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N || e, Why join VT after retiring from LM?

Clarence Leonard “Kelly” Johnson (1910-1990)
ﬁ KE[@ s Rules for Happy Retirement Legendary Aircraft Designer

,‘?L AV Founder of World-renowned Skunk Works®

A (3‘ g . Retirement is like a job and
# -

must be approached as such

Don't travel too much, you
want to establish a daily grind

‘ 1 3. Don’t think about living
‘ someplace new, that's why
God created hotels

. Drive till you can’t remember where you parked

National Security Medal

. Be pleasantly reckless - but if you have never done it
1983

before, now may not be the time to start

Don’t hang with the children too much - visit , give e g : SR-71 Blackbird
presents and then move on & :

Maintain your bad habits, but never get drunk more
than once a day. You're not a Rid anymore

. Hang with young people; they mostly have it right

“Hang with young people; they mostly have it right”
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In these lectures, the author shares his personal reflections on
the evolution of Applied Computational Aerodynamics, limited
effectiveness of its current capabilities, and prospects for
fully effective ACA.*

The author places the evolution of ACA as well as its capabilities and
shortcomings in a historical context, but it is NOT a history of ACA.

The lectures are a much expanded version of the Lead presentation
Applied Computational Aerodynamics: An Unending Quest for Effectiveness
Royal Aeronautical Society Applied Aerodynamics Conference
The Future of Aerodynamics, Bristol, U.K., July 24-26, 2018

https://www.aoe.vt.edu/people/faculty/raj/personal-page/ACA.html

[ URL to access the current version: J

*Fully Effective ACA = ACA Nirvana (a goal hoped for but apparently unattainable)!
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The material contained herein reflects the views, thoughts, and
convictions solely of the author, and not necessarily those of
the author s employers or other groups or individuals.

Being a perspective, the material reflects opinions shaped by
author s knowledge, experiences, and biases.

The author has gathered and compiled this material from
publicly available sources and personal archives solely for
educational purposes. Although a good-faith attempt has been
made to cite all sources of material, the author deeply regrets
any inadvertent errors or omissions.
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Introductory Remarks

Genesis of Fluid Dynamics (Antiquity to 1750)

Fluid Dynamics as a Mathematical Science (1750-1900)
Emergence of Computational Fluid Dynamics (1900-1950)

Evolution of Applied Computational Aerodynamics (1950-2000)

5.1 Infancy through Adolescence (1950-1980)
Level I: Linear Potential Methods (LPMs)
Level Il: Nonlinear Potential Methods (NPMs)

5.2 Pursuit of Effectiveness (1980-2000)
Level llI: Euler Methods
Level IV: Reynolds-Averaged Navier-Stokes (RANS) Methods

ACA Effectiveness: Status and Prospects (2000 and Beyond)
6.1 Assessment of Effectiveness (2000-2020)
6.2 Prospects for Fully Effective ACA Capability (Beyond 2020)

Closing Remarks




V7~ s, @pplied Computational derodynamics (A€4)

ACA is an engineering discipline that deals with the application of
Computational Fluid Dynamics (CFD) to analyze and design
arbitrarily shaped objects moving through the air.

Dlantis

ACA is No Longer a Luxury, But a Necessity, to Support
Engineering Design of All Types of Systems
That Move Through Air

7 Image Source: Internet



\V/lll Overarching Goal of ACA

The overarching goal of applied computational aerodynamics
(ACA) is to deliver credible solutions of practical aerodynamic
problems on time and on budget to support engineering design
of systems that move through air such as, aircraft, by
performing the necessary aerodynamic analysis and design
using computational fluid dynamics (CFD).

Definition of Applied:
“(of a subject of study) having a practical use rather than being
only theoretical”

Source: https://dictionary.cambridge.org/us/dictionary/english/applied

ACA Puts CFD to Practical Use!




V7~ liEsinss. CFD and ACA are NOT Synonymous

CFD Produces Data.

Computational Fluid Dynamics (CFD) offers a powerful means of generating
aerodynamic data, a la wind tunnels, for bodies moving through air.

Both use a 3-step process
1. Build a model
2. Blow air on it

3. Gather and interpret data

(Data include:
forces, moments, and
flow quantities—on and off the surface)

ACA Produces Solutions!

Applied Computational Aerodynamics (ACA) is all about using CFD to
deliver credible solutions of engineering problems that designers face.

Solving Engineering Problems Needs Aerodynamic Data,
But Don’t Confuse Data with Solutions!

9 Image Source: Ref. 1.1



N7/~ |, Don’t We Already Know a Lot About
CFD and ACA?

S (1984)7 Applied (1990) Applied (2008)

Computational Techni
1998 , ques
( ) AerOdynam |CS C F DAn Introduction based on

(1976)

Finite Element Methods
FUNDAMENT.
‘ LSO Computational
ﬁ Fluid
(OmPUTﬂTlOﬂ‘“ "H1 "]l.-' :‘\ INAMICS | Mechanlcs
FLUID =
pYNAMICS and Heat

Transfer .

Rainald Léhner

WWILEY

(2015)

\ Fan G APPLIED
COMPUTATIONA 2 B COMPUTATIONAL
AERODYNAMICS A, o AERODYNAMICS

Computational

& Fluid Dynamics
) ) ) | and Turbulence

Modeling

dynuaps i
m.j’ 0

uonendwo) |

Practical Tools,
Tips and Techniques

Then Why Say It Again?

10 Source: Refs. 1.21t0 1.9
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André Gide

o

Everything has been said before,

but since nobody listens we
have to keep going back and
beginning all over again.

French author
Nobel Prize in Literature (1947)
22 November 1869 — 19 February 1951

* It is extremely difficult, if not impossible, for any single book or
report to do justice to multiple facets of CFD and ACA

* These lectures complement a large number of books and other
publications that cover the subject from different vantage points
including theoretical aspects of CFD and applications of CFD
methods

Source: Ref. 1.10
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\V/7alll Motivation for These Lectures

To share a comprehensive yet concise perspective on

* the evolution of applied computational aerodynamics (ACA) for
meeting flight vehicle design needs,

» the impressive capabilities of today’s ACA but its
less-than-satisfactory effectiveness due to some serious
shortcomings, and

« the prospects for fully effective ACA capabilities,

which reflects(author’s 50+ years of related experiencelin

aerospace industry and academia. X
“experience is knowledge or skill in a particular job or activity that you So what?

have gained because you have done that job or activity for a long time.”
— Collins online dictionary

Mas sabe el diablo por viejo que por diablo.
The devil knows more through being old than through being a devil.

You may not agree with everything this ‘old devil’ says, but
he still has much knowledge to pass on to you!

12



/s More About Experience
“experience is direct observation of, or participation in, events as a basis of
knowledge” — Merriam-Webster dictionary

C.S. Lewis » _Albert Einstein
The only source of knowledge is

experience.”

“Experience: that most brutal of
teachers. But you learn, my God
do you learn.”

29 Nov 1898 — 22 Nov 1963 14 Mar 1879 — 18 Apr 1955

Randy Pausch

“Experience is what you get when you don’t get
what you wanted. And it can be the most
valuable thing you have to offer.”

Knowledge from experiences over time is crucial to
developing wisdom you need to make good decisions;

- - 23 Oct 1960 — 25 Jul 2008
you can’t get wise overnight from books alone. © y

“With age comes wisdom, but sometimes age comes alone.”
-- Oscar Wilde

13 Image & Quotes Source: Internet



7/~ | s, Scope of These Lectures

Discuss the ACA discipline in terms of how we got to where
we are today, and how we get to.where we must be tomorrow

with|fully effective ACAjto meet[engineering design|needs of

flight vehicle development.

Our focus is limited to examining application of|{CFD (computational fluid dynamics)

to the aerodynamic problems in the engineering design of flight vehicles.

Since CFD is applicable to a broad range of problems in|science and engineering,
here is a highly simplified taxonomy of CFD applications to distinguish applications
to scientific studies and to engineering design :

CFD Applications

. . 4 . . _ ™\
Scientific Studies Engineering Design
« Turbulence €--mmmmmmmmd -1+ Increase aerodynamic efficiency
« Acoustics D REEEEEEEEEEE -1 « Reduce environmental noise
« Combustion €---mmmmommes - « Improve propulsor efficiency
\ - /

14



EEEEEEEEEEEEEEEEEEEEE

1.

“Engineering isn’t Science!”

15



\V/7alll “Engineering isn’t Sciencel”

Scientists discover the world that exists:
engineers create the world that never was.

Theodore von Karman
1881-1963

Engineering Is in the end
about making something.

Eugene E. Covert, MIT
1926 - 2015

The Core Purpose of Engineering:
Apply Knowledge and Skills to Develop New Devices

16 Image Source: Internet



Ve “An engineer is not a scientist”
“Throughout my years in Cal Tech | like to believe that | gave engineering education a little
push in the right direction and this helped subsequently in creating the kind of engineers
needed in the United States. But eventually a strange thing happened. During those years |
had emphasized the importance of physics and chemistry in the engineering curriculum and
urged closer cooperation of science and engineering. | even suggested social sciences
for engineers interested in management. So, many educators started to think that if a little
science is good for engineers a whole lot is better. They gave students more physics and
more chemistry, until now the pendulum seems to have swung the other way and
engineering education has become indiscernible from science education.”

“I am sorry to say that | do not like this trend. An_engineer is not a scientist. In_addition
to_basic _technical knowledge he must have the creative capacity to design new
hardware. Engineering schools that fail to recognize and encourage this dual role are remiss
in their duty to the profession.”

“Whether we call future scientists physicists or engineers is not important. What is
important | think is_to repair the imbalance in the scientific world and turn out people who
not only understand fundamental phenomena but can use this knowledge for
developing new devices. This in turn will not only bring some glory to the engineer, but |
think it will contribute substantially to the pace of progress.”

-- Theodore von Karman (1881-1963)
Note: Highlighting by the author. The Wind and Beyond, 1967, pp. 157 & 159

17 Source: Ref. 1.11
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B “An Engineer’s Mentality”

“In essence, the current engineering education paradigm consists of giving the
students all the data at the top of the page, and the solution (?) consists of
rearranging the data on the bottom of the page and handing it in as a "worked"
assignment. In many years in industry | never encountered anything even

remotely close to this process. ”

“In my experience, the overwhelming majority of
the engineering problem is gathering information
and _interpreting results. Although this is the
engineering problem it almost never occurs in our
science-based engineering education system.”

“Engineering design may be the student's only
exposure to this process. The student response in
evaluations comes across as "problem statements
too vague." If that's the case with these problems,
we have not yet helped the students develop an
engineer's mentality.”

William H. Mason
AlAA Paper 92-2661
Note: Highlighting by the author.

18

William H. Mason

Professor Emeritus, Virginia Tech
Co-author ACA textbook
Grumman Corp.

19 Jan 1947 - 27 Mar 2019

Source: Ref. 1.12
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“One of the characteristics of engineers which | have frequently observed, and
which must be guarded against is the search for exact answers, and the
feeling of frustration if the exact answer is not forthcoming. This probably stems
from the many years of high school and college training where the answer is
always to be found in the back of the book, and the feeling of elation which comes
when, after trying several solutions, and looking furtively at the answer, the latest
trial finally works.

Unfortunately, in real life, there are no exact or final
answers. In a job, which must go ahead at a rapid pace,
we cannot withhold judgment "until all the facts are in".
Rarely is all the evidence at hand. Decisions must be
made, and action taken, before complete knowledge can
be acquired.

| have for some time thought that a few of our present
day ills stem from this childish faith in the existence
of perfect answers. It requires a degree of maturity to
realize that all solutions are partial ones.”

Adm. Hyman G. Rickover (1900-1986)
"Administering a Large Military Development Project"
Delivered to U.S. Naval Postgraduate School, Monterey, CA, 15 March 1954

Note: Highlighting is done by the author.

19 Source: http://hdl.handle.net/10945/59370



2. Computational Fluid Dynamics (CFD)
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Computational Fluid Dynamics (CFD):
A Subdiscipline of Fluid Dynamics

\/

Fluid Dynamics: The branch of applied science concerned with the
movement of fluids (liquids and gases).*

Analytical Computational
Fluid Dynamics Fluid Dynamics

(AFD) (CFD)

Experimental

Fluid Dynamics
(EFD)

Aerodynamics: A subset of Fluid Dynamics with air as the fluid.

Synergistic Use of AFD, EFD, and CFD is Essential for
Comprehensive Understanding of Fluid Dynamics

21 *American Heritage Dictionary definition



VI~ lisEsesss. Four Key Ingredients of CFD

overning Equations of

Mathematical Models of
Fluid Flow
(Partial differential equations in
continuous domain)

Computer Platforms
(Digital computers to

run computer programs, and for
data processing & storage)

Numerical Models of Computer Programs
Governing Equations (Software suite based on
(Difference equations in algorithms to solve the

K discretized domain) difference equations) /

Today’s CFD offers a powerful suite of numerical models,
computer programs, and associated tools & processes for
simulating fluid flows using digital computer platforms.

22



COLLEGE OF ENGINEERING
KEVIN T. CROFTON DEPARTMENT OF
AEROSPACE AND OCEAN ENGINEERING

VIRGINIA T

\/

3. Engineering Design

23
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“Design is an iterative decision-making activity performed by team of
engineers to produce plans by which resources are converted,

preferably optimally, into systems or devices to meet human need.”

T.T. Woodson

* Successful design requires Introduction to Engineering Design, 1966

that quality decisions be made
In a timely manner

105

Example: Aircraft Design
104 |-

« On-time quality decisions

. . . 3
require credible data (faithful  _,wecosr
. . . OF MAJOR
replication of reality) at the JERQDYNAMIC 102
. . . CHANGE
right time and the right cost 10
« The later a major configuration 1
change is made, the higher the - - |
cost—exponentially higher! T Q. W 1, &
DESIGN . DESIGN DESIGN CEFS 4180 LAM

Quality Decisions Early Z> Better Quality Affordable Product Later

Credible Data—On Time, On Budget—Are Key to Success

24 Image Courtesy of L.R. Miranda
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EFD and CFD:

Primary Means of Generating Aerodynamic Data for Design Today

EFD (Experimental Fluid Dynamics)

CFD (Computational Fluid Dynamics)

wWowWwOwoOoSXDOS VWIT~Q30O = ~W®

Perceived as “Real”
Credible data

= Quantified uncertainties
Large excursions per entry

Higher cost, longer elapsed time
Scale effects

Wall interference effects
Support interference effects
Aeroelastic distortions

Not practical for some flight
conditions

 Low cost

* Quick turnaround

* No scale effects

* No wall interference effects

* No support interference effects

« Can model aeroelastic distortions
* Applicable to all flight conditions

* Perceived as “Virtual”
» Lack of credibility due to
= Computational uncertainties caused by
limitations or deficiencies in Numerical
Models and Flow Physics Models

Highly Complementary Strengths

25
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* New Vehicles (“clean-sheet” designs)

o Outer Mold Line (OML) Design: Forces, moments,
and surface pressure distributions

o Shape Optimization: Sensitivity of aerodynamic
data to design variables

o Flight Performance Prediction: Data to validate
take-off, climb, cruise, maneuver, descent, landing

o Airframe Propulsion Integration: Data to minimize
installation losses

o System Integration: Off-body flow field for safe
carriage and deployment of stores & weapons

o Structural Design: Steady and unsteady flight
loads

o Flight Control System Design: Stability & Control
coefficients and rate derivatives

o Etc.
« Derivative Vehicles (improvements,

upgrades and/or modifications) , e

o Aerodynamic data to assess impact of shape change KC-130 “ t iy —
on performance when integrating new or improved : ~ 41
subsystems to upgrade current product or design a
derivative

snemmmnes,  Role of CFD in Flight Vehicle Design

VIRGINIA TECH

New Refueling
Pod Integration

Y

Generate Aerodynamic Data for Flight Vehicle Design

26 Source: Refs. 1.13 - 1.18
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Flight Vehicle Design

Generates Aerodynamic Data for Designing Flight Vehicles
o New Venhicles (“clean-sheet” designs)
o Derivative Vehicles (improvements, upgrades and/or modifications)

Enables Multidisciplinary Analysis, Design & Optimization (MADO)

Environments to Create Quality, Affordable Flight Vehicles
o CFD offers the most practical (probably the only?) means of producing data

required for rapid design closure through extensive multidisciplinary trade-
offs

o CFD affords timely and cost-effective evaluation of the impact of geometric

changes on performance, and of sensitivity of performance to numerous
design variables

o CFD provides inverse design and shape optimization capability that most
clearly differentiates it from EFD

Success Hinges on Credible Data On Time & On Budget

27

Source: Refs. 1.13-1.21
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4. Fully Effective ACA

28



NI/~ | s, Fully Effective ACA
Ability to deliver credible solutions* of aerodynamic problems using

CFD on time and on budget to support engineering design
*how faithfully do the solutions replicate reality Luis R. Miranda

Miranda, in 1982, defined ACA Effectiveness as a
product of two factors

Effectiveness = Quality x Acceptance

“Quality” (how well the results represent reality?) %“- %
= Credibility of the results of the computational aerodynamic

simulation of flows about arbitrarily shaped configurations
“Acceptance” (timeliness & cost of delivering results)

= Ease of use and short turnaround time (elapsed time from Manager
go-ahead to delivery) Computational Aerodynamics
= Low cost (labor hours + hardware & software costs) Lockheed-California Co.

Fully Effective ACA Requires Simultaneous Maximization of
Both Quality and Acceptance Factors

Pervasive Role of ACA in Engineering Design Drives
the Pursuit of Fully Effective ACA

29 Source: Ref. 1.23



\V/7alll Relationship of CFD to ACA

ACA extracts Value from CFD for the Customer

Customer

Engineering design problems,
resources, and constraints

Governing Equations of

Mathematical Models of Corp Puter Borms
Fluid Flow (Digital computers to

(Partial differential equations in run compuiSERIBgEams, and for

continuous domain) data processing & storage)

Numerical Models of Computer Programs
Governing Equations (Software suite based on
(Difference equations in algorithms to solve the

discretized domain) difference equations)

Value

Meeting customer needs and
expectations

CFD is to ACA as Airplane is to Air Transportation!

30



\77alt Lecture 1:
Overarching Takeaways

31 Copyright © 2019 & beyond by Pradeep Raj. All Rights Reserved.
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CHAPTER 1

1. Introductory Remarks

Wick, A.T., Hooker, J.R., Barberie, F.J., and Zeune, C.H., “Powered Lift CFD Predictions of a Transonic Cruising STOL Military
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D.C., 1990

Lohner, R., Applied CFD Techniques, Wiley, 2008.

Cummings, R.M., Mason, W.H., Morton, S.A., McDaniel, D.R., Applied Computational Aerodynamics, Cambridge Univ. Press, 2015
Rodriguez, S., Applied Computational Fluid Dynamics and Turbulence Modeling, Springer, 2019.
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Theodore von Karman with Lee Edson, The Wind and Beyond: Theodore von Karméan Pioneer in Aviation and Pathfinder in Space,
Little, Brown and Company, 1967.

Mason, W.H., “Applied Computational Aerodynamics Case Studies,” AIAA 92-2661, 10" Applied Aerodynamics Conference, Palo
Alto, CA, June 22-24, 1992. https://doi.org/10.2514/6.1992-2661

Johnston, C.E., Youngren, H.H., and Sikora, J.S., “Engineering Applications of an Advanced Low-Order Panel Method,” SAE Paper
851793, October 1985.

Bangert, L.H., Johnston, C.E., and Schoop, M.J., "CFD Applications in F-22 Design," AIAA Paper 93-3055, 24" Fluid Dynamics
Conference, Orlando, Florida, July 6-9, 1993.

Goble, B.D, King, S., Terry, J., and Schoop, M.J., “Inlet Hammershock Analysis Using a 3-D Unsteady Euler/Navier-Stokes Code,”
AlAA 96-2547, 32" AIAA, ASME, SAE and ASEE, Joint Propulsion Conference and Exhibit, Lake Buena Vista, Forida, July 1-3 1996.
Goble, B.D., and Hooker, J.R., “Validation of an Unstructured Grid Euler/ Navier-Stokes Code on a Full Aircraft with Propellers,”
AIAA Paper 2001-1003, 39th Aerospace Sciences Meeting, Reno, Nevada, January 8-11, 2001.

Hooker, J.R., “Aerodynamic Development of a Refueling Pod for Tanker Aircraft,” AIAA 2002-2805, 20th Applied Aerodynamics
Conference, St. Louis, Missouri, June 24-26, 2002. https://doi.org/10.2514/6.2002-2805

Hooker, J.R., Hoyle, D.L., and Bevis, D.N., “The Application of CFD for the Aerodynamic Development of the C-5M Galaxy,” AIAA
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1.20

1.21

1.22

1.23

SECTION 1

1. Introductory Remarks

Raj, P, “CFD at a Crossroads: An Industry Perspective,” Frontiers of Computational Fluid Dynamics, World Scientific Publishing
Co., 1998, pp. 429-445, Caughey, D.A. and Hafez, M.A. (Editors). (Presented at Thirty Years of CFD and Transonic Flow Symposium
to honor Prof. Earll Murman on his 55th Birthday, Everett, WA, June 1997.)

Raj, P., “Aircraft Design in the 21st Century: Implications for Design Methods (Invited),” AIAA 98-2895, 29th AIAA Fluid Dynamics
Conference, Albuquerque, NM, June 15-18, 1998.

Raj, P., “Computational Uncertainty: Achilles’ Heel of Simulation Based Aircraft Design (Invited),” NATO/RTO Air Vehicle
Technology (AVT) Symposium on Computational Uncertainty in Military Vehicle Design, Athens, Greece, December 3-6, 2007.
Hooker, J.R., and Wick, A., “Design of the Hybrid Wing Body for Fuel Efficient Air Mobility Operations,” AIAA 2014-1285, 52nd
AIAA Aerospace Science Meeting, National Harbor, MD, 13-17 January 2014. https://doi.org/10.2514/6.2014-1285

Miranda, L. R., “A perspective of Computational Aerodynamics from the Viewpoint of Airplane Design Applications", AIAA Paper
82-0018, 20th Aerospace Sciences Meeting, Orlando, Florida, January 11-14, 1982 (later published in AIAA Journal of Aircraft
https://doi.org/10.2514/3.44974 )
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Simulation Based Design (SBD)

A Paradigm for Designing Quality Affordable Vehicles

SBD exploits Integrated Product & Process Development (IPPD) concept
and requires MADO environments for implementation

« Employs integrated multidisciplinary
models and computational
simulations to develop Virtual
Prototypes (aka Digital Twins)

« Considers all aspects including
manufacturing, operations and
support simultaneously with all
requirements and constraints from
start

» Reduces chances of design changes
in later stages

« Conducts cost/performance trade-offs
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SBD relies on computational methods as the primary means of
all data required to make design decisions

CFED is the Linchpin of Simulation Based Design!
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gsmemes,  ROle of CFD In MADO Environment
Enable Multidisciplinary Analysis, Design & Optimization (MADO)
Environments to Create Quality, Affordable Flight Vehicles
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(probably the only?) means

of producing data required for rapid design closure through extensive trade-offs
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CFD provides inverse
design and shape
optimization capability
that most clearly

differentiates it from EFD

fiNavier-Stokes CFD Analysis, Design, & Optimization

Enable Extensive Trade-off Studies and Rapid Design Closure
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