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DoE for Scale-Up/Down

... using MODDE?®, the DoE-DiVa®
and a little bit of R

Session 4: Scale Down of a Bioreactor -- 22.02. 2023

Prof. Dr. Andreas Orth
u mes@ft ind xllim.ns:['lluu

The roles of MODDE® , DoE-DiVa® and R

- MODDE® for the complete DoE-workflow of Design,
Analysis, Prediction and Optimization, QbD, etc.

Tx

- DoE-DiVa introduces |u —_ | x

User-factors and eXplaining-factors and designs for these

- R is used for prototyping and for validating of DoE-DiVa
calculations, and for developping DoE-DiVa Help System.
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This is how MODDE® looks.

@ N k= 43 ¥ analytic robustness-ex.mip - MODDE Pro

5 Home Design Worksheet Analyze

Y
Edit Fit
model * model

Summi
of fit*

Simp Progress

1.Design 2. Work 3. Analyze

MODDE® has
many Wizards

MODDE 13

SARTORILS

4. Predict&optimize
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. . [
[his is how the DoE-DiVa looks
L ]
’m Help
Design | Analysis
View Settings ~ | View Design Design Diagn. =
I SR & e
\ Neme | impellerspeed ARG N
\ L
[FECIENNS Matrix Input | Relay Input | ‘VMatrix  Keep Column Dirrsenbon 8.1 Unit *
\ RoleType | CONTR = || woscup & e
Define fFactors : = Unit View
meter
\
Ko\ Name low High Role | pivencionType | NUMBER REVOLUTIONS UritName: | rom
o mipelerDiam 0a2 o2 CONTR kg |0
Cg  gesyolumeCancentration 1000 1000 CONST ,
Hen  HeniySolubilityConst 0031 0031  CONST Unit | rpm - 8 sec | 1 Offset o0
VTip  tipSpeed 10 10 CDEP
\
N 50 CONTR ot G 0.0166666557
1 Transformation | LOG - Gradient 00165666667
o o DOE-DiVahasa , .
; i Mol 0
PGV P 0 CDEP
™ Conductor, o - B (A
kam on o CDEP Low Setting | 6.5 | e —
o 1w notawizard © o e amp: [0
Reh ReynoldsMumber 1.0 1.0 CDEP
High Setting | 15.0 cand- Io
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This is how the R(studio) l0OkS.

L]
File Edit Code View Plots Session Build Debug Profile Tools Help
O - 0p - b - = Adding = B Project (Mo
@ suriace_ Fiot-chne-coeff-backir. i 2 | kout_of N_AlgDesgn fimd & 01-BascsRmd s =
KnitonSave T G @ knt - -
Status.

2 "DOE Diva Help System”

L] "ume s GmbH"

4 site: bookdown::bookdown_site —

5 documentclass: book D DuD0E-Diva-Help/HelpSystern/Rockd own/boakdawn-minemal-master/_book/index html o s

[

7 output: rides it Open in Broveser “E- Publish =

8 bookdowm: : gi thook: " —

i 1 Introducton L\

10

1 1.1 Wiy Dimensioniess Designs

12 5.2 Buckingham 1 theorem

13 1.2 Diva Help.

14 . . .

15 1.3 Instadlation of Dimensional AnalySIS

| 2 Overview

Conscle  Terminal Render Background Jobs

R R423 - D/DoE-D-HelpHelps ke

2.1 Home System

-rraster

R 15 a collaborative project with many contributors. A2 Deslgn and Analyals
Type “contributors(})’ for more information and

‘citation()’ on how to cite R or R packapes in publication| 2.3 Data Import

Type ‘demo()’ for some demos, 'help()' for on-line help, of 3 DoE-Diva Workflow and example
‘help.start()’ for an HTML browser interface to help. |

Type "q()' to guit R. 3.1 DIVA Conductor

[workspace loaded from D:/DoE-Diva-Help/Melpsysten/Bookdowl 55 coive pasinibon
>
| 3.3 S8t Factor Group
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The Buckingham Pl-theorem describes how every
physically meaningful equation involving n variables
can be equivalently rewritten as an equation of n - m
dimensionless parameters, where m is the rank of the
dimensional matrix. _.. provides a method for
computing these .. from the given varables.

DoE-DiVa‘s focus is on factors

TX Design | Analysis

View Design

Design Diagn. =

Conductor || View Settings ~
u — X

Design X | Vres | x Settings

in MODDE® £

1 Define Factors
X-factors act as factors
User-factors become
derived responses

L¥l Design Wizard

MName

Factors

B Dfine factors ) b2
Mame Abbreviation LUnits Type Use Settings D8

| i Eul Quantitative « Controlled  » -0,08241 to -0,031 i<

2 | PGV Quantitative « Controlled  » -1,395 to -1.221 QL

3 N kla Quantitative « Controlled  « -2.696 to -2615 o

4 b3 Quantitative ~ Uncontrolled « i

22/02/23

B Define responses [

Abbreviation
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Design Varistion

Ll Responses

Linits. Type
Regular
Regular
Dertved: (104 - 1.5%1+0.3°v2+0.5"v3+1.3538145491599614))

Derived: (102,51 - 0.3*v2 - 0.5%3 - 3.131965851558936))/0.01666666 |

Derived: (104( - 0.B*w2+2*v3+3.637 10718744921 17))/0.01 6666666666
Desived: [104(vE]}/0.01
Degived: Log10{v4*0.01)
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The DoE-Diva approach

Bioreactor at High and Low Scale
Preparing Scale Down using DoE-DiVa
Performing Scale Down using MODDE®

Wk

The DoE-DiVa-approach

Tx f(c, x)) Ty
u — | X — y - z

u: User-factor, to be set in the experiment, e.g. Temp, pressure etc.
x: eXplaining-factor, to be used in the model, e.g. a force-ratio
T,: transformation to get from u to x, e.g. ratio, dimensionless variable

c: coefficients or parameters in the model, _f to be determined by model FIT

z: measured response variable
y: transformed response value, e.g. ratio or product of a z and some u
T,: transformation to get from z to y, may also just be log or neg-log

22/02/23 UmES@ﬂ (c) Prof. Andreas Orth, Umesoft GmbH, Eschborn 8
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The role of the Transformations

Design: How to get u from f and the transformation

u

Model Fit: how to

u

Tx!
g —

Tx

—_—
factor
transform

X

X

f(...)

Afp—

f(c, x))

—

y

y

T,°

get coefficients, ¢, from xand y

Ty

Afp—n
response
transform

Optimization: how to get the u from the specification for z

U

Tx!
—

X
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f(c, x))
B

model&
design

y

Ty
—

4

session >
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The Approximation Trick to get T,

Design: To get u from x, T, has to be inverted

u

Tx!
g —

X

f(...)

Afp—

y

T,°

Z

Inverting a non-linear T, may be difficult or impossible, so T, is

approximated by a linear

Model Fit: To get x from u for Fit, T, need not be inverted

u

Tx
—

factor
transform

) ¢
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T, and when we write T, we mean

approx

f(c, x))

—

T

-1
approx

y

Ty
—

response
transform

’ Tapprox

Z

is not needed.
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Different types of factor dependencies

- Quotients and Products of controlled (or constant) u-factors can be directly used as x-
factors, HOWEVER it may be advisable — in the following situations — to first
introduce dependent u-factors:

- Nested formulae: Oxygen transfer capacity, OTRC, depends on oxygen transfer
coefficient, kLa, which again depends on power to volume ratio, PGV, and gas flow
rate, Q.

- Non-linear formulae: Oxygen transfer capacity, OTRC, is the sum of products of kLa’s
and concentration gradients. These will be approximated when determining T,

: approx
and Tapprox

- Data tables from prior experimental or simulation runs are available, but not as
forumulae, typically simulation results for the high scale and experimental results

from the low scale.
22/02/23 (c) Prof. Andreas Orth, Umesoft GmbH, Eschborn umes@ft 11

Factor dependencies in a biorector

D _x
D
Cg N_x
Hen dependent u-factors ax
vTip
vTip_x
N
Q PGV _x
contr & PGV kLam_x
CO!’JSI’ kLam
OTRC _x
u-factors oTRC
x-factors

umesaft (¢} Frof. Andreas Orth, Umesoft GmbH, Eschlsorn !
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,Simple” Scale Up using Similarity

ion 2 xscup
Sesslo . . : 7
Design: To get u from x, T, has to be inverted §
TX‘T Xk\\ : /II

If there are fewer x-factors than u-factors, then

there is an orthogonal x,,,,,-“slider“-direction, along
which both x-coordinates stay the same.

T, (respectively T,,,,,*) then depends on the
,sliding-direction”, ,,down” or ,up”. If the x’s are
dimensionless, and if the u give a ,,complete”
description of all relevant aspects of the process,
the Similarity Principle of Dimensionless Analysis

permits the transfer of results from ,down“ to ,,up”.

22/02/23
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,Complex” Scale Up using ,All that one knows*“

ODAY: . ,A-t-0-k approach”
T Design: To get u from x, T, has to be inverted
—— Txllathi -
gh Scale .
o * Challenge:
4 They may
The back transform, T, (respectively T,,,,,, 1), may be much more |be different

different at Low Scale than at High Scale than just a different ,slider
position”, particularly if there are

- differing low/high intervals for (geometrical) u-factors,

- different u-factor variables altogether (=> a different dimension(!)),
- different formulae or data relating relevant u- and x-factor variables.

T -1

at low Scale €
- [x

(c) Prof. Andreas Orth, Umesoft GmbH, Eschborn

| u |

X
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1. The DoE-Diva approach
2. Bioreactor at High and Low Scale
3. Preparing Scale Down using DoE-DiVa

4. Performing Scale Down using MODDE®

u-factors

Name Abbr
1 impellerDiameter D
2 gasVolumeConcentration Csg
3 HenrySolubilityConstant (conc/conc) Hen
4 tip speed vTip
5 impellerSpeed N
6 gasFlowRate Q
7 PowerGVolumeRatio PGV

8 oxygenTransferCoeffiMixedZone kLa

9 oxygenTransferCoeffiBubbleZone
10 total oxygen transfer capacity
11 ReynoldsNumber

At high scale

(at high scale)

group Role userunit
D contr m
Csg const %
Hen const [-]
vTip cdep m/s
N contr 1/s
Q contr m”3/min
PGV cdep W/mA3
kLam cdep 1/s
kLab cdep 1/s
OTRC cdep 1/s
ReN cdep [-]

transform
log
log
log
log
log
log
log
log
log
log
log

userlow userhigh
04 0,8
21 21
0,031 0,031
1 1
13 2,6
0 0
1 1
0,0006 0,006
1 1
1 1
1 1

ere are two zones, regions or ,compartments®,

mixed zoné€ and bubble-zone: oxygen transfer coefficient, kla, is

different in the two zones

22/02/23

Values at
high scale
for user low
and high for

geometric
factors are

typically

different at

low scale,
whereas

intinsic
properties are
scale
independent

16
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u—formu/ae (at high scale)

formula
1 vTip=D*N
2 PGV=DA5*NA3*QA(-0.5)
3 kLam=0.0323*(PGV)"0.4*((Q*0.0166666667)/3.14159*4/2.472)"0.5
5 kLab=0.32*((Q*0:0166666667)/3.14159*4/2.472)A0.7
4 OTRC=kLam*(C_g*0:0H)* b*(C_g*0.01)*Hen
6 ReN=N*D"2/1-470588¢-06
The formulae for oxy. ansfer coefficients, klam/b, are
different in the two zones, mixé e and bubble zone. Proefschrift ter verkrijging van

de graad van doctor in de
technische wetenschappen

. Technische H hool Delft,
The formula for total oxygen transfer capacity, OTRC, ii“?iiaagegﬁﬁ% %cﬁﬁ"ﬁ"ag‘.’ﬁﬁcui.'
. PI'U ile . . Weltman, .
combines results Of the two zones. in het openbaar te verdedigen ten overstaan

van het College van Dekanen op
20 maart 1984 te 16.00 uur

door

Nicolaas Marius Gerard Qosterhuis,
geboren te Zaandijk,

Landbouwkundig ingenieur.
22/02/23 umes@ft (c) Prof. Andreas Orth, Umesoft GmbH, Eschborn 17

B Relay DAG

Nested u-factor
dependencies

(at high scale)

S

../i‘_l%_x )
contr & o
const ol
u-factors \0_ )

22/02/23 umes@ft (c) Prof. Andreas Orth, Umesoft GmbH, Eschborn 18
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Values At
low scale

for user low
and high for

u-factors (at low scale)
Name Abbr group Role userunit transform userlow userhigh
1 impellerDiameter D D contr m log
2 gasVolumeConcentration C_g C_g const % log 2T 21
3 HenrySolubilityConstant (conc/conc) Hen Hen const [-] log 0,031 0,031
4 tip speed vTip vTip cdep m/s log 1 1
5 impellerSpeed N N  contr 1/s log 6,5 15
6 gasFlowRate Q Q contr mA3/min log 1 2
7 PowerGVolumeRatio PGV PGV cdep W/mA3 log 1 1
8 oxygenTransferCoeffiMixedZone kLam kLam cdep 1/s log 1 1
9 total oxygen transfer capacity OTRC OTRC cdep 1/s log 1 1
10 ReynoldsNumber ReN ReN cdep [-] log 2 1

At low scale, there is only onelzone, region or ,,compartment”,
the mixed zone and there is no bubble-zone:
oxygen transfer coefficient, klam, only exists once, there is no klab.

22/02/23

geometric
factors

are typically
different at

high scale,
whereas

intrinsic
properties are
scale
independent

19

u-dependency formulae

formula
1 vTip=D*N
2 PGV=DA5*N"3*QA(-0.5)
0323*(PGV)"0.4*((Q*0.0166666667)/3.14159%4/2.472)70.5

There is only one formula for o
is only one zone, the mixed zone.
The formula for total oxygen transfer capacity, OTRC, is simpler.

22/02/23 Umes@ﬂ (c) Prof. Andreas Orth, Umesoft GmbH, Eschborn

(at low scale)

transfer coefficient, klam, because there

20
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Nested u-factor

x-factors )
contr & B dependencies
const SRS
u-factors ///“[k[. _’mm ‘ (at |0_W Scale)
/_/ /—-X =

»  kLam x )

= PGV x

22/02/23 UITlES@'ﬂ (c) Prof. Andreas Orth, Umesoft GmbH, Eschborn 21

The DoE-Diva approach

Bioreactor at High and Low Scale
Preparing Scale Down using DoE-DiVa
Performing Scale Down using MODDE®

R S
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B Relay DAG

u- and x-factors

W7 Ralay DAG o x

Low Scale

( oTRC -—h\\ OTRC x /‘]

— —

OTRC _x

o e
{ OTRC }—{
Rl g )

“iLabx )
A X )
o . -

A
\__?;"/’
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Step 1: u-factors (high scale first)
VMatrix Input | Relay Input ' VMatrix = Keep Columns ' Responses | Settings ' Design Variation
Define Factors (7]
Key Name Low  High Role Unit Transf ti Di
D impellerDiam 0.4 0.8 CONTR ) m LOG LENGTH Th 3
Cg gasVolumeConcentration 21.0 21.0 CONST % LOG DIMENSION_LESS ere are
Hen  HenrySolubilityConst 0031 0031 CONST Sl LOG omension_tess  controlled
vTip tipSpeed 1.0 10 m/s LOG SPEED
= u-factors
N impellerSpeed 13 26 CONTR ) revpm LOG NUMBER_OF REVOL_ ...
Q gasFlowRate 100 20.0 CONTR /m*3/min LOG VOLUME_FLOW
PGV PowerGVolumeRatio 1.0 1.0 CDEP W/m*3 LOG POWER DENSITY There are 6
kLam  oxygenTransferCoeffiMixedZone  6.0E-4 0.006 /s LOG REACTION_RATE1
klab  oxygenTransferCoeffiBubbleZone 1.0 1.0 Sl LOG REACTION_RATE1 depen den t
OTRC  totalOxygenTransferCapacity 1.0 1.0 /s LOG REACTION_RATE1 u-facto rs
ReN ReynoldsMumber 1.0 1.0 Sl LOG DIMENSION_LESS
22/02/23 (c) Prof. Andreas Orth, Umesoft GmbH, Eschborn 24
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Step 2: x-factors (in this case just identity)

Design Variation

Factor Input | RUREIGERLTNE Relay Input ' VMatrix - Keep Columns ' Responses Settings

How Would you like to generate a VMatrix?

Import Vmatrix L A + " £ ! o . F G - H

1 Dx |vTipx [N.x ]&v/ klam x |klab x |OTRC x |ReM x
System Suggest 2 D 1 0 | ‘!0 0 0 ;_0 a 0
3 Cyg /Q/O 0 0 0 0 |0 4] 0
Edit 4 Hen o |o o |o |o 0 lo o 0
vTip |0 1 .0 0 0 0 0 0 0
6 N o |o 1 ojo o 0 lo 0 0
7 1Q 0 0 0 1 1] o |0 o 0
8 PGV 0 0 ‘0 0 1 0 0 1] 0
Adjust Vmatrix 2 IkLam jo |0 |0 JD 0 1 |9 0 0
10 kLab o |0 o |0 |0 0 1 0 0
11 |OTRC 0 ] 0 |0 0 0 (1] 1 0
12 |ReN o |o o o |o 0 0 ] 1

22/02/23 (c) Prof. Andreas Orth, Umesoft GmbH, Eschborn 25

L]
Factor Input  VMatri Input | REETRRT-RE VMatrix - Keep Columns < Responses | Setting Type
N'D RELAY_FORMULA
Define Relay DAS"NA3"QM-05) RELAY_FORMULA
RelayFormulas
00323 PGV~ 0.47({Q"0.0... § RELAY FORMULA
Y * r5q e e % Import Relay Formulae kLam*({C_g"0.01)"Hen)+_. YRELAY FORMULA
vTip DN 10 2.1060981098442886E-32 00 0.32°((Q"0.0166666667)/.. JRELAY FORMULA
= G 5 T Import Relay Design
PGV oDNG 1.0 1.45765974T1339055E6-29 0.0 R N*D"2/14T0588e-06 RELAY_FORMULA
klam  QPGV 10 2.91886720134038E- 11 00
L] x
klab  Q 12 2357611248205712E-32 00
OTRC  klamklab 0.98997435030106599 7.436304153462776E 4 0.1713730084356 ey name
RN DN 1.0 4.4233699195485T25E-31 0.0 -] impellerDi.. UserUnit Formula  OTRC=kLam*((C_g*0.01) *Hen) + kLab*((C_g*0.01)
Cg gasVolume...

Step 3: u-factor dependencies (0TRc at high scale)

Approximation quality, OTRC: = "=

¥Tip tipSpeed OTRC - UserUnit - rkLan"':;C g*0.01)"Hen)+kLab*{[C_g"0.01)"Hen)

R 2 iS O. 98997 L ImpelierSy Farmulae Unit Copy User Unit Farmula to Clipboard

gasFlowRate

relative deviation is 0.17137 % = rwen There are 6 formulae for the

kLam ouygenTra..
wesre 6 dependent u-factors

22/02/23 (c) Prof. Andreas Orth, Umesoft GmbH, Eschborn 26
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— transformation as a matrix

Factor Input | VMatrix Input | Relay Input m Keep Columns | Responses = Settings

4: Info, Tapp,ox

“Input | RUSEIGIRRTTES Relay Input | VMatrix | Keep Columns = Responses | Settings

Relayed VMatri ini
\oxki you s e permeme s e [l ity MAbrix elayed VMatix - Containing the complete structure

A B c D E F G H | J
A B € D E F G — T T
Import Vmatrix - . . 1 Dox 3 X !Q_x PGV x lkan_x |klab_.: |OTRC x ReN_x
1 Dx [igx [Nx [Qx [PGV.x |kiamx N 1
L 2 |p 1 0 2 0 | 1069432 |2
System Suggest 1 /01 g 9 @ 1 4 3 oN 0 o |2 [o [068432 |2
o ¥ o o |0 i 1  — i i
| | 4 cg 0 o o i 0 o 0
Edit ) N LA I L LI 5 |Hen o o o o o Jo 0
o |1 o [0 |o 0
| | 6 wTip. D 0 o o 0 0 lo 0
E 7 10 S 2 7 IN o |1 1 o |3 [z o | osatesa |1
7 |Q 0o |o [i] 1 0 0 T
I 8 N_N [ o o |3 12 ] 0641659 |-1
8 PGV o o o o | 0 o B Tl 1 T T q
. { 9 |a o o o [.5 3 7 6729131 [0
Adjust Vmatrix 2 ?kum LI LS I 11 10 QN o |0 lo o |s 3 7 6729131 |0
10 |kiab o o o (o o 0 G = T 1 1 i i
} — } 11 [PGV. D [ ] o fo |1 A lo 0213886 [0
H o |o o |0 |o A 0 0213886 |0
u-factor dependencies have been relayed - ° ° ° ° ° [+ ° | :
from the contr u-factors to the x-factors = ——
22/02/23 (c) Prof. Andreas Orth, Umesoft GmbH, Eschborn 27
L]
Step 5: choose x-factors to use
Factor Input | VMatrix Input ' Relay Input ' VMatrix = ECEGREGITGLEE Responses | Settings | Design Variation
Select Dimension-less factor(s) to Keep (7]
Dx
¥ vTip.x VMatrix : Correlation
N_x [
] c D E F G H 1
Qx [ T I T
1 |vTip_x N_x X PGV _x kLam_x klLab_x OTRC x | Rel
V| PGV x s s .
2 11 0 4] 5 2 0 1065432 12
kLam_x |
£ | 3 1 1 0 3 1.2 0 ,0841659 1
kLab_x | -
V| OTRC.x | 4| [—0 [ 3 et RO 0
ReN_x
Max 3 x-factors is possible
Previous Abbrechen

22/02/23 (c) Prof. Andreas Orth, Umesoft GmbH, Eschborn 28
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Step 6: define z-response(s)

Design | Analysis
Conductor | View Settings ~ | View Design Design Diagn. =

Define Z-Response(s)

Name

Dimansion Type

bioMass

DIMENSION_LESS ».

Key Name Low High Unit Transformation Dimension Unit " q00 % - @ +
bMa bioMass 100 10000 % LoG DIMENSION_LESS
Transformation  NEGLOG =
Min
%0
Max L
22/02/23 (c) Prof. Andreas Orth, Umesoft GmbH, Eschborn

Abbr

Dimension

eter

Mol

Cand

(of no relevance today)

r
bida
B! Unit x

Unit View

Unit Name 100-

Offset

Gradient 1.0

oK J Abbrechen

29

Step 7/: Settings: gefine Zﬂesponse(s) (for completeness)

Factor Input | WMatrix Input |~ Relay Input | VMatrix = Keep Columns  Responses m Design Variation

Design Settings

Vmatrix | x-Settings | u-Settings | VRes = Wres

[ A | &
o
| ‘U
o
o
o
o
| 0
L
otRe —U
11 |ReM o
12 hi\da 1

y-Tesponse(s)

Previous

Generate Design

| Suggest |
mport
Edit

Adjusst

Hawt Abbrechen

22/02/23 (c) Prof. Andreas Orth, Umesoft GmbH, Eschborn
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Step 7f: Settings: view T, and its inverse

T -1

approx approx
atrix | x-Settings u-Settings VRes | Wres | y-response(s) atrix | x-Settings u-Settings VRes | Wres | y-response(s)
A B i D E F A B cC D E F G H I
|vTipx [PGV.x |OTRCx |[D_N |Cg |t D D_N |Cg |Hen [vTip_D [N N_N |Q
|D [1 5 1069432 |0 0 | vTip_x 15 0 o fo o 25 0 ,0000001
D_N |-1 -5 -1069432 |1 o PGV x 492178 |0 o |0 |0 492178 |0 0312879
Co 0 0 0 0 L OTRC_x 365707 [0 o |0 |0 -365707 [0 1,4628279
\Hen 0 0 0 0 o |1 D_N 1 1 o [0 |o 0 0 0
|vTip_D 1 0 0 0 (¢ Cg 0 0 1 o o 0 0 0
IN il 3 0641659 |0 [ Hen 0 0 o |1 o 0 0 0
N_N -1 -3 -0641659 |0 0 |t vTip_D 15 0 o o |1 25 0 0000001
a lo 5 6729131 |0 0 ¢ N_N 0 0 o lo o 1 1 0
QN lo 5 6729131 [0 o |t QN 0 0 o |o o 0 0 1
These tables can be used later, if it becomes necessary
to adapt low/high settings of u-factors at low scale.
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Step 7ff: Settings: view and e

Vmatrix | x-Settings | u-Settings | VRes | Wres  y-response(s)
# Weight Outer Lo Inner Low Mean Inner Hi ser Hig Outer High

vTip_x 1.0 0.520001 0.960075 1.03454 1.11479 1.11479 2.08
PGV _x 1.0 0.00478751 0.0747395 0.0938469 0.117842 0.117842 1.73327
OTRC x 1.0 2.13644E-4 2A17856E-4 2.95972E-4 4.02087E-4 \ 4.02087E-4 )3.83504E-4
D_N 0.0 0.571601 0.571601 0.571601 0.571601 0.571601
Cg 0.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0
Hen 0.0 0.0309999 0.0309999 0.0309999 0.0309999 0.0309999 0.0309999 0.03099%9
vTip_D 0.0 1.03454 1.03454 1.03454 1.03454 1.03454 1.03454 1.03454
NN 0.0 1.80989 1.80989 1.80989 1.80989 1.80989 1.80989 1.80989

Transformation  Use

LOG @) Inner Outer Setting Generate x-5Settings

) back traewform Inbetween

22/02/23 (c) Prof. Andreas Orth, Umesoft GmbH, Eschborn

x-settings to use
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' &
. . u, N
[ ] . o
Step 7fff: Settings: x-settings W AN e e
7/ UNioh \/
u /7 \
; - : gy .
Vmatrix | x-Settings | u-Settings | VRes | Wres | y-response(s r+q><‘ .
Weight Outer Low User Low Inner Low Mean Inner High ,: \}
vTip_x 1.0 0.520001 0.960075 0.960075 1.03454 1.11479 1.1 '\ /’ 631
. ¢§ é\
10 0.00478751 00747395 00938469 0.117842 N, A +’»6}
2.13644E-4 2.17856E-4 2.17856E-4 2.95972E-4 4.0 Uy, N
oy 7/
D_N 0.0 0.571601 0.571601 0.571601 0.571601 0.571601 0.57
Cg 0.0 21.0 21.0 21.0 21.0 21.0 21.0 cuwa
Hen 0.0 pA3nEAnA  AA3AAAAA  AAINANGAA  AN3AAGAA  AASARAAA  AA3AAAAR A A3AAAAA
Vip_D 00 1 Here inner limits and (10153 can always be chosen
NN 00 1 outer limits are different inbetween the two.
Transformation  Use
LoG @) Inner Outer Setting Generate x-Settings
® back-transform Inbetwean
33
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Step 8: Select the design variation

W

Facor gt Ve ot Ryt W) Kop Colns | Rcporss St

Select Design Yariation

Rasponsas | Settngs | Design Varaton, [t

arinput | Vilatris Inpt | Relay input | Viatrin  Keep Calumia

® Generate Design - for the x-factors:

. t Design Type
vTip_x, PGV_x, OTRC x sl
Import Design wesign Runs DoF logDet  GEN  Cond.No.  model el
Full Factorial & 1 ax 278ak-5 1001 Interaction
Generate Candidate Set — 1
Performed Design for Analysis (and Predicf 7 I [es

Pravious

Cosfficients] | Precictions

® General
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Abhrchen
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o [ d
Step 8f: Look at the design (uu-design
L]
Design X
A B c D E Fo 6 | ] K L M
| F—~_|c9 Hen Ev‘.’ip F"N PGV G L= ) |bMa

Copy Ctri+C
2 [Rp |s7issse) (210000003 |03 [10345465 [1.8100532 |14,85780¢3 |09as ¥ T 40208474835 |0

P ey T
3 [R1 |s110547)[21.0000003 [031 [os00s3s (18785023 [ass070s7] |o7am - P iV 332868438 |0

c nt cell — |
4 |R2 [a40sa208] 210000003 |031 [1,1148078 (27204065 |95607057] |o7az  CommeEntcel * 3006181419 [0
5 |R3 | 630a048| [21,0000003 |03t [o6003e 15014955 |942sa003| [117a  Fiter 417.431,19389 |0
6 (R4 | s1i00s0| (210000003 |03 10148078 Neasrseds |s4zsasoa] [ni7e  ShewAl 387.377,05308 |0
7 [R5 | 5394085\ |21,0000003 |031 | 9600836 Ji5014869 |23427021] |o7an  Ewport 41743359683 |0
8 [R6 f|.5110088 ||21,0000003 031 [1,1148078 f|2181582 |23 42792ef |0747  Copy Filtered to Clipboard 387.380,18302 |0
9 |R7)|.7999943 |21,0000003 |031 | 9600635 [ |1,2000879 |23,096585 | 1178 Merge Filtered Clipboard 5222709861 |0
10 |R8| | 6333474 [21,0000003 |031 |1,1148078| |1743665 |23,096589 | 1178 Fit Columns 484.669,73363 |0

Modde Export

and export it to MODDE®
. .
(note: what is exported
ouw Ou Om Ox O seled (to a .csv-file) is the|x-design|and
approx
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I ®
x-Design|and|u-Formulae for MODDE
VTip_x PGV_x OTRC_x bMa bMa__y

RO 0,01704 -1,019 -3,553 0 0

R1 -0,01642 -1,12091 -3,6902 0 0

R2 0,05049 -1,12091 -3,6902 0 0

R3 -0,01642 -0,91708 -3,6902 0 0

R4 0,05049 -0,91708 -3,6902 0 0

R5 -0,01642 -1,12091 -3,4158 0 0

R6 0,05049 -1,12091 -3,4158 0 0

R7 -0,01642 -0,91708 -3,4158 0 0

R8 0,05049 -0,91708 -3,4158 0 0
D C (107 (-1.5*v1+0.492178*v2+0.365707*v3+1.5790139870066067))
N_C (107(2.5*v1 - 0.492178*v2 - 0.365707*v3 - 3.357165289403276))/(
Q.C (107(7.31414E-8*v1 - 0.0312879*v2+1.46283*v3+4.537904938837
bMa_C (107(v6))/0.01
bMa__y C Logl0(v4*0.01)
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Step 8ff: ok-plot for u-design

‘ Conductar || View Settings = View Design | | Design Diagn. = |

(not orthogonal)

D | = = .-.--"'\-L'_ -.-q_.___‘____“ e

strong negative correlation
z ’H"’“ﬁ-’.___’___ﬁ ! )
° » - = 3 ° .\\\ .
22/02/23 (c) Prof. Andreas Orth, Umesoft GmbH, Eschborn
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Step 8fff: ok-plot for x-design

Design | Analysis

Conductor || View Settings = | View Design Design Diagn. ~ |

(orthogonal)

0K Plot
Design | u-Design Ok Plots | x-Design Ok Plots X | |

st O% Pl
LAl « Decign Ok Piots . * . * 5

ot v
x 2 E,
PGV.x = ® ® = ® ® = s e
. £
wTipx OTRC x D_x sl
- - L | - e w
x = * Y
g — = —Tr T = R
® s ¥Tip.z e o ] e ww
PGV x OTRC x D x sk
- <
» ® l ® " ° l ° o 5 » |
u L} -~
& =
® ° e | ® QAR Ll
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PG

OTRC %

PGV x

wTip_x

OTRC_x

l L]
|
Qx sk
L
e

38

PGV %

wTip_x

OTRC x
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Orpen.

Close

6 R4

|- Open Recent »

Unit Setting

7 [R5 |.6350017 |21,0000003

Save As ,,...High“ then again, this time as ,,...Low

i 1 Doe Diva v -n/a [DADoEDVa\pror

Help

o

New Project

ew Settings = | View Design Design Diagn. =

ign Ok Plots | x-Design Ok Plats

D E F G H I
Hen |vTio [n la [pav [itam
I [1,1420003 | I

L0317 [1,040016  (1,8385364

0957194 |,0018974
96289

031 |1,1232851

031 | 9628974

3039419 |21,0000003

9 R7
10 |RE

8 !R6 |.5039761 |21,0000003 (031 |1,1232851

BODD102 |21,0000003 |.031 |.9628974

6349368 |21,0000003 (031 |1,1232851
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]

klab

0404523

Step 1: u-factors
\-’Matruxlnput Relay Input  VMatrix = Keeg

Define Factors

Key Name ST High
D impellerDiam w

Cg gasVolumeConcentration 21.0 21.0
Hen HenrySolubilityConst 0.031  0.031
vTip tipSpeed

N impellerSpeed

Q gasFlowRate

PGV PowerGVolumeRatio

kLam  oxygenTransferCoeffiMixedZone 6.0E-4 0.006

10 1.0
OTRC  totalOxygenTransferCapacity 1.0 1.0
ReN ReynoldsNumber 1.0 1.0

22/02/23 (c) Prof. Andreas Orth, Umesoft GmbH, Eschborn 40

(now at low scale)
VMatrix Input | Relay Input ' VMatrix = Keep Columns ' Respons

Define Factors

Key Name Low  High Role Unit

D impellerDiam CONTR m

Cg gasVolumeConcentration CONST %

Hen HenrySolubilityConst 0031 0031 CONST Sl

vTip tipSpeed 1.0 1.0 CDEP m/s

N impelierSpeed CONTR  revpm

Q gasFlowRate gONTR  m*3/min
PGV PowerGVelumeRatio 1.0 = CDEP W/m#a3

klLam oxygenTransferCoeffiMixedZone 1.0 1.0 CDEP /s
OTRC totalOxygenTransferCapacity 1.0 1.0 CDEP 1/s

RieN ReynoldsNumber 1.0 1.0 CDEP Sl

No bubble zone => no factor kLab
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Step 1f: stop and think (... and grumble)

[ElCTLNTS VMatrix Input | Relay Input ~ VMatrix = Keep Columns = Respons
Y] .
Isn‘t the aim of scale Sating Facion

down to find the

Key Name High Role Unit
. .

r,ght sett,ngs to use D impellerDiam 008 0.16) CONTR m

Cg gasVolumeConcentration 21.0 21.0 CONST %

?

at the IOW Scale * Hen HenrySolubilityConst 0031 0031 CONST Sl

vTip tipSpeed m/s

N impelierSpeed revpm
Then why do we have 0 lgurowts mA3/min

PGV PowerGVolumeRatio W/m*3
to enter these values el

kLam  oxygenTransferCoeffiMixedZone 1.0 1.0 CDEP /s
before We start? OTRC  totalOxygenTransferCapacity 1.0 10 CDEP 1/s

ReN ReynoldsNumber 1.0 1.0 CDEP Sl
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Step 1ff: don‘t worry, (don‘t grumble) ... be happy

VMatrix Input ' Relay Input ' VMatrix ' Keep Columns ' Respons
o
The ,All that one knows”, Sating Facion

A-t-o-k, approach requires

Key Name High Role Unit

you to use A-t-y-k @ D impellerDiam 008 016) CONTR m

Cg gasVolumeConcentration 21.0 21.0 CONST %

Hen HenrySolubilityConst 0031 0031 CONST Sl
The lelts are Only vTip  tipSpeed 10 CDEP  m/s
. . N impellerSpeed CONTR  revpm
important to define the 0 |oumoutsts ONTR  mA3/min
SCOpe Of Validity Of the PGV  PowerGVolumeRatio 1.0 70 CDEP  W/m"3

kLam  oxygenTransferCoeffiMixedZone 1.0 1.0 CDEP /s
formulae (slide after next OTRC  totalOxygenTransferCapacity 1.0 10 CDEP 1/s
S/ide). ReN ReynoldsNumber 1.0 1.0 CDEP Sl
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Step 2: x-factors (in this case, as before, just identity)

Factor Input | RUEIGERGT-NE Relay Input | VMatrix  Keep Columns | Responses = Settings

Design Variation

How Would you like to generate a VMatrix?

Import Vmatrix L A + " £ ! o E F G i H !
1 Dx |vTipx [N.x |&v/ klam x |klabx |OTRC x |ReN x
System Suggest 2 b 1 e | | L L 0 |0 0 0
3 Cyg /Q/Cl 0 0 0 0 0 0 0
Edit 4 |Hen o |o o |o |o 0 0 o 0
"v'ﬁp _-0 1 .O ‘0 0 0 _'0 0 0
Identity 6 N o o 1 o o 0 lo 0 0
7 1Q 0 0 0 |1 1] o |0 o 0
8 PGV 0 0 ‘0 ‘D 1 0 :0 0 0
Adjust Vmatrix 2 "!(Lam jo |0 | G 0 1 |9 0 0
10 klab 0 0 0 ] 0 0 1 4] 0
11 [OTRC 0 0 0_ ‘0_ .U 0 0 1 0
12 |ReN o |o o o |o 0 0 ] 1
22/02/23 (c) Prof. Andreas Orth, Umesoft GmbH, Eschborn 43

Step 3: u-factor dependencies (example OTRC)

Conductor | View Settings ~ | View Design Design Diagn, =
o UserUnit Formuls  OTRC=kLam*({C_g*0.01) *Hen)+kLab*((C_g*0.01)
L .
- OTRC dependency at high scale
Factor Input  Viatrix Input - VMatrix | Keep Cd e :
i B s ¥ OTRC - UserUnit - am*({C_g*0.01)*Hen)+ = g*0.01)*Hen)
Define Relay Vg ND Farmulae Unit Capy User Unit Farmula te Clipbaasd
PGV DAS*NA3C
RelayFormulas
¥ X 1] rse se % klam  00323°PGV'-us |1 Ul RCLAT_PonmuLs
Tig DN 10  6B23932200115852E-32 00 Import Relay Formulae OTRC  klam*{C_g"0.01)"Hen) RELAY FORMULA
PGV DNQ 10  12400716803678T11E-28 0.0 TR ReN  N°DA2/1.4705888-06 RELAY_FORMULA
klam QPGY 10 4.642186529535076E-31 o0 [] e
OTRC klam 10  24616686840651513E31 00 IRt EalaContficy
ReN DN 10 5847581065640306831 0.0 key Lo
v h o 5.64758106! 6E-31 . Create RelayCoefficier o impellerDi UserUnitFormuls  OTRC=kLam*({C_g"0.01) *Hen)
cg gasVolume..

) o ... OTRCdependency at low scale
at low scale will e e r

» UserUnit - 1 {[C_g"0.01)" Hen)

typically be different from X impotasp Formuloe Uit | Copy UserUnt Formla to Cpbear

a gasFlowRate

those at high scale. S

klam axygenTra.

OTRC totaiCiuvae..
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Steps 4, 5 & 6: are the same as at high Scale

(Vmatrix-Info, Keep Columns and Responses)

- NN - »

Factor Input | VMatrix Input ' Relay Input ' VMatrix ' RCERReIGIEN Responses | Settings | Design Variation | Generate Design

Select Dimension-less factor(s) to Keep [~ ]
Dx
7 vTip.x VMatrix : Correlation
N_x
A B C D E F G
Qx | 2= === 1 .
1 |# D.x VTip_x N_x Qx PGV x klam_x
v PGV x
2 |D 1 1 0 0 5 2
kLam_x
3 N 0 1 1 0 3 1.2
kLab_x
V| OTRC x ulll ¢ . 10 L 2 3
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Step 7: x-settings should be comparable ...

VRes Wres y-response(s) High Scale Vmatrix| VRes | Wres | y-response(s) LOW Scale

Inner High  User High # User Low Inner Low

User Low Inner Low Inner High  User High

096291  0.96291 104 112326 112326 vTip_x 0.986631 0.986631 1.26491 1.26491
0.075692 0.0957172 | 0.121041 0121041 PGV x 0.0121753 0.0121753 0.0184957
2.04085E-4 ¢ \2.79898E-4 | 3.83875E-4 383875E4  OTRC.x 1.28908E-5  1.28908E-5 1.54227E-5
0.565685 0.565685 0.565685 0.565685 D_N 0.113137 0.113137 0113137 0.113137
21.0 21.0 210 210 210 Cg 21.0 21.0 21.0 21.0 21.0
Inner Low for PGV at high scale is below ® Inner High at low scale
and also

Inner Low for OTRC at high scale is above ® Inner High at low scale
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Step 7f: ... otherwise check x-settings / VRES

changed

Use VRES (i.e. T,

1) to get

vTip_x

OTRC x

D_N

Cg

Hen

vTip_D

N N

PGV _x

VRes Wres y-response(s)

If they are ,,too differM,

use infos in VRES (T,
and WRES (T,,prox
indications on which u-
factor limits or depend-

ency formulae should be

User Low

0.986631 0.986631
0.0121753 0.0121753
1.28908E-5 1.28908E-5
0.113137 0.113137
21.0 21.0
0.0309999 0.0309999
111714 111714
9.87421 9.87421

Inner Low

Low scale

Inner High
1.26491

0.0150062

1.41E-5 1.54 E-5
0113137

21.0 21.0

0.0309999 0.0309999

1.11714 1.11714

9.87421 9.87421

) Information to lift PGV and OTRC at low scale

User High
1.26491
0.0184957
1.54227E-5
0.113137
21.0
0.0309999
1.11714

9.87421

pprox
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L]
tep 7ff: Use VRES to lift PGV and OTRC
: : Define Factors
Vmatrix | x-Settings | u-Settings VRes| Wres | y-response(s) try thiS
A B C D E F G .
| Key Nam¢ Low High Low  High
1 leTip_:t PGV x |OTRCx [D_N |Cg |Hen 2
(T, - D impellerDiam 008 016 012 02
2 |D |1 5 } 2 0 0 10 -
i Cg gasVolumeConcent 210 210 210 210
3 |BEN -1 5 2 1 0 o
| T | r ityCon:  0.031 031 0.031 0031
aco lo 0 0 0 ] o Hen HenrySolubilityCon:  0.03 0.03
5 [Hen [0 0 0 0 0 '1 vTip tipSpeed 1.0 1.0 1.0 1.0
6 |viip_D 1 o 0 0 0 }0 N impellerSpeed 6.5 150 = 6.5 15.0
7 IN 1 3 1,2 0 o o Q gasFlowRate 1.0 20 =P 1.0 20
8 [N_N |-1 3 1,2 0 0 D PGV PowerGVolumeRati 1.0 1.0 1.0 1.0
9 |a |0 |5 3 0 0 I0 klam  oxygenTransferCoei 1.0 10 10 10
. OTRC totalOxygenTransfe 1.0 1.0 1.0 1.0
Df, N/, Q™. toimprove PGV,
ReMN ReynoldsNumber 1.0 1.0 1.0 1.0
D/, N/, Q/ toimprove OTRC
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Step 7fff: x-settings should not be too different

VRes Wres y-response(s) High Scale Vmatrix |
User Low Inner Low. Inner High  User High #
0.96291 0.96291 1.12326 1.12326 vTip_x
0.075692 0.121041 0121041 PGV _x
2.04085E-4 0.79898E-4 | 3.83875E-4 3.83875-4  OTRC.x
0.565685  0.565685 0.565685 0.565685 D_N
21.0 21.0 21.0 21.0 210 Cg
0.0309999 0.0309999 0.0309999  0.0309999  0.0309999 Hen
1.04 1.04 1.04 1.04 1.04 vTip_D
1.83849 1.83849 1.83849 1.83849 1.83849 N N

PGV is better, vTip may just be good enough, OTRC is definitely not

22/02/23

(c) Prof. Andreas Orth, Umesoft GmbH, Eschborn

VRes  Wres

v UserlLow Inner Low
1.38535 1.38535
0.0590908 0.0590908
2.41485E-5 2.41485E-5
0.154919 0.154918
21.0 21.0
0.0309999 0.0309999
1.52971 1.52971
9.87421 9.87421

yespone Adapted Low scale

1.52971 1.6891 1.6891
00883141 0.0883141
2.65003E-5 ) E-5 2.90804E-5
0.154919 0.154919
21.0 21.0 21.0
0.0309959  0.0309999 0.0309999
1.52971 1.52971 1.52971
9.87421 9.87421 9.87421

Inner High  User High

49

Low
0.12
21.0
0.031
1.0
6.5
1.0
1.0
1.0
1.0
1.0

PGV and vTip are unchanged, OTRC is now 1/, and not 1/,, of high scale

22/02/23

High
0.2
21.0
0.031
1.0
15.0
2.0
1.0
1.0
1.0
1.0

Define Factors

Key MName
D impellerDiam »
Cg gasVolumeConcentr: /
Hen HenrySolubilityConst
vTip  tipSpeed
N impellerSpeed =)
Q gasFlowRate L o
PGV PowerGVolumeRatio
kLam  oxygenTransferCoeff
OTRC  totalOxygenTransfert
ReN ReynoldsNumber

Low
0.12
100.0
0.031
1.0
6.5
1.0
1.0
1.0
1.0
1.0

(c) Prof. Andreas Orth, Umesoft GmbH, Eschborn

High
02
100.0
0.031
1.0
13.0
2.0
1.0
1.0
10
1.0

v =porR@-Adapted Low scale

Steo 7ffff: Use Oxygen instead of air to lift OTRC

1.04
0.0957172

\565685

1.52971
0.0722404

1.26299E-4

VRes | Wres  y-response(s)
User Low Inner Low
0.96291 0.96291
0.075692  0.075692
2.04085E-4 2.04085E-4
0.565685  0.565685
VRes | Wres
! UserLow Inner Low,

1.38535 1.38535

0.0590908 0.0590908

1.15093E-4 1.15093E-4

0.154919 0.154919

84919

2,79898E-4

High scale

Inner High  User High
112326 112326
0.121041 0.121041
3.83875E-4  3.83875E-4
0.565685 0.565685

Inner High  User High
1.6891 1.6891
0.0883141 0.0883141 (
1.38599E-4  1.38599E-4
0.154319 0.154919 t
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Next Step: Future DoE-DiVa Functionality

Factor Input  VMatrix Input | Relsy Input | ViMatrix | Keep Columns | Responses | Settings = EsCETURNHEIEY]

Select Design Variation (-]

Generate Design

Import u-design ... from the high scale

® Take over existing x-design ... for the x-factors:

Generate Candidate Set vTip_x, PGV_x, OTRC_x
Performed Design for Analysis (and Prediction)
Previous [ Mext Abbrechen
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Step 8: Current DoE-DiVa Functionality

1. Generate new x-design at low scale e[ [ 2 x ]
. ) T ) __"'._ _REN bMa
for vTip_x, PGV_x, OTRC x copy el |186.057.08119 |0
Paste CrlV 5761240848 |0
: g s s TSsa0n 280/ [0
e v s s e o 2. Export x-dlesign and
u-formulae to .csv
. ® ®
® Generate Design for usage n MODDE 3' In MODDE use the
lFnportDesign x-design from high scale,
Generate Candidate Set u-formulae from low scale
Performed Design for Analysis (and Prediction) D_C (107( - 1.5*v1+0.3*v2+0.5*v3+2.09750160048793))
N_C (107(2.5*v1 - 0.3*v2 - 0.5*v3 - 3.875652761201205)),
Qc (10A( - 0.8*v2+2*v3+6.611854831785227))/0.016666
WA | s bMa_C (107(v6))/0.01

bMa__y_C LoglO(v4*0.01)
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Step 8f: u-Formulae at the two Scales for MODDE®
D_C (107( - 1.5*v1+0.492178*v2+0.365707*v3+1.5790139870066067)) .
N_C (107(2.5*v1 - 0.492178*v2 - 0.365707*V3 - 3.357165289403276))/( ngh
Q_C (107(7.31414E-8*V1 - 0.0312879*v2+1.46283*v3+4.537904938837 |
bMa_C  (10M(v6))/0.01 T a1 scaie
bMa_y C LoglO(v4*0.01) Ty and Ty-1 approx at high Scale
Please note: they are different!
D_C (107( - 1.5*v1+0.3*v2+0.5*v3+1.7586825108558148))
L N_C (107(2.5*v1 - 0.3*v2 - 0.5*v3 - 3.5368338238484998))/0.01666666
ow QcC (107( - 0.8*v2+2*v3+5.256579707449209))/0.0166666666667
scale bMa_C (107(ve))/0.01 T -1
bMa_y_C Loglo(v4*0.01 T nd T -2 approx at low Scale
y y
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1. The DoE-Diva approach

2. Bioreactor at High and Low Scale

3. Preparing Scale Down using DoE-DiVa
4. Performing Scale Down using MODDE®
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Step 9: Import High Scale x-design into MODDE®

tes g el 1

New

oA Expenmental desigr Exp name 2 3 R pomnse
o st Vipx  PGUx  OTRCx s bMay
B e A MR s raT A e g RO 0,01704 1.8 -3.553 ] (1]
R1 001642 -1,1200 -3,6902 0 0
R2 005049  -1,120M -3,6902 0 0
B3 -001642 -091708 3.6902 0 0
Rd 0,05043 091708 3,6802 o 1]
RS -001642  -1,12091 -3,4158 0 0
iAot [ R6 005043 112081 -34158 0 0
Excluds 9 RT 00642 -0.91708 -34158 0 1]
10 R 005049  -091708 -34158 0 0

In MODDE® both high and low scale designs
can be handled in one investigation, ...
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Step 9f: Import High Scale x-design, set z-response
i 3 Factor Definition ? * H
... because the x-design for |~ . i e e mEE e
low and high scale are the || e = e ot

3 [OTRCx | OTR Quantitative « Controller  General Transform Scaling Precision

Sa me- 4 még._j, bMo Quantitative ~ Uncontral  Type of fa Sattings ~
Don‘t forget: For ——
each z-response 2 oMa_y Obtarved » Predcted +
(i.e. measured e | T “*i:[m'm
response) we need || | =l st mnorir s STRERMSNNGHER  © o
an uncontrolled | ° B R e T =
factor fhere bio- |5 ds = e o el -
Mass, bMa_obs) ' B les o] omses| e s -

a 8 RT 1 Ind - 001642 091708 34158 0 0

9 9 RB 7 Ind - 005049 -0.91708 -3.4158 0 0
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Step 10: Copy Low Scale formulae to MODDE®

= D_C (107( - 1.5*%v1+0.3*v2+0.5*v3+1.7586825108558148))
B Abbreviation  Units Type
ame__ i ! ) -0. -0. -3 ]
) - 7 N_C 107(2.5*v1 - 0.3*v2 - 0.5*v3 - 3.5368338238484998))/0.01666666
1 bMa N bMa egular -
2 R v e Qc _(107( - 0.8*v2+2*v3+5.256579707449209))/0.0166666666667
: DClow DL Derlved: {107 - 1.5°1+0.3"2+0.5*v3+1.75866825108558148)) Observed ~ Predicted «
4 NL 66 Observed « Predicted «
5 alL Observed « Predicted «
5 DH Response name: | D_C_Low Units: 67 Observed « Predicted «
7 NH Abbreviation: DL B)), Observed « Predicted «
8 aH 183 Observed « Predicted
a b p Settings Power Transform Scaling Specify Desived Response m] x
10 b v |
! h - Chre vl *
< lesponse fype 5y Ener the Formula for the derhved response. Use the symbols 'i', 'v2, etc for the available L
Farmwla: - LE*VIH0IM2+0.5%3+1.758682510855814 @) factors and responses shown in the list below.
1 2 3
" . Formula
ExpNo ExpMiRunO fm  Response opfimization settings: J -
1 R0 9\bndl | | Condtion:  [Obearved 0 Mvallable variables foe use in the formuta: 103
2 2 R1 1| Ind ” - | Symbol  Name Type =2
= Oibjective: Predicted v 1. |mvi wTip_x Cuantitative
3 i R ol b ) Pl v povx Quantitative e
4 4 R3 2| ind Min Target: M B vvz oTRCx CGuanbtative 2288
5 5 R4 8/ind b bMa_abs i Cuantiative 794
| |¥vs  bMa(Prediced)
z 6 RS 7 ncl B b6 bMa_y (Predicted) L

Note. The formulae for the u-factor settlngs are different at low and high scales!
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Step 10f: Copy High Scale formulae to MODDE®

(107( - 1.5*v1+0.492178*v2+0.365707*v3+1.5790139870066067))

Name  Abbreviation Linits Type
1 Regular N_C (107(2.5*v1 - 0.492178*v2 - 0.365707*v3 - 3.357165289403276))/(
z Reguler QC (107(7.31414E-8*v1 - 0.0312879*v2+1.46283*v3+4.537904938837
3 Derivec: (107 - 1.5'V140.3'v2405'V3+1.75868251085581

Ma_C 107(v6))/0.01

4 Derived: (104{2.5%1 - 0.3*2 - 0.5°3 - 3.53683382384849¢ = (10 ))i

5 Derived: (104] - 0.8°2+2°v3+5.256579707440209)/0.0166 bMa__y_C LoglO(v4*0.01)
6 1 Dertved: (104( - 1.5°1+0,4921782+0 3657073 +1.5790139870066067 Observed + Predicted «
7 3276)], Observed v Predicted «

8 193882 Observed ~ Predicted «

] bM_p Fusponse neme:. | D.C_High Unity: | Specly Derived Response o *

10 bM v Abbreviation: OH |
b &7}y Enter the formula for the dertved respanse. Use the symbols 'vI', 'vZ, etc for the avallable

P factoes and responses shown in the list bedow.
Settings Power Transform Scaling
0 ) 15
Respoase type: Desived Formula; | [10°( - 1.5%v1+0,492178%2+0,365707*3+ 1.5790139870066067))

] 1 RO g | Fomula UENGHISTITAGHL A0S R © 30 Avaifable varlabies for use In the farmula: 3,30103)
2 2 Rl 1 Symbol  Name Type -2
3 IR 5 Respanse optimization settings: ga Vvt Vil Quantitatve 1.63857

(e Pevx Quantitative
1 4 R3 2 Condition: | Observed - 523 ey oOTRCx Quantitative 1.52288
5 5 R4 & 5o (Pw bMa_obs CQuantitative 30704
" 4 Objective:  Predicted v | |Bs  bMa (Predicted)
6 6 RS 7 B2 w6 bMa_y (Precicted) s
7 7 R6 4 Min: Tarpet: Max: 1 -1.1543
[ 8 R7 & oo 100691
] 9 RE 3 odl 1.04576
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Step 10ff:

O @ ~m e W

=]

Regular Dasired  « | Maximize ~
Regular Observed | Predicted ~
Derived: (104] - 1.5*1+0.3*v2+0.5%3+1.7586825108558148)) Observed ~ Predicted ~
Derived: (10#4(2.5*1 - 0.3*2 - 0.5*3 - 2.5368338238484998))/0.0166666 Observed ~ Predicted «
Deerived: (104 - 0.8*v2+42*v345.256579707449209))/0.0166666666667  Observed « Predicted «
Derved: (104 - 1.5_"\(1+O.¢.992!?8‘U2+ﬂ.36570?‘v3+1.Sm‘i%?mﬁﬁqﬁ? Observed « Predicted
Darived: (104(2.5%1 - 04921782 - 0.365707*3 - 3.35T165269403276]), Observed « Predicted
Derived: (104(7.31414E-8*1 - 00312879"v2+ 1 46283*v3+4.53790493883 Observed ~ Predicted ~
Derived: [104{wE))/0.01 Observed ~ Predicted ~

Observed « Predicted «

Derived: Log10/v4°0.01)

MODDE® automatically does Scale Down
Design to perform
at low scale

Equivalent Design
at high scale

4
ExpNo ExpNiRunOQ Incl/Excl | | - OTRI ob -
1 1 RO 9 Indl . 001704 1,019 -1,553 5 5 -13010f 0447633 232336 554538f Josesere 183854 141418 ~-1,30103
2 2 R 1 Ind « 00642 112001 36002 1 1 0399889 240791 35568 J0503993 191054 97412 2
3 - - R o - - 16989 0317376 353929 35568 04 280821 BIT412 -1,69897
4 D H H ? 52284 046035 209166  24434] Jo634959 151647 88433 -1,52288
5 |Sapp0|nt|ng. 130794 0365362 307444 2.4434] Jo.503042 2220  Bp43d -1,39794
& 2218 o54m453 175566 1258s2) fosasoor 151637 226048 -1,22185
. Scale down factor < 1.5 ol e ] aalkoove el im .
B 100690 0631377 152508 86456] | 0.80001 120361 222851 -1,09691
g We,l PGV ~ d5 and 1 55= 7 6 10457 0501099 224164 asdse 0634937 176913 222851 -1,04576
) ) . L.
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Step 11: Analysis in MODDE?® for x-factor model
P . y
Bl o Desion Worshest  Analyze  Predidt View  Took v @
e W Cosfficent Plot -0 X
Summary of Fit - UnbenannttMLng’e Coefficients (scaled and centered) - Unbenannt (MLR)| Residuals Normal Probability - Unbenannt (MLR)  [Observed vs. Predicted - Unbenannt (MLR)
7 L s bMa_y bMa_y bMa_y
g ] L =3 087
094 Al 6 -
09
08 14
@4
08
074
0,74 LA 124
Pl
0,64 = I
gos LA -
051 Sos- o7 § a4
z 5
E ,
04+ 50-4 ®:
4
031 16
b ¥
03 L]
02+
02 e 164
01
01
4
— e —— . 2 I
02 - T T 5 4 -3 2 1 0 1 2 3 4 5 2,2 12 -1 -8
bMa > 2 5 Deleted studentized residuals Predicted
0,918; Rs0=0,1132; DF=5; 2=0/ 918; Rsp=0,1132; DF=3; 02=0,710; confic=9; R2=0,918; RSD=0,1132; DF=5; Q2=0,71R2=0,918; Rs0=0,1132; DF=5; Q2=
. ?

22/02/23
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Step 12: Optimization in MODDE®
El

Design Worksheat Analyze Predict View Toals Optimizer

Optimizer X| Coefficient Plot Residuals Mormial Probability Plot Observed vs. Predicted Plot Summary of Fit Plot | Worksheet , Respionses
Objective R | Objective Setpoint Alternative setpoints
For Gt tariec: Name . Condition  Objective Min Target Max Predicted min Predicted max Response range
1, Check response settings @ 1 | Observed « Predicted « 15,7953 33,879
I ' wat 0.1 2 Observed ~ Predicted ~ -0,315332 165014
Ta 3 Required « Target 0,09 0.1 0,11 0,317378 0,589408 I
4 Observed ~ Predicted 1,65903 3,53926
2. Chedk factor settings & -
5 Observed « Predicted « 24434 10,6826
3. Click 'Run optimizer’ (] | Required ~ Target 0,49 0,5 0,51 04 0,74643 II
7 Observed ~ Predicted « 131003 2,80821
> Run optimizer 3
8 Observed « Predicted « 8,84329 20,588
. 3 Maimize 48,3952 446826 | |
AI l l I at D - 0- 1 10 Predicted -2 -1,04576
at IOW Sca I e Value Low limit  High limit  Precision Factor range
? 1 -0,01642 0,05049
and D - 0 5 2 -1,12001 -0,91708
= Y% 3 36902 -34158
at high scale ‘ ’ ’
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. . . .
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Step 12f: Optimization in MODDE
“ Home Design Workshest Analyze Predict View Tools Optimizer
Optimizer X| Coeffident Plot Residuals Normal Probability Plot Observed vs. Predicted Plot Summary of Fit Plot Worksheet Responses
Setpoint I Objective Setpoint (#9) Alternative setpoints
Selected setpoint: #9 Response  Objective Value Response range log(D)  Prob. of failure Cpk
1 Predicted 18,8395 L]
Alternative setpoints: 2 Predicted 0,0709357 L]
" logiD) prob.effaikre. |~ (|3 0360567 || . far away
5 -0.01 4 312
6 -0,00641 5 262661 W
; 00127 6 0490431 3 Ok 0%
a -0.0121 7 228796 L]
9 -0,0137 | (2 89899 m
w
9 17748 | | -oonmam
Select best run * Il 1a 118289 -
Find robust setpoint Value Factor range Factor contribution
O The run with lowest log(D) is selected L 0,0500243 33337
2 -0,945655 L] 33,3255
3 -3,68593 33,3348
4 6.56315 L (1]
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Step 12ff: Change specification — desirabilities

x| Hesp

Objective

To get started:

Check response settings @

Check factor

Chick 'Run optimizer'

Warksheet

Aim at D =0.1
at low scale,

Summary of Fit Plot Factors Prediction Spreadshast

I | Objective Setpoint Alternative setpaints

ditioe

Observed «

Objective Min Target Max
Predicted

Required « Inside 011
Observed « Predicted

Observed « | Predicted ~

- | Predicted ~

009

8 @CHigh | Observed « Predicted
9 bMaCpred Desied  « Madimize
10 BMBLYE | Observed « Predicted «
<

Value Low limit  High limit | Precision
- 001642 0.05049
. 1,12091 091708
. [ 36902 34158
- 1 a

Predicted min Predicted max Response range Desirability type Dy

83933 0925165 Limit £
0317376 0631377 'I Target “
152508 353929 Limit v
24434 125852 Limit o
04 0,80001 | | Target .
120361 280821 Limit .
8,8433 226148 Limit “
144766 118805 | Lirit v
-2 -1,04576 Limit v

Factor range

remove requirement
for D_C _high
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Step 12fff: 2"d Optimization in MODDE®
ep 12fff: ptimization in
Workshast Summary of Fit Plot Factors Prediction Spreadshast
I | Objective Setpoint (#16] Alternative setpaints
nt #16 Resy Objective Value Response range logiD) Prob. of falure Cpk
1 bMa Maximize 419906 L] -0,443527
ve setpoints: 2 bMa Predicted 143127 - -
s legiD) Prob. of fakure |~ Inside 0371055 . No lmpro Vement
12 0,194 Predicted inzigs [ ]
13 -0,0795 I Predicted L5015
14 00812 predicted [ 0.507681 %
15 Predicted 2.20864 L]
[16 5 Predicted 932316
Maximize 3.70452 - 0211725
X Predicted 113876 .
Fin
Factar Rale Factor range Factor contribution
Ut Frce | 00497153
2 Free 0,924457 M b 'd
3 OTRCx  Free 367467 |m ay e wiaen
4 BMaobs  Free 7.26514 [ f .
actor intervals
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Step 12ffff: Widen factor intervals

Transformation

@ o6

Worksheat Surnmary of Fit Plot Factors Prediction Spreadshest back-transform
Objective Setpaint Alternative setpoints
Name Condition  Objective Min Target Max Predicted min Predicted max Response range # Inner Low Inner High
1 d Desied  + Maimize + -2,93762 10031 | | )
2 l Cbserved « Predicted 225595 0652752 vTip_x 0.227655
3 M Recuired « inside  ~ 008 o1 oiseese e | PGV x _ -1.05397
4 Observed « Predicted 152508 932049 :
5 Observed w Predicted 0929962 13,0356 -3.85824
6 | Observed v Predicted ~ 049 151 02069 0.80001
7 Y| Observed v Predicted « 1.20361 7.03739 -0.809894
8 Observed ~ Predicted « 4,36403 22,6459 H
; e e e -Adapted Low scale from slide 50
10 ) Observed + Predicted ~ # Inner Low Mean Inner High
Rake Valie | Lowlmit | High limit vTip_x 1.38535 1.52971 1.6891
1 Free . -0,01642 1
2 Free - 1,14 1 PGV _x 0.0590908 0.0722404 0.0883141 (
3 Free 39« 34158 |
1 i 1 5 OTRC_x  1.15093E-4 1.26299E-4 1.38599E-4
- 0.154919 0.154919  0.154919 l
Changed factor intervals Tranformation
LOG
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Step 12ff: 34 Optimization in MODDE®

Find robust setp] ;.;E'[m

Optimizer X| Responses Worksheet . Summary of Fit Plot Factors [ Prediction Spreadsheet
Setpoint I Objective Setpoint (#16) Alternative setpoints
Selected setpoint: #16 Res A Objective Value Response range logiD) Prob, of failure Cpk
1 Maximize 196281 I [ ] I -0,376206
Alternative setpoints: 2 Predicted L]
#| logiD) Probof. A 3 § f insice 0178566 D C Low is how better
12 -0177 4 | Predicted 854685 ] - -
B o s Precicted but
14 -0183 (3 Predicted Il
5 017 7 Predicted [ 587514 . Sca/e_up factor is on/y 1,4
Qs 0204 | 18 Predicted 440167
9 Maximize | 00803073
Select best run * |0 i Predicted -

Factor contribution

O The run with lowest
log{D) is selected.

22/02/23

-3,89786
8,23573
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Step 13: De5|gn validation in MODDE® Loy b, I

0.12 0.2

File Home Design Worksheet valyze Predict View Tools Optimize C_g 100.0 100.0

Optimizer Responses Warksheet Summary of Fit Plot Factors Prediction Spreadsheet X Hen 0031 0.031
1 2 5 5 |6 (7| 8. (910 1"
s pors | omen | s s o soker o I O D R 0 0 0

1 0,18461 -1.1412 3.89861 1162 )83 41 467 51382 0,154918 987433 141407 0,206384 7.41196 445408 N 6.5 13.0
2 2288 1283137 24 787 37138 0,161543 8,57576 137883 0,209657 6,60769 39119
3 12285  -393901 1165'36/62286/54319 019992 140766 137883 0155731 108461 39119 Q 10 20
4 1.05401 3.93901 1192525 34 1242919 0182236 7.60196 0,999814 0,255499 542213 3.8630¢ pGY 1.0 1.0
5 0,22765 -1,05401 3,93901 1462 177 47 623 32 127 0,135363 12,4782 0,999814 0,189782 89001 3.8630¢
6 56 1,2285 1004 )od 45 326 45 W6 0177291 7.81398 2.00037 0,224419 6,17307 5,1355¢ klam 1.0 10
F 765 228 1065 ib4 35 B24 58 191 0,13169 12,8262 2,00037 0,166695 10,1327 51355 OTRC 1.0 1.0
8 | 0.14156 -1,05401 110853 62 663 58 167 6,92669 1.4505 0.273488 5.06549 507141

g9 -1.05401 -3 RE 1276 AR R4 1RT I N2 N 14R559 11.3R97 1.4506 naniia4 A314R9 a07141 ReN 10 10
Copy the Low Scale x-design into the MODDE?® prediction sheet to
confirm that impeller diameter is now low for both scales ®.

A-t-w-k (All that we knew and put into the u-formulae) Was not good enough.
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Summary of our Results

+ Scale Down by a factor if 1,4 (for impeller diameter) is possible

— Scale Down for a factor of 5 is not possible
(vTip ~ D, PGV ~ D°>and OTRC ~ D? cannot be controlled simultaneously)

+ An orthogonal design for presumed causal drivers can be set up
+ Dependencies of other relevant variables are made transparent

— In the procedure described above, D is varied at the low scale:
Hold D constant, this reduces dimension from 23 to 22 for N and Q
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Gefardert durch:

@ Bundesministerium
fiir Wirtschaft
und Energie

aufgrund eines Beschlusses
des Deutschen Bundestages

22/02/23

Thank you!
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and special thanks to:

Chhawang Lama
Anthony Orth
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