
26/04/2023

DoE for Scale-Up
… using MODDE® and DoE-DiVa®

Session 3: Use of dependent Factors: Spray Drying -- 01.02. 2023

Prof. Dr. Andreas Orth

(c) Prof. Andreas Orth, Umesoft GmbH, Eschborn 2

For those who don‘t yet know DoE-DiVa

01/02/23

- DoE-DiVa is a user-friendly Software for Engineers and 

Scientists in R&D, developed in JAVA by

- DoE-DiVa enhances Design of Experiments and makes it

more intelligent , with User-factors and eXplaining-factors

- DoE-DiVa enhances Similarity Theory for Dimensionless

Variables by integrating DoE for Scale-Up and Scale-Down
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This is how the DoE-DiVa looks.

DoE-DiVa has a 

Conductor,

not a wizard 

(c) Prof. Andreas Orth, Umesoft GmbH, Eschborn 401/02/23

- DoE-DiVa let‘s the user choose his

Dimensions, Units, Transforms and 

Scaling and carries them through all 

the User-Software work session

- DoE-DiVa differentiates between

User-factors and eXplaining-factors

DoE-DiVa‘s conductor is friendly
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DoE-DiVa‘s conductor is helpful

- Based on factor dimensions DoE-DiVa

suggests the Transformation to get

dimensionless x-factors,

- Sometimes, dependencies

are already taken up as

cdep u-factors, then it may

be opportune to just use

an identity-matrix

- Or just adjust …  .

- DoE-DiVa allows overriding the suggestions for the Transformation 

to get dimensionless x-factors,

and even

helps you

do this:

Edit

to remove

PI5, and

switch

s_rho with g_rho in VM_r

(c) Prof. Andreas Orth, Umesoft GmbH, Eschborn 601/02/23

DoE-DiVa‘s conductor is flexible
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DoE-DiVa‘s conductor is virtuoso
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- DoE-DiVa accepts dependency formulae in user units or SI-units,

converts them

for you. 

- DoE-DiVa can

generate

formulae to

export to

MODDE® for

optimization

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

Tx: 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 value

y: transformed response value, e.g. ratio or product of a z and some u

Ty: transformation to get from z to y, may also just be log or neg-log

(c) Prof. Andreas Orth, Umesoft GmbH, Eschborn 801/02/23

The DoE-DiVa-approach
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Design: How to get u from f and the transformation

Model Fit: how to get coefficients, c, from x and y

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

model&

design

factor

transform

response

transform

The role of the Transformations
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Design: To get u from x, Tx has to be inverted

Model Fit: To get x from u for Fit, Tx need not be inverted, Tapprox is not needed. 

factor

transform

response

transform

The Approximation Trick to get Tx
-1

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

approximated by a linear Tapprox and when we write Tx
-1 we mean Tapprox

-1
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1. TODAY: The concept of dependent u-factors

2. Example: Spray drying, x_design and u_design

3. Optimization and Scale-Up considerations
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Types of factor dependencies

01/02/23

- Quotients and Products of controlled (or constant) 

u-factors can be directly used as x-factor Txransforms

by placing correct exponents into the V-matrix.

BUT this is not always possible for:

- Nested formulae: „Vol-Mass-ratio, VM_r depends on 

gas-density, g_rho, g_rho depends on temperature“,

- Non-linear formulae,

- Prior experimental or simulation results, available

only as data tables. 
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Factor dependencies as formulae (possibly non-linear)
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Factor dependencies as data tables
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Data table with

the enthalpy

dependency

Quality of the approximation is given as

R² and rse, and relative rse in %

(rse = residual standard error)

(from experimentation,

simulation or experience)
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Relaying Factor dependencies to x-factors

01/02/23

Temperature, T, dependency is relayed on to Vol-Mass-ratio, VM_r via g_rho.

1. TODAY: The concept of dependent u-factors

2. Example: Spray drying, x_design and u_design

3. Optimization and Scale-Up considerations
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u: User-factors, 

T=GasTemp, 

VoG=gasflow, 

MaS=suspension, 

p=pressure,

dd

(c) Prof. Andreas Orth, Umesoft GmbH, Eschborn 1701/02/23

Spray-Drying

z: measured responses

d50 of granulate,

grad of distribution,

GranF F = hardness,

Grrho density of gran, 

Gfes hardness of a

pressed preform  
https://www.ikts.fraunhofer.de/de/abteilungen/strukturkerami

k/verfahren_und_bauteile/pulvertechnologie/spruehtrocknung

_wirbelschicht.html

From a common project 

with Fraunhofer IKTS,

Institut für Keramische

Technologien und Systeme

in Dresden

u: User-factors, T=GasTemp, P=pressure, MaS=suspension, VoG=gasflow, dd

x: dimensionless eXplaining-factor: T_x, p_x, MS_x, MG/MS*rhoG (T)

Tx: transformation: T_x=T, p_x=p*d³/enth(T), MS_x=MS²/dd/ rhoS / cp (T)

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

z: measured response value; d50, grad, GranF, Grrho, Gfes

y: dimless responses, PI6__d50, grad__y, PI8__GranF, PI9__Grrho, Gfes__y

Ty: transformation to get from z to y, solutions from Buckingham‘s theorem

(c) Prof. Andreas Orth, Umesoft GmbH, Eschborn 1801/02/23

Todays Spray-Drying-example (Sprühtrocknung)
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Step 1: u-factors
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Step 2: x-factors
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Step 3: u-factor dependencies

CDEP is short for:

continuous

dependency

01/02/23 (c) Prof. Andreas Orth, Umesoft GmbH, Eschborn 22

Step 3f: u-factor dependencies

as formulae

as data table
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4: Info, Tapprox – transformation as a matrix

Before …
… and after Relaying…

01/02/23 (c) Prof. Andreas Orth, Umesoft GmbH, Eschborn 24

Step 5: choose x-factors to use
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Step 6: define z-response(s)

d50, grad, GranF, Grrho, Gfes
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Step 6ff: define y-response(s)
(Uses Buckingham‘s

PI-theorem intro-

duced in session 2)

… to find useful

exponents for the

factors …

… to make the

responses

dimensionless
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Step 7: view Tapprox and its inverse Tapprox
-1

01/02/23 (c) Prof. Andreas Orth, Umesoft GmbH, Eschborn 28

Step 7ff: view and edit x-settings



26/04/2023

01/02/23 (c) Prof. Andreas Orth, Umesoft GmbH, Eschborn 29

Step 7ff: x-settings

For VM_r inner limits and 

outer limits are different

User limits can always be chosen

inbetween the two.

01/02/23 (c) Prof. Andreas Orth, Umesoft GmbH, Eschborn 30

Step 8: Select the design variation- Generate

Frac Fac RES IV + 3 CP

For the dimension-

less x-factors
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Step 8f: Look at the design (uu-design)

…. 

unfortunately

z-response

data are not 

available

01/02/23 (c) Prof. Andreas Orth, Umesoft GmbH, Eschborn 32

Step 8ff: ok-plot for u-design           (collinear!!)
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Step 8fff: Look at the design (x-design)

…. 

consequently

y-response

data are not 

available either

01/02/23 (c) Prof. Andreas Orth, Umesoft GmbH, Eschborn 34

Step 8ffff: ok-plot for x-design        (orthogonal !!)

would be ideal for fitting the y ~ f(c,x) -modelIdeal x-factor design
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Step 8 - revisted: Sel. design var. - Import

A classical RES IV Frac Fac

design for the u-factors, for which response

data are available

01/02/23 (c) Prof. Andreas Orth, Umesoft GmbH, Eschborn 36

Step 8f - revisited: Look at the design (uu-design)

Experimental 

results for the 5 

z-responses have

been copied into

the columns here

for which response

data are available
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Step 8ff: ok-plot for u-design           (orthogonal)

01/02/23 (c) Prof. Andreas Orth, Umesoft GmbH, Eschborn 38

Step 8fff: Look at the design (x-design)

y-response data calculated
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Step 8ffff: ok-plot for x-design (not orthogonal)

This is not ideal for fitting the y ~ f(c,x) -model

01/02/23 (c) Prof. Andreas Orth, Umesoft GmbH, Eschborn 40

Step 9: Analyse – Summary of Fit
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1. TODAY: The concept of dependent u-factors

2. Example: Spray drying, x_design and u_design

3. Optimization and Scale-Up considerations
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Step 10: Export of x-Design and u-formulae

T_C (10^(0.428682*v1 - 0.333945*v2+0.0821633*v3 - 0.0363974*v4 - 1.53388*((Log10(v5) - ( 0.0538579*v1+0.217713*v2 - 0.0535656*v3+0.0237289*v4+0.148189*2.669764895549987 - 0.0474579*2.804669900000971 - 0.107424*3+0.218005*1.5466084999992868 - 0.0538579*0.010904100007804576)))+0.13141069588469212) - 273.15)

p_C (10^( - 0.53808*v1+0.640162*v2+0.0885338*v3 - 0.0392194*v4 - 1.65281*((Log10(v5) - ( 0.0538579*v1+0.217713*v2 - 0.0535656*v3+0.0237289*v4+0.148189*2.669764895549987 - 0.0474579*2.804669900000971 - 0.107424*3+0.218005*1.5466084999992868 - 0.0538579*0.010904100007804576)))+2.945505533704814))/100000

MaS_C (10^( - 0.161324*v1+0.255506*v2+0.437136*v3+0.0278482*v4+1.1736*((Log10(v5) - ( 0.0538579*v1+0.217713*v2 - 0.0535656*v3+0.0237289*v4+0.148189*2.669764895549987 - 0.0474579*2.804669900000971 - 0.107424*3+0.218005*1.5466084999992868 - 0.0538579*0.010904100007804576)))+3.5264261101535976))/2.777777778E-4

VoG_C (10^(0.267358*v1 - 0.0784389*v2+0.519299*v3+0.491451*v4 - 0.360286*((Log10(v5) - ( 0.0538579*v1+0.217713*v2 - 0.0535656*v3+0.0237289*v4+0.148189*2.669764895549987 - 0.0474579*2.804669900000971 - 0.107424*3+0.218005*1.5466084999992868 - 0.0538579*0.010904100007804576))) - 1.8165979895126676))/2.777777778E-4

dd_C (10^(0.0538579*v1+0.217713*v2 - 0.0535656*v3+0.0237289*v4+((Log10(v5) - ( 0.0538579*v1+0.217713*v2 - 0.0535656*v3+0.0237289*v4+0.148189*2.669764895549987 - 0.0474579*2.804669900000971 - 0.107424*3+0.218005*1.5466084999992868 - 0.0538579*0.010904100007804576)))+0.276836671650598))

Grrho_C (10^(v20+( - 0.161324*v1+0.255506*v2+0.437136*v3+0.0278482*v4+1.1736*((Log10(v5) - ( 0.0538579*v1+0.217713*v2 - 0.0535656*v3+0.0237289*v4+0.148189*2.669764895549987 - 0.0474579*2.804669900000971 - 0.107424*3+0.218005*1.5466084999992868 - 0.0538579*0.010904100007804576)))+3.5264261101535976) - (0.267358*v1 - 0.0784389*v2+0.519299*v3+0.491451*v4 - 0.360286*((Log10(v5) - ( 0.0538579*v1+0.217713*v2 - 0.0535656*v3+0.0237289*v4+0.148189*2.669764895549987 - 0.0474579*2.804669900000971 - 0.107424*3+0.218005*1.5466084999992868 - 0.0538579*0.010904100007804576))) - 1.8165979895126676)))/1000

GranF_C (10^(v18+( - 0.53808*v1+0.640162*v2+0.0885338*v3 - 0.0392194*v4 - 1.65281*((Log10(v5) - ( 0.0538579*v1+0.217713*v2 - 0.0535656*v3+0.0237289*v4+0.148189*2.669764895549987 - 0.0474579*2.804669900000971 - 0.107424*3+0.218005*1.5466084999992868 - 0.0538579*0.010904100007804576)))+2.945505533704814)*0.5+( - 0.161324*v1+0.255506*v2+0.437136*v3+0.0278482*v4+1.1736*((Log10(v5) - ( 0.0538579*v1+0.217713*v2 - 0.0535656*v3+0.0237289*v4+0.148189*2.669764895549987 - 0.0474579*2.804669900000971 - 0.107424*3+0.218005*1.5466084999992868 - 0.0538579*0.010904100007804576)))+3.5264261101535976)*0.5+(0.267358*v1 - 0.0784389*v2+0.519299*v3+0.491451*v4 - 0.360286*((Log10(v5) - ( 0.0538579*v1+0.217713*v2 - 0.0535656*v3+0.0237289*v4+0.148189*2.669764895549987 - 0.0474579*2.804669900000971 - 0.107424*3+0.218005*1.5466084999992868 - 0.0538579*0.010904100007804576))) - 1.8165979895126676)*0.5))/1000

Gfes_C (10^(v19))

d50_C (10^(v16+( - 0.53808*v1+0.640162*v2+0.0885338*v3 - 0.0392194*v4 - 1.65281*((Log10(v5) - ( 0.0538579*v1+0.217713*v2 - 0.0535656*v3+0.0237289*v4+0.148189*2.669764895549987 - 0.0474579*2.804669900000971 - 0.107424*3+0.218005*1.5466084999992868 - 0.0538579*0.010904100007804576)))+2.945505533704814)* - 0.25+( - 0.161324*v1+0.255506*v2+0.437136*v3+0.0278482*v4+1.1736*((Log10(v5) - ( 0.0538579*v1+0.217713*v2 - 0.0535656*v3+0.0237289*v4+0.148189*2.669764895549987 - 0.0474579*2.804669900000971 - 0.107424*3+0.218005*1.5466084999992868 - 0.0538579*0.010904100007804576)))+3.5264261101535976)*0.25+(0.267358*v1 - 0.0784389*v2+0.519299*v3+0.491451*v4 - 0.360286*((Log10(v5) - ( 0.0538579*v1+0.217713*v2 - 0.0535656*v3+0.0237289*v4+0.148189*2.669764895549987 - 0.0474579*2.804669900000971 - 0.107424*3+0.218005*1.5466084999992868 - 0.0538579*0.010904100007804576))) - 1.8165979895126676)*0.25))/1.0E-6

grad_C (10^(v17))

PI6__d50_C Log10(v6*1.0E-6)+( - 0.53808*v1+0.640162*v2+0.0885338*v3 - 0.0392194*v4 - 1.65281*((Log10(v5) - ( 0.0538579*v1+0.217713*v2 - 0.0535656*v3+0.0237289*v4+0.148189*2.669764895549987 - 0.0474579*2.804669900000971 - 0.107424*3+0.218005*1.5466084999992868 - 0.0538579*0.010904100007804576)))+2.945505533704814)*0.25+( - 0.161324*v1+0.255506*v2+0.437136*v3+0.0278482*v4+1.1736*((Log10(v5) - ( 0.0538579*v1+0.217713*v2 - 0.0535656*v3+0.0237289*v4+0.148189*2.669764895549987 - 0.0474579*2.804669900000971 - 0.107424*3+0.218005*1.5466084999992868 - 0.0538579*0.010904100007804576)))+3.5264261101535976)* - 0.25+(0.267358*v1 - 0.0784389*v2+0.519299*v3+0.491451*v4 - 0.360286*((Log10(v5) - ( 0.0538579*v1+0.217713*v2 - 0.0535656*v3+0.0237289*v4+0.148189*2.669764895549987 - 0.0474579*2.804669900000971 - 0.107424*3+0.218005*1.5466084999992868 - 0.0538579*0.010904100007804576))) - 1.8165979895126676)* - 0.25

grad__y_C Log10(v7)

PI8__GranF_CLog10(v8*1000.0)+( - 0.53808*v1+0.640162*v2+0.0885338*v3 - 0.0392194*v4 - 1.65281*((Log10(v5) - ( 0.0538579*v1+0.217713*v2 - 0.0535656*v3+0.0237289*v4+0.148189*2.669764895549987 - 0.0474579*2.804669900000971 - 0.107424*3+0.218005*1.5466084999992868 - 0.0538579*0.010904100007804576)))+2.945505533704814)* - 0.5+( - 0.161324*v1+0.255506*v2+0.437136*v3+0.0278482*v4+1.1736*((Log10(v5) - ( 0.0538579*v1+0.217713*v2 - 0.0535656*v3+0.0237289*v4+0.148189*2.669764895549987 - 0.0474579*2.804669900000971 - 0.107424*3+0.218005*1.5466084999992868 - 0.0538579*0.010904100007804576)))+3.5264261101535976)* - 0.5+(0.267358*v1 - 0.0784389*v2+0.519299*v3+0.491451*v4 - 0.360286*((Log10(v5) - ( 0.0538579*v1+0.217713*v2 - 0.0535656*v3+0.0237289*v4+0.148189*2.669764895549987 - 0.0474579*2.804669900000971 - 0.107424*3+0.218005*1.5466084999992868 - 0.0538579*0.010904100007804576))) - 1.8165979895126676)* - 0.5

Gfes__y_C Log10(v9)

Grrho__y_C Log10(v10*1000.0) - ( - 0.161324*v1+0.255506*v2+0.437136*v3+0.0278482*v4+1.1736*((Log10(v5) - ( 0.0538579*v1+0.217713*v2 - 0.0535656*v3+0.0237289*v4+0.148189*2.669764895549987 - 0.0474579*2.804669900000971 - 0.107424*3+0.218005*1.5466084999992868 - 0.0538579*0.010904100007804576)))+3.5264261101535976)+(0.267358*v1 - 0.0784389*v2+0.519299*v3+0.491451*v4 - 0.360286*((Log10(v5) - ( 0.0538579*v1+0.217713*v2 - 0.0535656*v3+0.0237289*v4+0.148189*2.669764895549987 - 0.0474579*2.804669900000971 - 0.107424*3+0.218005*1.5466084999992868 - 0.0538579*0.010904100007804576))) - 1.8165979895126676)

T_x p_x MS_x VM_r dd GranF grad Grrho Gfes d50 PI8__GranFgrad__y Grrho__y Gfes__y PI6__d50

R0 -4,0083 -4,9649 -7,7765 4,1289 0,002 0,7 1,9294 2,38 0,551 85 2,79934 0,28542 4,67761 -0,2588 -1,744

R1 -3,9174 -4,9242 -7,7357 3,8784 0,002 0,65 1,7717 2,348 0,593 33 2,86922 0,24839 4,46761 -0,2269 -2,1038

R2 -4,0083 -4,6639 -7,7765 3,9248 0,002 0,67 0,461 2,347 0,756 25 2,73186 -0,3363 4,46742 -0,1215 -2,1492

R3 -3,9174 -4,6231 -7,7357 4,0825 0,002 0,78 1,625 2,367 0,633 40 2,69582 0,21085 4,67523 -0,1986 -1,9961

R4 -4,0083 -4,9649 -7,1745 3,6238 0,002 0,81 1,7407 2,353 0,598 54 2,81427 0,24072 4,1675 -0,2233 -1,9652

R5 -3,9174 -4,9242 -7,1337 3,7815 0,002 0,72 1,6049 2,379 0,545 97 2,66106 0,20545 4,37639 -0,2636 -1,7619

R6 -4,0083 -4,6639 -7,1745 3,8279 0,002 0,55 2,2489 2,378 0,483 73 2,39358 0,35197 4,37621 -0,3161 -1,8101

R7 -3,9174 -4,6231 -7,1337 3,5773 0,002 0,69 1,3846 2,348 0,72 26 2,59412 0,14132 4,16658 -0,1427 -2,2074

R8 -3,9616 -4,7679 -7,4034 3,8388 0,002 0,74 1,7143 2,368 0,617 42 2,69247 0,23409 4,40914 -0,2097 -2,0276

R9 -3,9616 -4,7679 -7,4034 3,8388 0,002 0,65 1,5714 2,361 0,61 42 2,63615 0,19629 4,40786 -0,2147 -2,0276

R10 -3,9616 -4,7679 -7,4034 3,8388 0,002 0,72 1,6 2,363 0,604 40 2,68057 0,20412 4,40823 -0,219 -2,0488
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Step 10: Use MODDE® to Analyse and Optimize

25/01/23 (c) Prof. Andreas Orth, Umesoft GmbH, Eschborn 44

Step 9f: Prepare the worksheet (… obs-columns) 

Add uncontrolled factors, … _obs

and copy observed reponse values

Exclude these two rows
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Step 10: Use MODDE® to Analyse and Optimize
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Step 9ff: Check the worksheet (u-T-1ransforms)

all experiments done at dd = 2mm (nozzle diameter)
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Step 9ff: FIT the model – y-response to x-design
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Step 9ff: Diagnose the model for the y-responses

That‘s why the

model for grad_y

was so bad
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Step 10: Optimize for the low Scale, dd = 2 mm

Maximize MaS, while

d50 stays in spec,

and grad is minimal
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Step 10ff: Optimize for the high Scale, dd = 4 mm

MaS, 2 times higher

d50 better in spec,

and grad is smaller
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Vielen Dank!

ganz besonders an:

Chhawang Lama

Anthony Orth
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