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Modeling of Drying of a slab (M. Karel, 1975)

Heat azndrmass transfer through the dry layer
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Heat transfer throuah frozen laver. mass transfer through dry layer
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Equations can be only solved by numerical methods using a computer

@ WORLDWIDE RESEARCH & DEVELOPMENT Karel M. Heat and mass transfer in freeze-drying//Freeze-drying and
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Vial Freeze-Dr M. Pikal, 1985

Steady state heat and mass transfer model

S P + R¢ +nR dm Py+P.=0
£ e Ap s A dar 0 c
S 20— Type IV |, aat
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g Type "',',,;,/*y‘r'y? dt
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§ | A
= //-ﬂ’ PVP (5%) W5816 8 -5 0.1 25.8 26.9 -25.3 -24.6
e Mannitol (5%) W5816 8 -5 0.1 334 34.8 -20.2 -18.5
P =, Mannitol (5%) W5816 8 15 0.1 19.2 19.1 -14.2 -11.8
PRESSURE, mm Hg
K, — KC —+ KP >~ P Mannitol (5%) W5816 8 15 0.4 14.0 15.8 -11.9 -8.0
1+ KD > P
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Figure 8—Effect of product toemperature on drying time: chamber
pressure 0.1 mmiHg; S800W vials; 8 mil fill volume: OO, 5% mannitol;

© . DOBUTREX: A. 5% PVF.
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Figure 10—Effect of shelf temperature on drying time of 5% (w/w)
mannitol: P, = 0.10 mmHg: fill volume, 8 mi: O, S800W: ©.5303: a.

5303 (maximum warp tray).
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i Impact of Tsh on drying time

s a 3
SHELF TEMPERATURE *C
Figure 9—Effect of sheif temperature on maxinmum product temperature

of 5% (w/w) mannitol: P. = 0.10 mmHg: fill voilume, 8 mi: OO, 5800W;
0. 5303; A. 5303 (maximum warp tray).
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Figure 11—Effect of chamber pressure on drying time of $§% (w/w)
mannitol;: shelf temperature., O °C; fill volume, 8 mi: OO, S800W: o,
5303; A. 5303 (maximum warp tray).



Non-Steady State Modeling of Freeze-Drying (M. Pikal, 2005) / Passage
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Pikal, M. J.; Cardon, S.; Bhugra, Chandan; Jameel, F.; Rambhatla, S.; Mascarenhas, W. J.;
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An lterative Tool for Optimization of Freeze-Drying

_ N . . |WLyOpth (PS optimisé.mat) =] &
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FIG. 5. Dynamic model validaton. Formulaton: PS. (A) Shell tem-
perature at — 25°C and total chamber pressure at 10Pa during primary
drying. (B) Shelf temperature at +25°C and total chamber pressure at 34 Pa
during primary drying Measured values (o) and model predictions (—).

I.C.Trelea, S. Passot, F. Fonseca, M. Martin. An interactive tool for the optimization of freeze-drying cycles based on quality criteria,
Drying Technology, 2007, 25:741-751.
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Power of Modeling: Summary to Date

Models have been established for all three steps of freeze-drying:

— Freezing (only few examples are shown in literature, there is no
commercially available model)

— Primary drying (Passage model, few variations of lyo calculator (Excel),
one with elements of scale up included)

— Secondary drying (Passage model, Excel based model is almost ready
(Pikal & Sahni)

* Models could predict product temperature profile and link it to CQA’s
(S.Passot, Garmish, 2010)

- Acommercially available model (Passage models) as well as an
iterative tool for cycle optimization (Trelea et al., 2007) offered to users

« Few k|£;roprietary models, developed by companies (Pfizer, Roche,
Merc
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BPOG Fi

POG Lyophilization Collaboration

BPOG has been facilitating industry-led collaborations since 2006.
The Lyophilisation collaboration started in 2014.

13 of the member companies below are participating in the Lyophilization

collaboration
il FEnlsh Forum, Member Companies

T R T TN

Bayer Healthcare ﬂ

Value of the collaboration:
* Ensure ‘minimum standards’ are being followed — ‘peer reviewed’
« Consolidate best practices with transparency - not just what'’s published .
e Facier for aaenciec to manaae reatilation - ‘cinale bect nractice annroach’

Purdue’s

’ Working ‘

together on

best practice

development
Dr Pikal
(UConn)

. Contributions




Use of Modelling in the Industry (in the 13 collaborating companies)

« Lyophilization process consists of three steps: freezing, primary
drying and secondary drying.
« Five companies routinely use primary drying model for process

design, optimization and scale up. o .
+ No freezina or secondarv drvina modeo» P ARpliFAtiAA £ase-studies

Models heing used: I 2
* Mainly, based on the steady state Deviation analysis and decision 5
model of primary drying based on heat L
and mass transfer equations (M.Pikal, Process optimization E
1982/ 1985) Providing suitable information to 1
 Single vial, 2D steady state heat-mass Regulatory bodies

transfer model. Reference Tsinontides,
Rajniak (1999-2001)



Goals of the collaboration

A harmonized best * A harmonized approach at a principle ¢ Agree how to estimate model
practice approach to level is agreed for a Primary Stage parameters
modelling at the Drying Model (based on Pikal’s Heat * Share new examples
commercial scale. Mass Transfer for the Primary Drying * Publish white papers
Stage) * Develop guidelines
* Companies may continue with * Engage regulatory authorities
different ‘branch” models * Continue to share implementation

experiences



Excel Based Primary Drying Model

. . N 1. Assumption — All heat received by product is used only for sublimation of
om _ S, (P — Penamper )i _ Sox KV (P) (TShelf _Tproduct) water. Sublimation front moves from the top of cake parallel to the vial

ot R(h), AHg bottom.

2. Assumption — The contribution of radiation component to the vial heat
transfer coefficient is constant within entire operation temperature range

heir @Nd P .mper COUID Vary as function of time, as well as R(h)

d
Pl(tl) = (F)chamber)i + R(h)l 3600(%)2 I‘<V (P)| (Tshelf _Tproduct_bottom )i A_I:I—-|S

in

T

S

P, (t;) =exp(24.01849 — 6144.96 )
subl _ surf + 273
hfrozen_ hi
Tsubl_surf = Tproduct_bottom_ I‘<V (Pch)o_shelf _Tproduct_bottorr)
/’Lfrozen

Sum = iZ:l:(Pl —PR)} >0 By varying T, ,quct

PRM (%)= %) 100 — 1009
eV
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lvo calculator

Calculation of temperature profile based on product propertises and vials characteristics

Input parameters

ormulation components

vial capacity.ml 2 omponent Concentrati
Din,.cm 1.391 Protein
Daout.cm 1.5687 mannitol
lce density, g/fcm*3 Ik i=) sucrose
Density, g/cm*3 1.03 buffer
Fill volume 1
Water content 0.898448
dry cake,.cm 0.738330432
Mumber of vials.M 19000
Tcritical (collapse) -7
Lambda 0.00358
Process parameters
Heat transfer Shelf
Chamber coeff._Kv.cal/s/K temperature
Cycle time t.hrs pressure,Pch. Torr fomnz2 Tsh,C
1] 015 4 993E-04 -50
0.83333 015 4.993E-04 0
2 015 4 _993E-04 0
3 015 4 993E-04 0
4 015 4.993E-04 0
g 0.15 4 993E-04 0
6 015 4 993E-04 0
T 015 4. 993E-04 0
g 0.15 4 993E-04 0
9 015 4 993E-04 0
10 015 4 _993E-04 0
11 015 4 993E-04 0
12.3 015 4 993E-04 0
13.3 015 4 _993E-04 0
14.3 015 4 993E-04 0
15.3 015 4.993E-04 0
16.3 0.15 4 993E-04 0
17.3 015 4 993E-04 0
18.3 015 4.993E-04 0
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vial heat transfer coefficient cake resistance data Sublimation rate (ma» Minimal controll RLESSIE
Ky=a+b*P(T, rr}) R=A+B*h(cgl 1L C* SR(kg/hrjm chicurymin,m 150
a 5.323E-05 A 0 SRmax 2. 72036 Pmin 66.34166
b 5 658E-03 B 55.8383 SR allowet 3.3 A 512
c 58535 C 0 B Ao oo
Heat rad. C Q
(edge) GMP factor 1
K for lab scale dryer
10 100
/ 0
0
/ 80
Tproduct. g e e e e e L - delta T
-37.19993 10 Z - 79 2 9 -1.318002
-27.2231 = —Shelf temperature, Tsh, C 5 27073785
-19.57967 Lo 4 6o = Thottom 1 1.6344016
-17.30152| £ -20 2 n 9 1.2575239
-15.85764| £ 50 5 —— Tcritical 4 0.9987201
-14.81308 2 .,.'c_'. —e— Tsubl_surf 1 0.7999957
-14.00213 E -30 40 .= e %5, Of remMoved water 3 06381418
-13.34393 = S 3 0.8013725
12 79295 0 2 =— Pressure,mTar 8 03828334
12 32109 0 & |——pPmn 3 02781721
-11.90982 20 3 0.1844457
-11.5463 50 9 0.0995699
-11.13004 10 3 -2 437E-05
-10.84538 6 -0.0697603
-10.58603 60 . , 0 6 -0.134476
-10.34817 0 5 10 3 -0.1948412
-10.12878 g -0.2513982
-9 926443 Time,hrs 5 -0.3045931
-9.73619 9 -0.3547981
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( ) = K (P)Sout (r Shelf — pr bottom )i Eq - 1
(‘1'_t) ( ) - Eq.2 If Kv=const when P_,=const,
then mass of sublimed ice at t;
Comblnlng -(mlce)wal = I d (mlce)VIaI - J- Sout Kv (TSheIf ;-II:IP"_bOﬁ(Jm)
Eqg.1 and Eq.2 s
K, = 2AHs (M) v Where mass of ice

Sout;(ATi +AT, ) —t,)  in the vial is known

Calculations of cake resistance

(Psubl _surf T I:)chamber)

R. = S.
I " (d (mlce)wal )
dt
t
T =T _dq Lice Nian LPsar — m( ))
subl _surf pr _ bottom dt ﬂ,f Lice — <= J— hmax _ hi

/Oicesin
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Generation of Model Inputs:

\/1 6

Ky experiment 1: 30 mT pressure
40

60O
Shelf termperature

. i :
] | 4 |

5]
o

E_ v ‘l i Fressure 402 E‘
E .o 2 # BDE E
E 0 ‘ "' Product ternperature ZDO =
. a0 Condenser termperature 10
U S
-80 T T T T T o
a 2 4 6 ] 10 12 . .
Run tirme, hrs Weight loss <30% Weight loss 2 50% of total mass —
. AMAH ¢ of total mass Heat transfer surface area s reduced:
A Underestimation of Kv value.
(SV )Out _[ (-rlnlet _Tlce_est )dt
Kv of 10 ml Schott vial Edge effect measured for a 6 m2 GMP dryer
8 S : 10-ml vial edge effect at 30 mT
= i T 200
~z 6 =
_; 5 Lyostar E 150 +
= M _“g“a 100 ] T |__| —F—
= 3 r L
- i Pilot
; 2 // {cclz_llr?rrr?sg?al) (Hully =0 ] " . " 5 " 4 " 5 ' 5
1 Row # from the edge
0 . . . ' '
] 50 100 150 200 250 300
pressure (mTorr)




Temperature,c

Sublimation Test on Lyomax 42

60 trays x 16.6 L~1000L filled. Actual weight loss during sublimation ~352 kg.

Test 7.5: minimum controllable pressure

Conderser tearperaure awd rrinimd controllable pressure as function of
sublimation rate measured for Lyormax 42

B0 1200 o4 100
Shelf ten'pera{ure _ 180
40 L 1+ 1000 E ¥= 336 + 72607 _
H £160 P -0%7 e,
209 Laon, 8 %
[ ] =
Conders e termperatre . 5120 -F0 o
a F 2 / E
Product termper aures / T El:ll:l %1“] %
a0 é N £ " 400 %
e Laon, o ——— g
_4|:| E o J_’—’—k/_) =00 L
=
RO T 200 O —
P 0 . . . . 800
-80 . . : ; . . 0 e 1o - = o =0 &0
0 5 10 15 20 25 30 35 Sbreion rtslaty
Run timehrs [« Prres, o i fepErahureC — Linear (Prray, miam)|
dm kg
dt (hr = mz ) = I‘<Tray B(Tshelf __surface Tice_bottom )

Black bags were used in experiment

@ WORLDWIDE RESEARCH & DEVELOPMENT

Pmin=f(dm/dt) =A+B*SR+C*SR"2
A,B,C are inputs in lyo template
When Tcond>-40C, SRmax-input in template



Alternative to sublimation tests: CFD modeling of mass flux

Effect of valve gap Effect of duct diameter

N
' N
lL\ L)

187 mTorr

167 mTorr

l
i
7.

* Sublimation
rate of 75 kg/hr

« Condenser
Pressure of 50

mTorr AR — |
6 inches 12 inches 18 inches = ]
-> Chamber pressure is highest at the lowest valve gap. -> At the same Sublimation rate of 75 kg/hr, the chamber pressure dropped considerably
-> The higher (than expected) pressure in the 18 inch case might be because of sonic conditions in the with the increase in duct diameter by two inches.
duct
Pabs
145 e
< mror 154 Pch=154 mTorr Pch=140 mTorr
130 139
115 125
100 110
a6
85 a1
71 66
56 52
41 27
26 - 23
150 inches 160 inches 170 inches 8
= Sublimation
* Sublimation rate of 75
rate of 75 kg/hr ke/hr
* Condenser - Valve . [ ca0ec _s500C
Temp= -50°C opening= 12 | 95 mTorr | 30 mTorr
______ inches r -

-> As can be predicted from theory, the longest duct has the highest chamber pressure. —>As expected lowest chamber pressure corresponds to lowest condenser pressure.
-> However the variation in chamber pressure due to 10 inches of duct length is only a few milliTorrs

q e WORLDWIDE RESEARCH & DEVELOPMEN | SCI E N C E x\ ‘I“ E-( “’il&f\ii_v
Prof. Alina Alexeenko; Nikhil'Varma-Purdue University



What is Needed to Generate Inputs into Primary Drying Model?

« Cake resistance
— Cycle traces
— TDLAS
— MTM software

* Vial heat transfer coefficients
— Vials of interest, water, temperature sensors, balances
— 1 week to generate data at scale
— TDLAS (potentially one cycle)

* Minimum controllable pressure and maximum
sublimation rate

— Trays, plastic bags, high quality water, temperature sensors to

= JLecaord shelf surface temperature and ice temperature
— 1 week of exneriments (R davs if freeze-drver i< not well



Advantages and Benefits of Modeling

Enables fast calculations of primary drying time and maximum
product temperature — time and cost savings!

Supports evaluation of different pressure and shelf temperature
combinations to optimize product temperature profile (targeting the
shortest drying time)

Helps construction of a design space for a particular product with
regard to the process parameters

Assists in the identification of potential impact on the product at any
combinations of shelf temperature/pressure/time (useful for the
assessment of process deviations)

|dentify the effect of process conditions on any changes in heat and
mass transfer (for example, as in the case of microcollapse)

‘@IF&W@W é&r‘ﬁ?’éﬁf”é“tlon of equipment Ilmltatlons mto cycle deS|gn



Applications of Modeling to Freeze-Drying

Cycle optimization

210

180

120

10 -+ 100
M/ i
o
£ = r / 80
10 70 ‘.E
’ / el —Shelf temperature Tsh,C
gg)_ is5 1 u S o il - 60 E Tbottom
5
E P 50 § #—Tcritical
2 - & Tsubl_surf
2 30 5
£ S 40 2 | =% of removed water
- - k=3
-40 - 30 T
o«
+ 20
-50
10
-60 o
0O 2 4 6 8 10 12 14 16 18 20
Time,hrs
Calculated cycle parameters during process deviatiiol
30
ssssssss
A
o \ J
N
g a0
2 Product temperature
k3

NV,
LA
LAY

50

/ .
/

9% of removed water

N !

@ WORLDWIDE RESEARCH & DEVELOPMENT

90

Pressure,mT/% of removed water

Temperature,C
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Cycle scale up
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Process Optimization using the Primary drying model (Janssen)

Results — Cycle optimization alternative

3 day cycle
Constant chamber
pressure and shelf
S temperature

Tomparan €

SRH00FE of reenoved waler
]

~39 hours

R —— Variable cycle
Constant chamber

IR pressure and variable
T shelf temperature

Tamparaturs, '
SR100 of remeoved wisiet

~34 hours

janssen J | sy B @2




Modification of Template at Janssen (D. Latshaw

Yial capacity,ml

20,

Protein

E

Calculation of tei

Fid

50

F

G H

erature profile based o product properties and vials characteristics

OlA

O] $Rmax

5.363606924] Pebjeur|minaT

HNEE & OHS

Inner vial Dia

2.351

40 b

0.00373| B

75.15004102] SR allowed |

53] Pmin

Outer vial Diam.,

231

Sucrose

25.68|C

Ice density,glcm

0.318]

Buffer

"

1552| Heat scaling factor

Density,glcm*3

103

Fill volume, mL

5

Colored concentrations should be adjusted

Colored coefficients should be adjusted

Colored coefficients should be adjusted

5.507574822)
1| Resiztance scaling factor i

SR allowed should be adjuzted bazed on equipment

A

B
C

MWater content 0.338448) Heat sealing factors should be 1 for center vials and increased for Reziztance sealing factors should be 1baze eyele and characterization Colored cosfficients
Diry cake height,em 0.820231822[ ¢dqc or corner vial adjuzted for optimization of tranzfers cquipment characteriag
Humber of vials N 21860
Teritical (collapse) |
Lambda 0.00358] RESULTS
s°|ve| Max product temperature -33.1
Colored values should be adjusted ' Total primary drying time [hrs) 50.7
Minimum controllable pressare 284 Mote: Thiz needs to be combined with AL vial type contributions
Sum of squared error | SB?TSSE-Og]
Conztant chamber prezzure (Torr) Conztant zhelf temp ['C) 0 100
0.05 23
2
Chamber pressare HNeat transter coell. Shelf temperature i - 30
el Cycle time, Lbes {Tor} feallsihica*2} { &} .
& 0 0,05 EIIE08 50 . .- Gy
2 2 005 208 23 % 7 =
25 4 0.05 2141E-04 -23 9 - 60 ]
6 0,05 2141E-04 23 g g == Tostkoa! ——1oe feenperature af surtsoe
8 0.05 2141608 28 g A4 b 50 H
10 0.05 2141E-04 23 g k A‘ i A"v " AT SN A %
12 0.05 2.141E-04 -3 E ,/‘-W' v R 40 f w— 5t 0f MOV WalST ~-Fressum mlom
14 0.5 208 2 F " x g
16 0.05 2141E-04 -23 i <
18 0.05 2141E-04 -23 - - _
20 0.05 2141E-04 23 . | - S
2 0.05 214E-04 23 e
24 0.05 2141E-04 -23 L 10
26 0.08 2141E-04 -23
28 0.05 2141E-04 23 0 . . . . . . r 0
30 0,05 2041E-04 23 0 10 2 K4 4 N &0 T &
32 0.05 2141E-04 -23
34 0.05 2141E-04 23 Time, hours




Use of Model to Optimize Manufacturing Process

Name Production optimization with constant chamber pressure and shelf temperature

Goal Determine what vial and cycle combination can be used to maximize the amount of product lyophilized for the given SmL fill volume, formulation, and scheduling time
Minimize unused scheduling hours

Conditions Do not exceed the critical collapse temperature of the cake before the productis 100% dry
Do not allow the minimum controllable pressure to exceed the chamber pressure at any time during the cycle
480 hours of lyophilization time availible on a single lyo

Directions Determine a vial to use for the model (from table below) and transfer the vial capacity, inner diameter, outer diameter, and # of center vials (B3, B4, BS, and B11) to the Exercise 3 Data spreadsheet
Adjust the constant shelf temperature and chamber pressure cells (B20 and D20) to manipulate the variables
Hit the "Solvel” button to predict the product temperature profile
Check product temperature at 100% dry against critical collapse temperature (F14)
Check minimum controllable pressure against chamber pressure (F16)
Copy the length of your cycle (F15) and enter it in the grey box below corresponding to the vial type you chose (121:129)

Vial Type | Vial capacity (mL)Inner diameter (cm)|Outer diameter (cm)|{Approx. # of center vials|Product lyophilized (kg/run How long is your cycle?| # of possible runs JUnused scheduling hourg{Total product lyophilized (kg
2r 4.0 1.54 1.6 103971 5199 100 4 80 20794
4r 6.0 1,54 1.6 103971 5199 100 4 80
6r 10.0 213 22 54350 2717 100 4 80
8r 115 213 22 54350 2717 100 4 80
10r 135 2.33 2.4 45420 2271 100 4 80
151 19.0 233 2.4 45420 2271 100 4 80
20r 26.0 293 3.0 28722 1436 100 4 80
251 325 293 3.0 28722 1436 100 4 80
30r 375 293 3.0 28722 1436 100 4 80

Vary vial size and fill volume to optimize commercial outcome

-
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Estimation of Product Temperature Profile using the Primary Drying Model

Compare Experimeﬁtal Data to LYO-

Biogen

Calculator Generated Data (exp #1)

— Biogen

83538:833;5{'\0\#5583

Exp TPOS (used for modeling )
Exp TPO2 [not used in modeling)
— e To (model)cC>

— 1 |
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Template Modification at Biogen (S. Nulu)

A B cC D E F G H [ J K L M M o]
Calculation of temperature profile based on product properties and vials characteristics
INPUT Parameters INPUT Formulation components INPUT vial heat transfer coefficient INPUT cake resistance data Sublimation rate (max) Minimum controllable pressure
p (use database) (use database) {use database) {use database)
vial capacity,ml 10 Component Concentration, mg/ml Kv=a+b*P(Torr)/(1+c*P(Torr)) R=A+B*h(cm)(1+C*h{cm)) A 5.12
Din,cm 214 Protein 50 a 0.00016 A 4.68 SRmax| 0.0119 B 18.83
Dout,cm 2374 mannitol 21.07 b 2 86E-03 B 27316 SR allowed| 33000 C 0.00
Pchicurent)
Fill volume 2 SUCrose 50 C 3.52889 C 35.20 min,mT 500.00
Number of vials,N G buffer 3.9 Heat rad. (edge) 1 GMP 1.00 Pmin 5.34
Tcritical {collapse) 7 Add all other excipients into Buffer factor factor
) Sublimation rate (max) & Minimum Controllable Pressure are
) Lab Scale Ws Commercial. Lo . )
Keep Edge Factor 1 for center Vial Leave it as 1 if you don't know Equip Limits. They make sure th_at our cycle is not designed
Density,alcm™3 102 over the equip limits
Water content 0.87503
dry cake,cm 0.617832028 Directions to use this sheet (Inputs only in Shaded Cells)
Ice density, g/cm®3 0.818 Step1: Input parameters in above tables
Lambda 0.00358 Step2: Input values in A, B, C columns below Sum  1.133E-10 | press Solve (multiple times if necessary) until J13<1e-6

Step3: Solve until Sum < 1e-6

Primary Drying Time From Model SOLVE
90.42

% Water Removed
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Model Limitations and Challenges in Implementation

« Limited accuracy (+/-1°C, 20% error in primary drying time)

 Significant error in prediction of time for the products with
high resistance (up to 40 Torr*hr*cm”2/g at 1 cm)

* Requires generation of equipment specific inputs
— Vial heat transfer coefficient
— Edge effect
— Minimum controllable pressure
— Maximum sublimation rate

« Requires generation of product specific inputs

— Cake resistance for a formulation

gz ake.resistance as function of process conditions
(micraocollance dedaree of ice niicleation



Industry Perspective on the Use of Modeling in Freeze-Drying

* Modeling could significantly reduce efforts in cycle
optimization, transfer and scale up.

« Companies are currently investing in the characterization
of dryers and container-closures (Kv, Pmin, SRmax).

« Companies are harmonizing modelling approach,
Improving primary drying template, and sharing
experiences.

* Regulatory agencies will be continuously updated on this
Initiative.

e Through consortiums (BPOG and LyoHUB), companies

G2 itcontinuethe advancement of application of modeling



