@ :y e\ns:n%mnov!eg[ider

e == r1CETIM %

Planning of Fluid Systems Towards
Energy-Efficiency by Mathematical
Optimization

Prof. Ulf LORENZ — University of Siegen (Germany)

9 - 11 April 2025, Antibes Juan-les-Pins (France)



. . e Wirtschaftswissenschaften
U_nWe rsitat I I Wirtschaftsinformatik
Siegen Wirtschaftsrecht

Prof. Dr. Ulf Lorenz

FAN 2025
joint work with Peter Pelz, Julius Breuer, Thorten Ederer

WWwWWw.uni-siegen.de




 The Beginning: Different Views on Design Processes
* An lllustrating Example --- the Design of a Booster Station ---
* Noise Control in Fan Systems

* What are we Really Doing? And why?
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The Beginning: Different Views on Design Processes | System Design

Compare Optimization < Simulation < Experiment
m Topology

m Selection of modules

m Goals

i

X *@ >
Relolb O T

Source: Peter Pelz, FST, TU-Darmstadt
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FAN 2025
The Beginning: Different Views on Design Processes | Classification

PRODUCTS EXTENDED PRODUKTE SYSTEMS
PROZESS- FREQ. ENERGY- ENERGY- OVERCOME SYSTEM RESISTANCE TO | COOLING,
FUNCTION CONVERSION | CONVERSION CONVERSION SET VOLUME FLOW HEETING,
ELEK. = MECH. MECH.=> HYDR. CHEMICAL
REACTIONS, ...
TECHNOLOGY FREQUENY- ELEKTRIC- PUMP / EXTENDED FLOW-UNIT PLANT
CONVERTER MOTOR VENTILATOR / PRODUCT
COMPRESSOR + LOAD (BOOSTER-
SCENARIOS STATION, ...)
FC+E-M.+P.
SAVING-
OPPORTUNITIES + + + ++ ++ +++
RESPOSIBILITY MOTOR MANUFACTURERS AND FC PUMP MANUFACTURERS PLANER
MANUFACTURERS
CONTROL Generally ISO 9001 monitoring and certification of the SMART
test fields (measuring equipment, qualification of METERING
employees, documentation). In the event of a dispute,
commissioning of independent testing laboratories

Source: Peter Pelz, FST, TU-Darmstadt

“ / I” U. Lorenz, FAN 2025, Juan-les-Pins 14.04.2025



FAN 2025
The Beginning: Different Views on Design Processes | Classification

PRODUCTS EXTENDED PRODUKTE SYSTEMS

OVERCOME SYSTEM RESISTANCE TO | COOLING,

ENERGY-

ENERGY-

,DIVIDE ET IMPERA” DOES NOT LEAD TO ENERGY SAVINGS !

FC+E-M.+P.

ITIES + + + ++ ++ +++
RESPOSIBILITY MOTOR MANUFACTURERS AND FC PUMP MANUFACTURERS PLANER
MANUFACTURERS
CONTROL Generally ISO 9001 monitoring and certification of the SMART
test fields (measuring equipment, qualification of METERING

employees, documentation). In the event of a dispute,
commissioning of independent testing laboratories

Source: Peter Pelz, FST, TU-Darmstadt

l.' / NI U. Lorenz, FAN 2025, Juan-les-Pins 14.04.2025



FAN 2025
The Beginning: Different Views on Design Processes

Classic Engineering combines Human Creativity with hard facts from
Physics and Mathematics.

»Classic Engineering has cultivated Human Creativity.”

 Human Creativity is a central tool
* itis flanked by norms, ISO, DIN etc.

“ / I” U. Lorenz, FAN 2025, Juan-les-Pins 14.04.2025



FAN 2025
The Beginning: Different Views on Design Processes

Classic Engineering combines Human Creativity with hard facts from
Physics and Mathematics.

»Classic Engineering has cultivated Human Creativity.”

 Human Creativity is a central tool
* itis flanked by norms, ISO, DIN etc.

VS.

,Mathematitions and Computer Scientists try to
compensate or even overcome
human creativity with the help of algorithms. “

“ / I” U. Lorenz, FAN 2025, Juan-les-Pins 14.04.2025



FAN 2025
The Beginning: Different Views on Design Processes

Let them do! Let them do!

What a shame! What a shame!

What a bullshit! What a bullshit!

Let them do!
What a shame!

What a bullshit!

“ / I” U. Lorenz, FAN 2025, Juan-les-Pins 14.04.2025 8



FAN 2025
The Beginning: Different Views on Design Processes

... however there stay some difficulties with system design.

1. No Reference is available

2. Crucial decisions via intuition

* | Tank Yoo SHoulp Be

. MORE EXPLICIT HERE IN STEP TwQ."
u I” U. Lorenz, FAN 2025, Juan-les-Pins 14.04.2025



FAN 2025
The Beginning: Different Views on Design Processes

FUNCTION

1.  What is the desired function? A
3
2.  What are additional goals?
(@]
(a)
3.  Use models for moduls and
perform parameter-optimization
4.  Validate your creation! EXPERIMENTS
VIRTUAL EXPERIMENTS: )
CFD/FEM/MKS/HIL e
5.

ad /i

:,,3’8
Put it to production! 9
<
&

Source: Peter Pelz, FST, TU-Darmstadt
U. Lorenz, FAN 2025, Juan-les-Pins
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FAN 2025
The Beginning: Different Views on Design Processes

FUNCTION

7.

ad /i

What is the desired function?

What are additional goals?

What is the playing field? What are our constraints?
What are the degrees of freedom?

Let an algorithm search the solution!

DECIDE

Use models for moduls and
perform parameter-optimization

Validate your creation!

EXPERIMENTS

VIRTUAL EXPERIMENTS:
CFD/FEM/MKS/HIL

&é‘
Put it to production! > .
& &
A S

DO IT ???

Source: Peter Pelz, FST, TU-Darmstadt
U. Lorenz, FAN 2025, Juan-les-Pins
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* An lllustrating
Example

The Design of a Booster
Station




FAN 2025
An lllustrating Example | The Design of a Booster Station

TOPOLOGY / GRAPH 1

Booster Station
(Source: KSB AG)

/ GRAPH 2

“ / I” U. Lorenz, FAN 2025, Juan-les-Pins 14.04.2025 13



FAN 2025
An lllustrating Example | The Design of a Booster Station

= Definition of the task:
Which demands do we have to the booster station?

o Transport of fluid
o Pressure and volume flow follow some requirements, agreed
between custumer and constructor.

Here: A load profile with
four stationary load cases.

Respect the laws of

} 75%
fluid dynamics! | <
=) Q=20m3/h
C 50%| QF
Stationary use case o N2l o—g0me/h
y ’ o H=45.75m
q) 259% Q=60m3/h
E H=53.38m
o
0%

Q=80m3/h
H=61m

“ / I” U. Lorenz, FAN 2025, Juan-les-Pins 14.04.2025
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FAN 2025

An lllustrating Example | The Design of a Booster Station

RS level 1
Q=29 m*h

P=950 W

ad /i

m 3 I o

1000

800

600

400

200

0 . 40 U.S.gpm 80 . 120 . 160 .

. 40 Imp.g.p.m. B0 ] 120 . 160

] Rio 65-100 |

-“‘- | f —~
-—..k_\-

ﬁ\‘_‘. / \‘\_‘ /

J‘I x Nl

r\\fl\ 7 k&3K/

\@) ~ o~
| S ™S . >
;"{‘ / / /\\ >\\
;,' i I)\\ >\ﬁ
A 1 31>
0 10 20 Q@ m¥h 30 40 45
0 2 4 6 Qlis 8 0 12
oo —=
// A
...--"‘.‘f— =
- min.

0 10 20 Qm¥h 30 40 45

111556004

10
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FAN 2025

An lllustrating Example | The Design of a Booster Station

Components

ad /i

Load profile of customer i
=
E 50%
=
W o500
Pressure / height in m
70
60
50
40 P1 P> P6
30 P4
20
I P3
° 20 40 60 80 100 120

Volume flow in m3/h

Q=20m3/h
H=38.13m
Q=40m3/h
H=45.75m

Q=60m3/h

H=53.38Mm o_gom3/h

H=61m

Pumps, valves, tubes, ...

U. Lorenz, FAN 2025, Juan-les-Pins 14.04.2025
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FAN 2025
An lllustrating Example | The Design of a Booster Station

Is there something towards that we want to optimize?

Minimize maximum energy consumption

Minimize the energy consumtion
over the next 20 years.

No too expensive
investment!

Here: minimize over investment and energy costs over 20 years
“ / I” U. Lorenz, FAN 2025, Juan-les-Pins 14.04.2025 17



FAN 2025

An lllustrating Example | The Design of a Booster Station

ad /i

§ : E _ Vv
qs,i,v - qs,v

(i,v)EE
(I;/,v = Z q;E,i,v
(i,v)EE
hy; —hlf<2nit-(1-=2f)
hy S —hl; <2n3t-(1-=2l))

V+ Vv _ V-
hs,v + hs,v - hs,v

> kZ, =1

(p,)EK D) (p,l+1)e K(2D)

S z
ks,p,l < ks,p,l
v o _ q z q _ 1.9 . 1.
Usp = Z kp,l ' ks,p,l + (kp,l-l—l kp,l) ks,p,l
(p,1)eK(2D)
vV _ h z h h s
hs,p - § : kp,l ) ks,pvl + (kp,l-i-l - kp,l) ’ ks,pvl
(p,l)eK (D)
v o _ P z P _.P Y. 1S
Psp = Z kp,l ’ ks,p,l + (kp,l—i-l kp,l) ks,p,z
(p,l)eK(2D)

v __  (max)
ns,p =nNp

MIP MODEL FOR ALL (!) ALLOWED COMBINATIONS

Vse S,veV:v#u
Vse S,veV:iv#uy

Vse S, (i,j) e E
Vse S, (i,j) e E
Vse S,veV

Vs e S,pe P3P

Vs e S, (p,l) e K@D . (p,l+1) € K@D
Vs e S,pe PP

Vs e S,pe PP
Vs € S,p e PP

Vse S,pe P

U. Lorenz, FAN 2025, Juan-les-Pins

14.04.2025
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An lllustrating Example | The Design of a Booster Station

Pump 3

Pump 4
2900 rpm
6.125 kw

[
@E@
|9y

Setting 1
Q=20m%*h, H=38.13m

ad /i

Pump 1
1150 rpm
0.38 kW

Pump 3
1682 rpm
1.286 kW

Pump 4

2900 rpm

7.375 kW
Pump 1 Pump 3
2054 rpm 2545 rpm
2.1 kW 4.56 kW

O

Setting 2
Q=40m3*h, H=4575m

O

Setting 3

Q=60m%*h, H=53.38 m

50%

25%

Pump 4
2900 rpm
3.958 kw
Pump 5
2900 rpm Pump 3
13.4 kw 1687 rpm
1.37 kW

Setting 4

Q=80m*h, H=61m

U. Lorenz, FAN 2025, Juan-les-Pins

14.04.2025
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An lllustrating Example | The Design of a Booster Station | Smart
Algorithms for Optimization

ad /i

Minimize sth.

Optimum

Optimization gap x%
x 4

too optimistic
estimation

%

Computation time

U. Lorenz, FAN 2025, Juan-les-Pins

14.04.2025
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Noise Control in

FAN Systems




Noise Control in Fan Syste
Breuer, J. H. P,, & Pelz, P. F. (2024). Algorithmic planning of ventilation systems:

Optimising for life-cycle costs and acoustic comfort.

Journal of Building Engineering.

3rd floor

seminar { —"~=

iroom

conference {1

1st floor

a3 ol 2 At Y

Big thank you! to J. Breuer and P. Pelz for support with slides.




FAN 2025
Noise Control in Fan Systems |Planning Task Air Flow

volume flow: 400 m3/h

Raume

Pressure loss: 125 Pa

Ap,q
INLET AIR | 5 | buy?
-o—OF—9 -9 °
v O] | E
TLOAD SCENARIO

Where do | place
them?

>
=
<

=
=
=

A
O

How can they be

vy
o
Qo
-
v,
|FREQUENCY

operated efficiently?

2 fan series LOAD SCENARIO

a 3 different suzes

“ / I” U. Lorenz, FAN 2025, Juan-les-Pins 14.04.2025 23
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Noise Control in Fan Systems |Planning Task Air Flow

B
| O hallway 5
iseminar {J—"~? f'/ . [ Fseminarf &
room L we offices —¥-2 ' room | &
S : P room;
B = —————— — No. of fans to be placed:
iroom G__r—j shop @ hallway i-i } shop é N > 13
; P SRR =1
seminar o . i 1 @iconferanceﬂ‘ [} seminari]] & —_—
room  {} | w | jottees ¥=troom room
work- {1— 2, Raltyey 5 work 5
shop \ " E@I seminar | m SO %
E we | utility room NZ‘,'P?T 7777777777 — -

» MY = 103 decision opportunities!

+ many others

#selectable, different fans:
M =10

ebm-pabst

Typical number of freedom degrees | state space size for logistic problems:
1000 | 101000

“ / I” U. Lorenz, FAN 2025, Juan-les-Pins 14.04.2025 24



FAN 2025
Noise Control in Fan Systems | Planning Task Air Flow | Model

Objective

minimize life cycle costs
= investment + operational costs

inlet —]
air ~ Function
—0O @ 2® PG room supply fresh air
(e
s.t.

" network equations

(conservation of mass and energy),

[\

component models (pressure increase, power
[ Q| roomz consumption, purchase / activation decisions)
ROTATIONAL

: RADIAL FANS VOLUME FLOW CONTROLLERS
/SPEED

arbitrary pressure loss
ROTATIONAL
SPEED

VOLUME FLOW VOLUME FLOW

“ / I” U. Lorenz, FAN 2025, Juan-les-Pins

PRESSURE
INCREASE

CONSUMPTION

POWER
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Noise Control in Fan Systems | Air Flow + Noise | Model

inlet

air

[\

l
(¢ Q )

ad /i

r

7z

[\

;: j;;ROOMl
-~ ];;%OOMZ

Objective

minimize life cycle costs
= investment + operational costs

Function

supply fresh air

s.tl
= network equations
(conservation of mass and energy),

= component models (pressure increase, power
consumption, purchase / activation decisions)

= NOISE LIMITS!

U. Lorenz, FAN 2025, Juan-les-Pins
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Noise Control in Fan Systems | Air Flow + Noise | Model

SRR
VDI 2081
Part 1

e

measure for sound:
sound power level

L:log]_o( P )dB

Pref

Svan or Internal (50 — Nt pormimned

The change is
frequency
dependent!

NG ung — auch far Innerbetnebliche Zwecke — Aicht

VDI 2081

u / I” U. Lorenz, FAN 2025, Juan-les-Pins
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Noise Control in Fan Systems | Air Flow + Noise | Model

Ap
/\ sound power level change in each element:

pi _q' > OT’ Pi+1 dampening flow noise
l l
— element — _ \ T /
- ——— Liviy = (Lif — Dif) F Laow,if
Lf ——— > i+lf -
—> — level addition

l.' / NI U. Lorenz, FAN 2025, Juan-les-Pins
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Noise Control in Fan Systems | Air Flow + Noise| Model

INLET Ap;

AIR
Ok mo= O @ O

s
~

0=

O WO=FO ™

Q|

ad /i

Objective

minimize life cycle costs
= investment + operational costs

Function

supply fresh air

s.t.
= network equations
(conservation of mass and energy),

= component models (pressure increase, power
consumption, purchase / activation decisions)

= NOISE LIMITS!

U. Lorenz, FAN 2025, Juan-les-Pins
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Noise Control in Fan Systems | Air Flow + Noise | Model
Computation following VDI 2081 / Manufacturer
- Many fixed parts, whose placement are not part of

change is optimization process.
Cross- change in .
sectionj T - Can be summarized together.
o 4
o8 63 Hz
o | 125 Hz
if °0 | 250 Hz
% 40 ‘:ggse limit —o— 500 Hz
% :Aﬁeigmed —e— 1000 Hz
a 204 noise level —e— 2000 Hz
g —e— 4000 Hz
§ ol i —e— 8000 Hz
volume flow
controller
~— /7
—— — —] —] | —] -

The behaviour of fixed component clusters can be precomputed.

“ / I” U. Lorenz, FAN 2025, Juan-les-Pins



FAN 2025
Noise Control in Fan Systems | Air Flow + Noise | Model

Next step Volume flow controler room

= determine damping and flow noise of each
component (e.g. following VDI 2081)

= Compute the resulting damping and noise levels in
flow direction Wildeboer

VDI 2081
Low,ri = Lfiow,f,i — z Dy silencer (baffle-, pipe-)
j=it+1 =
B
Lflow,total,f =+ z Lflow,f,i ventilator
i - 4
B | Y % =
Dtotalr = z Dy, _ © TROX e
5 Fixed components ke

B: set of components, sequqgnced in flow direction

\|// - EBM-papst
//// y

KM Blechwarenfabrik

l.' / NI U. Lorenz, FAN 2025, Juan-les-Pins
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Noise Control in Fan Systems | Air Flow + Noise | Model

Example equations for component model for fan

Variable Model equation
Pressure increase Ap(q,n,d) = a;q* + a,qn + azn* Better:
P, (q,n,d) = B1q> + Boq*n + f3qn® + Byn> + Ps Create characteristic
Costs ¢ = y,d + Y, + y3(sound isolation) fields
Noise reduction D;r =
Flow noise Laow,ir(q,n,d,Ap)

= 51712 + 6,n + §3d + 6, + 10 loglo(q+ . Qmax)
+ 201logo(Ap™ - APmax)

o
“ / III 4.PA | Algorithmische SystemplanunilyohosenftFAMNi202bAnkgantesRing:Iz 14.04.2025 32
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Noise Control in Fan Systems | Air Flow + Noise|Case Study

room 108 TEaeuas room 203
e e
PC-pool conference

u / er U. Lorenz, FAN 2025, Juan-les-Pins

14.04.2025
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FAN 2025
Noise Control in Fan Systems | Air Flow + Noise|Case Study

mZA@@@

- 2 fan series | O R — el 2l

PC-pool a 3 different sizes PC-pool
room 292 room 203

[ e m 4

room 108 room 193

PC-pool Ca D E L4 hallway

room 101
E L4 PC-pool

“ / I” U. Lorenz, FAN 2025, Juan-les-Pins
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Noise Control in Fan Systems | Air Flow + Noise|Case Study

ad /i

LIFE-CYCLE COSTS in €

20000 A

18000 -

16000 -

14000 -

12000 -

10000 -

minimal
life cycle costs

Pareto-Front:
optimal decisions

/

| g

minimal
sound pressure level

30 35 40 45 50
NOISE LIMIT in dB

55

U. Lorenz, FAN 2025, Juan-les-Pins



FAN 2025
Noise Control in Fan Systems | Air Flow + Noise|Case Study

minimal
20000 - life cycle costs
18000 -
= Pareto-Front:
2 16000 - non - optimal decisions
S
O /
w 14000 -
—
o
>
< 12000 1
L
L
- .
10000 - - minimal
- sound pressure level
30 35 40 45 50 55

NOISE LIMIT in dB

“ / I” U. Lorenz, FAN 2025, Juan-les-Pins



FAN 2025
Noise Control in Fan Systems | Air Flow + Noise|Case Study

Planning in
stages

—

Step 1: In one step:

_ _ choice, placemant and operation
Choice, placement and operation

of — ©/I
O C W

HOLISTIC

Step 2:

SEQUENTIAL

Auswahl und Platzierung
I

| |
operations

1
of
[~~~

“ / I” U. Lorenz, FAN 2025, Juan-les-Pins
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FAN 2025
Noise Control in Fan Systems | Air Flow + Noise|Case Study

minimal
20000 A life cycle costs o o
=1~ holistic optimisation
—O— sequential optimisation
o 18000 - g P
c
2 16000 -
n
S
w 14000 - Pareto-Front:
§ optimal decisions
< 12000 1
L
L
- .
10000 - - minimal
—] ﬁj\uﬂund pressure level
30 35 40 45 50 55

NOISE LIMIT in dB

“ / I” U. Lorenz, FAN 2025, Juan-les-Pins
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Noise Control in Fan Systems | Air Flow + Noise|Case Study

Solution without acoustics

Cousoe
VO

room 206 | D | E i
PC-pool PC-pool

E i room 292 room 203 | D
hallway conference

room 108 room 193 room 101

PC-pool D E hallway E PC-pool

“ / I” U. Lorenz, FAN 2025, Juan-les-Pins
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Noise Control in Fan Systems | Air Flow + Noise|Case Study

Solution with real sound pressure level

Cousios
LAY

room 206 | D | E i

PC-pool PC-pool
room 292 room 203

L 10 4

room 108 room 193 room 101

PC-pool D E Lo hallway E PC-pool

“ / I” U. Lorenz, FAN 2025, Juan-les-Pins



FAN 2025
Noise Control in Fan Systems | Air Flow + Noise|Case Study

Losung mit L, 4 = 35 dB

@ Q Only the silencer

Is bought
room 206
HE |
PC-pool ‘
292 room 203
o B
Without silencer and Mt lfey OEEEE

VFC, pressure loss is

‘ highest here. 5 -IEl e ey —" 0 e 1(|)1
hallway pressure loss PC-poo

(because tiny)

“ / I” U. Lorenz, FAN 2025, Juan-les-Pins
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Noise Control in Fan Systems | Air Flow + Noise|Case Study

Solution with L, , = 30 dB

Cousoe
VO

room 206 room 201
= ' =8
PC-pool D E PC-pool
room 292 room 203
1 m 4
room 108 room 193 room 101
PC-pool - D E L] hallway E L] PC-pool

“ / I” U. Lorenz, FAN 2025, Juan-les-Pins



What are we Really Doing?

And why?




FAN 2025
Changing Flight Height: What are we really doing? And why?

1. A customer wants a wheel.

2. | sell him a wheel.

3. Some ,,optimizer” comes to me and says:
,0h no,no, no. | have doubts. | do not believe that he wants what you deliver.

Let us formalize an optimizeation problem. Let’s assume we have an n-gon. We can
then optimize the number of vertices for best roll-behavior!“

1 n

Isn‘t that a bit ... stupid?

. 3
“ / I” U. Lorenz, FAN 2025, Juan-les-Pins 14.04.2025 44



FAN 2025

Changing Flight Height: What are we really doing? And why?

1. From certain point of view: my collegue had a point.

2. A) wheel example: stupid

ad /i

Pressure / height in m

70

60

50

40

30

20

10

]

P1

P2

PS5 P6

P4

P3

20

40

60 80 100 120

Volume flow in m3/h

U. Lorenz, FAN 2025, Juan-les-Pins

2. B) booster station example: smart

14.04.2025
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FAN 2025

Changing Flight Height: What are we really doing? And why?

1. Let us find a border line with the help of a third example.

A brilliant engineer and artist builds an

Eiffel tower

» World famous

» |s stable for more than 130 years

— Algorithmic
support not
useful

from unknown author is licensed
by CC BY-NC

ad /i

Selection of example:

We are in France ©

Shows proximity to FEM better than fluidsystem.

U. Lorenz, FAN 2025, Juan-les-Pins 14.04.2025
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FAN 2025

Changing Flight Height: What are we really doing? And why?

1. Let us find a border line with the help of a third example.

A brilliant engineer and artist builds an

Eiffel tower

» World famous

» |s stable for more than 130 years

— Algorithmic
support not
useful

from unknown author is licensed
by CC BY-NC

ad /i

A bit other situation, however, may change this assessment.
» What if the artist is no brilliant engineer?

» What if the material resouces are limited, but people
want or need a tower as high as possible?

» Or they want a comparable tower with less steel?

U. Lorenz, FAN 2025, Juan-les-Pins 14.04.2025 47
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FAN 2025

Changing Flight Height: What are we really doing? And why?

1. Let us find a border line with the help of a third example.

A brilliant engineer and artist builds an

Eiffel tower

» World famous

» |s stable for more than 130 years

— Algorithmic
support not
useful

v

OTOZOZON

X W

YT REOR
nn,',:." \;'VA
L WANN

L VAN

from unknown author is licensed
by CC BY-NC

a /wir

There are nearly no opportunities for experiments.
Experiences are missing and very difficult to gather.

AAL
ATl

v

Sl
RS
S\

U. Lorenz, FAN 2025, Juan-les-Pins 14.04.2025
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FAN 2025

Changing Flight Height: What are we really doing? And why?

1. Let us find a border line with the help of a third example.

Task description

What do we want
to get?

ad /i

> al.=dl

(i,v)ER

e=> &
(i,w)eE

hy; —hlF <2nft.(1-af )
hyF = hls <2nft (1 gl )

\4 \4 V-
hs,:;r + hs,v = hs,v

z —
ks,p,l =1
(p,1)EK(2D):(p,I+1)EK (2P)
S z
ks,p,l < ks,p,l
Vo _ q 2 q q s
9s,p = Z kg o kipa+ (kp iy = kg ) - kS pa
(p.)eK (D)
vo_ [ h h s
hgp = Z kpp kS pa + (kp,l+1 - kp»l) kS
(P)EKED)
A P z P V4 s
Psp = Z ki kpa+ (kp iy = kp ) kS pa
(p)EKEP)
v _ ,(maz)
ns‘p el
| —

, VseSveViv#uv,s

» VseS,ueViv#uv

Vses,.
Vs € S,

Vse S,uveV

Vs € S,p e PP)

Vs €8, (p,l) € K®P): (p,1+1) € K?P)

S,p € P@D)
Vs e S,p e PP

Vse S,pe P

Algorithmic
support necessary

U. Lorenz, FAN 2025, Juan-les-Pins
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Changing Flight Height: What are we really doing? And why?

1. Let us find a border line with the help of a third example.

Task description

What do we want
to get?
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Some Literature to Technical Operations Research Methodology
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