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Outline 

• Results of survey on the use of modeling in 
lyophilization process development 

• Examples of primary and secondary drying models 

• Primary drying model with scale up features 

• Examples of applications of the scale up model 

• Computational Fluid Dynamics modeling 

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

4 

Heat and mass transfer through the dry layer 

Heat transfer through frozen layer, mass transfer through dry layer 

Equations can be only solved by numerical methods using a computer 

Karel M. Heat and mass transfer in freeze-drying//Freeze-drying and 

advanced food technology, Ed. By Goldblith et al, London ,Academic 

Press, 1975, 177-202. 



Vial Freeze-Drying (M. Pikal, 1985) 
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Steady state heat and mass transfer model 

Product Vial Fill, 
ml 

Tshelf, 
C 

Pc 
(Torr) 

Time, 
hrs 

Product temperature, 
C 

Exp. Calcul. Exp. Calcul. 

PVP (5%) W5816 8 -5 0.1 25.8 26.9 -25.3 -24.6 

Mannitol (5%) W5816 8 -5 0.1 33.4 34.8 -20.2 -18.5 

Mannitol (5%) W5816 8 15 0.1 19.2 19.1 -14.2 -11.8 

Mannitol (5%) W5816 8 15 0.4 14.0 15.8 -11.9 -8.0 

M.Pikal (1985) Use of laboratory data in freeze-drying process design: heat and mass transfer coefficients 

and the computer simulation of freeze-drying, J. of Parenteral Science and Technology, Vol.39, 

No.3/May-June, 115-139. 

Pc=const, Ts=const 



Vial Freeze-Drying (M. Pikal, 1985) - continued 
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Impact of Tproduct on drying time         Impact of Tsh on Tproduct (max) 

Impact of Tsh on drying time                    Impact of Pc on drying time 



Non-Steady State Modeling of Freeze-Drying (M. Pikal, 2005) / Passage 
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Rate 0.5C/min 

Pikal, M. J.; Cardon, S.; Bhugra, Chandan; Jameel, F.; Rambhatla, S.; Mascarenhas, W. J.; 

Akay, H. U.   The nonsteady state modeling of freeze drying: in-process product temperature and 

moisture content mapping and pharmaceutical product quality applications. Pharm. Dev. and 

Technol. 2005, 10(1):17-32. 



An Iterative Tool for Optimization of Freeze-Drying 
 (Trelea et al., INRA, France) 
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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. 



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) 

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

• Few  proprietary models, developed by companies (Pfizer, Roche, 
Merck) 
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BPOG Lyophilization Collaboration 

BPOG Fill Finish Forum, Member Companies 

• 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. 

Abbvie Biogen GSK Biologicals Regeneron 

Alexion BMS Ipsen Roche 

Amgen Cook Parmica Janssen Shire 

AstraZeneca EMD Serono Lonza 

Bayer Healthcare 
 

MSD Merck Inc 
 

Pfizer 
 

Value of the collaboration: 
• Ensure ‘minimum standards’ are being followed – ‘peer reviewed’ 

• Consolidate best practices with transparency - not just what’s published . 

• Easier for agencies to manage regulation - ‘single best practice approach’. 

Purdue’s 
LyoHub 
Working 

together on 
best practice 
development 

Dr Pikal 
(UConn) 

Contributions 
to discussions 
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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. 

• No freezing or secondary drying models are used to date. 

 Models being used: 
• Mainly, based on the steady state 

model of primary drying based on heat 
and mass transfer equations  (M.Pikal, 
1982, 1985) 

• Single vial, 2D steady state heat-mass 
transfer model.  Reference Tsinontides, 
Rajniak (1999-2001) 

    Process development 5 

    Scale up / Tech transfer 5 

    Deviation analysis and decision 
making 

2 

   Process optimization 5 

   Providing suitable information to 
Regulatory bodies 

1 

No. of application case-studies 
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Goals of the collaboration 

1
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Goals Current Status Next steps 

A harmonized best 
practice approach to 
modelling at the 
commercial scale. 

• A harmonized approach at a principle 
level is agreed for a Primary Stage 
Drying Model (based on Pikal’s Heat 
Mass Transfer for the Primary Drying 
Stage) 

• Companies may continue with 
different ‘branch’ models 

• Agree how to estimate model 
parameters  

• Share new examples 
• Publish white papers 
• Develop guidelines 
• Engage regulatory authorities 
• Continue to share implementation 

experiences 



Excel Based Primary Drying Model 
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1. Assumption – All heat received by product is used only for sublimation of 

water. Sublimation front moves from the top of cake parallel to the vial 

bottom.   

2. Assumption – The contribution of radiation component to the vial heat 

transfer coefficient is constant within entire operation temperature range 

0)( 2

2

1

1 


i

i

i

PPSum By varying Tproduct  

%100100
)(

(%) 
V

tm
PRM i



Tshelf and Pchamber could vary as function of time, as well as R(h) 

SHibottomproductshelfiV

in

out
iichamberi TTPK

d

d
hRPtP


 1

_

2

1 )()()(3600)()()(

)
273

96.6144
01849.24exp()(

_

2



surfsubl

i
T

tP

frozen

ifrozen

bottomproductshelfchVbottomproductsurfsubl

hh
TTPKTT




 ))(( ___

13 



Pfizer Confidential – For internal use only - 14 6

-

1

4 

Excel Based Primary Drying Calculation Template 
(lyo calculator) 
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Estimation of Cake Resistance from the Cycle Data: 
 Kv and resistance from one product vial 
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If Kv=const when Pch=const,  

then mass of sublimed ice at ti 
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Calculations of  cake resistance 

Eq.1 
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Generation of Model Inputs:  
Vial Heat Transfer Coefficient (Kv) Measurements 

Weight loss ≤30%  

of total mass 
Weight loss ≥ 50% of total mass –  

Heat transfer surface area is reduced: 

Underestimation of Kv value. 
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      Kv of 10 ml Schott vial                          Edge effect measured for a 6 m2 GMP dryer 
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Sublimation Test on Lyomax 42 

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

)()
*

(
__2 bottomicesurfaceshelfTray TTBK

mhr

kg

dt

dm


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 

Black bags were used in experiment 
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Alternative to sublimation tests: CFD modeling of mass flux 
           Effect of valve gap                                                        Effect of duct diameter 

Prof. Alina Alexeenko, Nikhil Varma-Purdue University 

   Effect of duct length                                Effect of condenser temperature 



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 

record shelf surface temperature and ice temperature 

– 1 week of experiments (3 days if freeze-dryer is not well 
designed) 
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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) 

• Identify the effect of process conditions on any changes in heat and 

mass transfer (for example, as in the case of microcollapse) 

• Allows implementation of equipment limitations into cycle design 

(minimum controllable pressure, maximum sublimation rate) 
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Applications of Modeling to Freeze-Drying 

2

1 

Calculated cycle parameters during process deviatiion  
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Process Optimization using the Primary drying model (Janssen) 
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Modification of Template at Janssen (D. Latshaw) 
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Use of Model to Optimize Manufacturing Process 
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Vary vial size and fill volume to optimize commercial outcome   



Estimation of Product Temperature Profile using the Primary Drying Model 
(Biogen) 
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Template Modification at Biogen (S. Nulu) 
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Model Limitations and Challenges in Implementation 

• Limited accuracy (+/-1C, 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  

– Cake resistance as function of process conditions 

(microcollapse, degree of ice nucleation 

• Training on use and application of model 

2
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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. 

• Through consortiums (BPOG and LyoHUB), companies 

will continue the advancement of application of modeling 

to lyophilization.  
2
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