
/ 4 ’/" Q Shape Vortex
‘ Counter-rotating Vortex Pair  Breaking up and
NS = Near-field entrainment Legs Connecting
= 3D Barrel Shock and Mach Disk XD =20
D= 15
Horseshoe Vortex 10
3D Separation Bubble D=
=5 - \ TP
0 W J= f.pu-’),,,:‘l‘pu-’)x << 1
= 3

Ref. Y. You, et al: Flow physics of a low momentum jet in supersonic crossflow
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Geometric Variables Fluid Properties

X ) z =t k==

Y = — ) = = Z:_
=T VT L = k

Fluid Parameters/IDS Solution Variables

— W —
=L =t =L w=— T-= ~
looo uoo uoo uoo TOO
IDS Code Inputs:
+ L) Vooﬁ 10009 Too’ 1u009 koo’ }/’Rair

Grids & [&B Cdts



Derived No-Dim Variables

L P, a mRT;

Properties Computed from Inputs

| | L
K My pe PSLp

-y -l 7R SN T

Non-Dim Properties to be Computed

1 (]—,)1.5 1.0+110/T,

LY T

KTT,)  *c,(Tr.)+c,(TT,f+C(TT, }C,

ko= 2Tl
k k

o0 0
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IDS NS Coefficients

I I |

NS NS NS

C=———; (= ;T C= ;
A2 S 2" SN (25 '

NSC :%L NSC :L, NSC — 1 1 1 1
*"3Re,  Re,’ “ (y-1)Re, Pr, M’
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The conservation of mass , momentum, and energy equations

j}ﬁ@p dv+ H,OVCZ’S =

%J o+ f{ (o7 a5 =~ pis + {75

1% S

2 pEdv+ﬁpEr7.a§=—ﬁpr7.a§+ﬁar7a§+ﬁc§a§

\% S S S
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- It’s A Physics based Approach
- It consists of points, cells & surfaces

Consider a rectangular Prism ...

Surface

Cell
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The Spatial & Temporal Cells
The 2D Control Volume

¢ L d
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An IDS Control Volume

Key Features

v'Points //
v Cells
v'Control Volume
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& The Mass Conservation Equation in an IDS Cell

(apjm’”ge 1 { [(ou), +(ou )y + (o) + (o) ] —}

o

cell

gﬂ{pdwj{jpr?dg:o

4Ay (:OV )2 + (pV )3 + (pV )4 i
A Flow leaves from the upper side L [(pW)1' + (PW)z + (pw)3' + (pW)4 ]mm B
| 4 4Az [(pW)1+(pW)2+(pW)3+ pW)4]pz
Flow enters from : Flow leaves from
the left side | the Eight side
—— > )l_']’ P >
T 4 e 3 /
// a
dy 4 dz

7 4
/ |
l /1/ || /

— dX—}

Flow enters from the lower side
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& The Mass Conservation Equation in an IDS Cell

ANALYSIS WORKSHOP

Example of the IDS —Spatial Scheme

(a_pjavemge _ L{ [(,0”)1 + (,0”)2 + (:0”)3 + (,OM)4 ]minus _}+
3 B ot ).; 4Ax [(,OM )1 + (:0“ )2 + (/OM)3 + (:0” )4 ]pm
— ] v pPas =0 0 {[<pv>1+<pv>2+<pu>3+<pv>4]m }
d § 4Ay [(:0")1 + (p")z + (pv)3 + (pv)4 ]plus
L{ [(pw)l + (pW)z + (pW)3 +(pW)4 ]minus _}
4Az [(pW)l + (PW)z + (,OW)3 +(pW)4 ]pzm
(IOV )plus / (pW )plm
: 4 / Surface =6
(pl/l )minus i ; o Surfazce=i g (17 ﬁ) =
T — ./,__: —————-/‘ (Pu)pzus (pu )™ dydz — (pu ) dydz + ...
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ﬁ Mass Conservation in an IDS Cell/2D Concept

(c’ﬁpj“wge :[((pu)z + (o), )= ((ou), +(ou); )}

Ot 2Ax
((ov), +(pv),)— ((,OV)3 +(pv), )
2Ay
o %
4 Assumptions for 2D IDS Concept
pouU —/>L s il’ —— U - 2 Planes are identical
Wil - dz=1.0
4 L 3
Sk
¥ ‘i
o %
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[((pvu)z + (ovee) ;) — (ovee) s +(ovu), )} N

Ay
z |:((pT)1 +(o7), )_ ((pT)2 +(o7); ):| .

J/Moi 2Ax

/ [(@X R G L B G et G e )}

Re , Ax Ay

[M T |:((/0V2)1 +(ov?).)=((ov?); +(ov2), )}L

ot 2Ay

|:((/Ouv)1 + (ouv), )= ((puv), + (ouv); )J N

2Ax

Y |:((/OT)] +(p7),)—((pT); +(oT), ):| .

M 2 2Ay

; {(TW R D Ll D G S G )}

Re ;, Ay Ax
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The Spatial & Temporal Cells
The 2D Control Volume
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Construct the solution using Taylor Series Expansion

Ul

2

+ dUm
i,j,k

N

-

3

I
SIISISINS

I
=3 R R OO

5

» Control volume of center i,j,k; surrounded by 8 cells-3D/4 cells-2D. Evaluate
the generic function U as an arithmetic average.

Uaverage
1 ) k= cell

ce =1

» The time derivative at node /,j,k is obtained as an arithmetic average of the
time derivatives at the cell centers.

o), 2w
dt i,j,k cell=1 dt cell
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IDS Implementation Steps

» Use the following CFL Criterion to evaluate the time step

s -1

‘“w:k ‘ ‘Vw:k ‘ ‘wak ‘ 1 1 1 4
Ax Ay A T e T Ay? A" , 3ﬂi,j,ka(7ﬂi,j,k /Pr)
(AtCFZ )i,j,k = V ik =max
2 v 1 N 1 N 1 Pijk
Re, A’ A’ A |

new 0 dUm
» Update the solution Ui =W, +( " j At
i,j,k

» Decouple the new variables

new U new
new u'" = (&] Vigk = [U_3j
new __ ik = N
piaj’k _ (Ul )l,],k ’ U] i,j,k 1 la]ak
o _(U4)" oo [(Us w02 4w )" )
ik T 5, T;]k - y(j/_l)Moo
Ul i U1 2 .
L7k i,j,k
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Test Case 1: The Inviscid-Viscous Interaction Problem:
lllustrative Physics of the Inviscid-Viscous Interaction Flow field

M =8.6, Re=4.37861*10.0E+5, Pr=0.70, y= 1.4

@ Inviscid flow is . 0.09 0.09

i ‘

hence 7 2fer : »
o e 0.08 F  ———— Quarter Chord uVelodity for Grid 1001 by 1001 0.08 Quarter Chord vV elocity for Grid 1001 by 1001

affected

Quarter Chord vV elocity for Grid 801 by 801
Quarter Chord vV elocity for Grid 601 by 601

dx i

Quarter Chord uVelodity for Grid 801 by 801

@ Inviscid flow is

oy vesklyaliced _ Ouercled Quarter Chord uVelodity for Grid 601 by 601 0.07

—————— T Quarter Chord uVelodity for Grid 401 by 401 = Quarior Chosd vV elocity for Grid 401 by 401
RNl i v t 0.06 Quarter Chord uVelodity for Grid 201 by 201 006 & Quarter Chord vV elocity for Grid 201 by 201
T ! Flat plate . 2 b 06
(D%is large, hence } (ia) %is moderate. hence 0.05 B 005 :_
|+ —Strong interaction ———=t=—— Weak interaction —— é ’ 5 -
Fig. 7.3 Dlustration of strong and weak viscous interactions. = 0.04 = 004 F
0.03 003 F
0.02 002
0.01 001
0 [ ] ' L , . 1
0 025 05 075 1 0 0.005 0.01_ 0.(_)1) _0.02 0.02_) 0.03 0.035 0.04
Non-Dimensional uV elodity Non-Dimensional vVelocity
0.09 — 0.09 -
0.08 |- T e e ey 0.08 |- Quarter Chord Temperature for Grid 1001 by 1001
N ———— Quarter Chord Demsity for Grid €01 by 601 r Quarter Chord Temperature for Grid 601 by 601
007 F — 6["::“: Crord Density for Grid 1 oy 401 0.07 Quarter Chord Temperature for Grid 801 by 801
s i . C Quarter Chord Temperature for Grid 401 by 401
006 0.06 - Quarter Chord Temperature for Grid 201 by 201
L 005 L 005
& s 5 s
@ L % [
= 0.04 - = 0.04 -
0.03 | 0.03
0.02 | 0.02
0.01 |- 0.01 |-
(O A () = st il R S B |
085 09 09 1 105 11 115 12 125 13 135 1 1.1 1.2 1.3 1.4 1.5
Non-Dimensional Density Non-Dimensional Temperature
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@ Inviscid flow is
strongly

affected.

hence

@mnwm i |
affected

@ Inviscid flow is

Shock wave

only weakly affected

N 4
a loe
L] t

© G is large, hence

—Strong interaction ———=t=—

Flat plate
(i@ %" is moderate, hence
= dx

~ Weak interaction ——

Outer edge of
boundary layer

.015

0.01

Fig. 7.3 Illustration of strong and weak viscous interactions.

0.005

Test Case 1: The Inviscid-Viscous Interaction Problem:
Grid Independence: Validation Flow Parameters

M =8.6, Re=4.37861*10.0E+5, Pr=0.70, y= 1.4

Leading Edge uVelocity for Grid 1001 by 1001
Leading Edge uVelocity for Grid 801 by 801
Leading Edge uVelocity for Grid 601 by 601
Leading Edge uVelocity for Grid 401 by 401
Leading Edge uVelocity for Grid 201 by 201

y-axis

| — —
o b b b b by

0.02

0.015

0.005

1

0.8 0.85

0.9
Non-Dimensional uVelocity

0.95 1

——e—— Leading Edge Density for Grid 1001 by 1001
———— Leading Edge Density for Grid 801 by 801
Leading Edge Density for Grid 601 by 601
Leading Edge Density for Grid 401 by 401
Leading Edge Density for Grid 201 by 201

1.05 1.1 1.15 1.2 1.25 1.3 1.35 1.4 1.45 1.5 1.55 1.6
Non-Dimensional Density

0.02
- ——=—— Leading Edge vVelocity for Grid 1001 by 1001
L ————— Leading Edge vVelocity for Grid 801 by 801
0.015 Leading Edge vVelocity for Grid 601 by 601
B Leading Edge vVelocity for Grid 401 by 401
B Leading Edge vVelocity for Grid 201 by 201
g 001 | &
> -
| \
0.005 |~ e
\l\\
0 THI\HHHHI\H\HH\IHHHH\I\\\\\\\\\If{uuul\ﬁ%ﬁml
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018
Non-Dimensional vVelocity
0.02
- Leading Edge Temperature for Grid 1001 by 1001
B Leading Edge Temperature for Grid 801 by 801
——+—— Leading Edge Temperature for Grid 601 by 601
- ———— Leading Edge Temperature for Grid 401 by 401
0.015 ——+—— Leading Edge Temperature for Grid 201 by 201
% 001 |
S |
0.005 |~
- N \\
/ /
0 \\\1\\\HHHHHHHHI\HHHHHT\HHHI\HHHHHHHHHIHHHH
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@ Inviscid flow is
strongly
affected.

hence Shock wave_

Qmmm.:—"u
affected %

@9 Inviscid flow is
only weakly affected

]
!
=
T T Flat plate
! |
ds* | ds*
9% is targe, b @ ; .
@ Gy s large, hence \ (@) G is moderate, henc

= Strong interaction ————=t=——— Weak interaction ——

Fig. 7.3 Illustration of strong and weak viscous interactions.
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Test Case 1: The Inviscid-Viscous Interaction Problem:
lllustrative Physics of the Inviscid-Viscous Interaction Flow field

0.09
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0.095

M =8.6, Re=4.37861*10.0E+5, Pr=0.70, y= 1.4
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http://archives.limsi.fr/RS2005/meca/aero/aero3/
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Test Case 2: Shock Boundary Layer Interaction:
IDS Numerical Results u- Velocit

AT as 0.2

0.932
0.867
0.860
0.857
0.853
0.850
0.849
0.848
0.848
0.848
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0.457
0.253
0.136
0.049
0.005
-0.019
-0.037
-0.044
-0.051
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-0.070
-0.080

0.175
0.15 p~
0.125

0.1

y-axis

0.075 E

0.05

0.025

0
0.45 0.475 0.5 0.525 0.55 0.575 0.6 0.625 0.65
X-axis
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Test Case 2: Shock Boundary Layer Interaction:

y-axis
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Test Case 3: The Mach Jet Flow Interaction Problem/
Stanford Experimental Result

Injector

14http://www.stanford.edu/group/psaap/heat_release_modeling/Jet_cross-flow.html.

15R. S. Amano and D Sun, ‘Numerical Simulation of Supersonic Flowfield with Secondary Injection’, 24t International Congress of the Aeronautical Sciences, ICAS 2004
MR Gruber, AS Nejad, JC Dutton, An experimental investigation of transverse injection from circular and elliptical nozzles into supersonic crossflow. wright lab technical
report, WL-TR (1996), pp. 962102
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Non-Dim Pressure, Density and Temperature
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Test Case 3: The Mach Jet Flow Interaction Problem:

— e

Input Values for Jet Injection

]

Density
Pressure
Temperature
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MR Gruber, AS Nejad, JC Dutton, An experimental investigation of transverse injection from circular and elliptical nozzles into supersonic crossflow. wright lab technical report,

WL-TR (1996), pp. 96-2102

0.06

0.05

0.04

Test Case 3: The Mach Jet Flow Interaction Problem:
IDS Numerical Result: Mach Contours

M =6.0, Re=1.086%*10.0E+7, Pr=0.042, y= 14

0.74 0.76
X-axis

Injector
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5.625
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4.875
4.500
4.125
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3.375
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2.625
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2.034
1.875
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Test Case 3: The Mach Jet Flow Interaction Problem:
IDS Numerical Result: u-Velocity

M =6.0, Re=1.086%10.0E+7, Pr=0.042, y=14

uVelocity Contours with Velocity-vector Overlayed

0.06

0.05

0.04

i 0.72 0.74 . 0.76 0.78
X-aXi1S

W\
I/ \ \ 1
\ B\
y \
e / y \ \ A N
/ 7 \ \
/ ; |
y v 1 ] v o AN \ 1y
{ \
J ) n \

=0 V.
o0
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0.965
0.894
0.823
0.752
0.682
0.611
0.540
0.469
0.399
0.328
0.257
0.222
0.151
0.080
0.010

-0.001
-0.005
-0.011
-0.026
-0.035
-0.061
-0.132



Test Case 3: The Mach Jet Flow Interaction Problem:

IDS Numerical Result: v-Velocit

M =6.0, Re=1.086%10.0E+7, Pr=0.042, y= 1.4

vVelocity Contours with Velocity-vector Overlayed

0.06

0.02
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0.414
0.390
0.367
0.343
0.320
0.296
0.273
0.250
0.226
0.203
0.179
0.156
0.133
0.109
0.086
0.062
0.039
0.015
0.004
0.000
-0.000
-0.003
-0.008
-0.016
-0.031
-0.055
-0.078



Y VYV

A IDS for solving the Q1D/2D/3D forms of the system of the Navier-
Stokes equations was developed and tested.

The capability of the IDS with respects to predicting the flow physics
for wide class of problems (Q1D flows, incompressible flows,
compressible external flows and compressible internal flows) was
evaluated.

In all cases the results showed very good agreement with the
physical expectation of the flow fields, and with available
experimental data.

The IDS 2D FORTRAN code is capable of running on multiple HPC
platforms (with OpenMP and MPI capability).

Extension of IDS to Arbitrary Geometries is currently being explored.
The IDS 3D is being updated to run of HPC, with OpenMP & MPI
capablilty.

An Error Analysis of the IDS Concept is in progress.
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Questions?
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