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Outline

• Lyophilizers characterization: why do we 
need it?

• Characterization tests review
• Primary drying modeling 
• Examples of lyophilization cycle scale up 

using primary drying model
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Lyophilizer characterization: why do we need it?

Typical manufacturer practice (FAT):              
“Dry and empty” tests 

1. Maximum cooling and warming rates (inlet 
temperature), minimum shelf temperature, shelf 
temperature uniformity (shelf surface temperature 
measurements at steady state conditions)

2. Condenser cooling rate and minimum temperature
3. Vacuum performance-evacuation rate, minimum 

chamber pressure in empty lyophilizer
4. Sublimation test: freeze-drying of certain amount of 

water using cycle specified by the customer



BioTherapeutics Pharmaceutical Sciences

Typical lyophilization scale up issues:
• Differences in cake resistance between laboratory and 

production samples
• Differences in heat transfer between commercial and 

laboratory freeze-dryers
• Variations in resistance to mass flow during primary 

drying from lyophilizer to lyophilizer
• Shelf surface temperature variations due to 

differences in mass and design
• Differences in process control and design 

(temperature and pressure control, capacitance 
manometer vs. Pirani, condenser temperature and 
capacity, internal condenser vs external etc.)

In most cases, we could not transfer or scale up lab scale lyo 
process without adaptation to the commercial dryer.
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Additional testing of loaded lyophilizer

1. Effect of cooling/warming rates on temperature 
gradients across the shelf

2. Sublimation mapping
3. Sublimation tests to measure minimum controllable 

pressure as a function of sublimation rate
4. Maximum sublimation rate in respect to condenser 

load and choked flow
5. Vials heat transfer coefficients measurements
6. Power shut down tests
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Freezing step scale up: effect of dryer 
size (Lyomax 6 vs. Lyomax 42)

Effect of warming rate on temperature gradient between inlet 
temperature and product temperature for the vial in center of shelf 3

y = 8.6388x + 0.3035
R2 = 0.9949
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Choosing optimal rates during freezing: effect of ramp 
rates on product temperature difference across the 
shelf (center vial- corner vial, Lyomax 42)

Cooling                                                      Warming

Material: water
Recommendation: Cooling and warming rates should not exceed 0.5°C/min 

to keep product temperature gradient across the shelf close to 1°C.
This recommendation is applicable for many dryers (Telstar, 

Edwards, SP Industries)
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Sublimation mapping: using filled vials to 
assess freeze-dryer performance
• Pros
1. Kv and edge effect could be estimated for fully 

loaded dryer (at one pressure set point)
2. Freeze-dryer hot and cold spots can be identified
3. Vacuum and refrigeration systems performance for 

a given cycle could be confirmed using relatively 
cheap material (water or buffer)

• Cons
1. Vials and stoppers could be expensive
2. Additional experiments are needed to establish the 

design space



BioTherapeutics Pharmaceutical Sciences

Sublimations tests: Experiment set up
Black garbage bags versus Lyoguard trays

Leaky but no limitation
on thickness of ice

Very convenient in sublimation tests.
Maximum ice height is 2 cm (short 
sublimation tests).

Kbag=f(P) is known for both containers
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Container heat transfer coefficient as a function of pressure: 
Comparison between Lyoguard tray and black bag

Lyoguard heat tranfer coefficient
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Sublimation test on Lyomax 42
60 trays x 16.6L~1000L filled.   Actual weight loss during sublimation ~352 kg.    

)()
*

( __2 bottomicesurfaceshelfTray TTBK
mhr

kg
dt
dm

−= Pmin=f(dm/dt) input in lyo template

Black bags were used in experiment
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Comparison between freeze-dryers

Lab scale dryers

Lyomax 6

Lyomax 42
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Comparison between laboratory and commercial dryers

Benchmark 1000
Genesis

(Laboratory)
Benchmark
(laboratory)

Lyomax
(commercial)

Surface area, Sa 0.56m2

0.008m2/
0.01m

71

0.42m2

Duct area (Sd)/ 
diameter (Dduct) 

0.03m2/
0.02m

0.45m2/

0.76m
Ratio, Sa/Sd

42m2

14 93

Lyomax 42
Genesis
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Effect of port size on minimal 
controllable pressure (Benchmark 100) 
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Correlation between slope and lyophilizer geometry
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Kv measurements

Weight loss ≤30% of total mass

Weight loss ≥ 50% of total mass –
Heat transfer surface area is reduced:

Underestimation of Kv value.
∫ −

ΔΔ
=

dtTTS
Hm

K
estIceInletOutV
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Kv as function of pressure for different 
vials estimated by 5 different methods

5-ml vial Kv: 1.Tsh=const > 2.TDLAS~
~3.Psubl>Pch > 4.Tpr(Pch)> 5.Initial ramp

TDLAS method: 2-ml>10-ml>5-ml>
>20-ml(clear)>20-ml (amber)

Kv=f(Pch)- input in lyo template
Should be measured for individual freeze-dryer. 
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Kv measurements: comparison between laboratory, 
pilot and commercial dryers (10-ml Schott vials)
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heat transfer through the shelf itself all could impact Kv
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Edge effect for different freeze-dryers
Hull clinical dryer 
(bottomless trays)

Lyomax 6 (no trays)

Kv(edge)=Factor*Kv(center)- input in lyo template
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Power shut down test
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Product temperature and pressure increase in 
Lyomax 6 during 45-min power shut down test

Parameter Initial value Final value Rate of change Value after 
pressure 

spike

Average surface temperature (bottom) of shelf  
#4,°C

-25.8 -26.5 -0.93 °C/hr -25.9
Condenser temperature (measured by RTD 

attached to the coil), °C
-69.9 -63.7 8.27 °C/hr -58.4

Tc31-Sh5-front -39.8 -38.1 2.27 °C/hr -37.5
Tc32-Sh4-left corner -24.3 -23.0 1.73 °C/hr -22.9
Tc33-Sh4-right corner -23.9 -22.8 1.47 °C/hr -22.7
Tc34-Sh4-center -41.3 -39.9 1.87 °C/hr -38.7

Chamber pressure, mT 60.0 85.4 33.9 mT/hr 109.8
Condenser pressure, mT 53.3 83.1 39.7 mT/hr 109.2

Product 
temperature

Pressure spike that occurred when power was restored could be notable. 
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Simple Steady State model (SSSM) of primary drying

1__ 3600))((
)(

PTTPK
S
S

H
hR

PP bottomproductshelfchV
in

out

S

i
chsurfsubl =−

Δ
+=

2
_

)
)(

61450185.24exp()( P
T

P
isurfsubl

isublsurf =−=

frozen

ifrozen
bottomproductshelfchVbottomproductsurfsubl

hh
TTPKTT

λ
−

−−= ))(( ___

Eq.1

Eq.2

Eq.3

min)( 2
21 →−∑ PP

100
)(

))((
)(

vialice

ivialice
i m

m
tPRW =

Using Solver Eq.4

Eq.5

Tproduct (bottom and sublimation surface)=f(Tsh and Pch)



BioTherapeutics Pharmaceutical Sciences

Comparison between calculated and 
actual temperature profiles

Error in temperature prediction ≤1°C.
Error in primary drying time prediction ≤10% (up to 30% at Tsh<-25°C).

Calculation time-seconds
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Application of sublimation and Kv tests
Calculation of temperature profile  based on product propertises and vials characteristics
Input parameters Formulation components vial heat transfer coefficient cake resistance data Sublimation rate (maxMinimal contro
vial capacity,ml 2 Component Concentration,mKv=a+b*P(Torr)/(1+c*P(Torr)) R=A+B*h(cm)/(1+C*h(cm)) SR(kg/hr)max Pch(cur)min,m
Din,cm 1.391 Protein 30 a 5.32E-05 A 0.2 SRmax 9E-05 Pmin
Dout,cm 1.587 mannitol 40 b 5.58E-03 B 20 SR allowe 3.3 A
Ice density,g/cm^3 0.918 sucrose 10 c 5.8535 C 5 B
Density,g/cm^3 1.03 buffer 1.552 1
Fill volume 1
Water content 0.918448
Dry cake,cm 0.738330432 Solver 51.8907
Number of vials,N 1
Tcritical (collapse) -13

Process parameters Pressure over surface of sublimation,T

Cycle time,t,hrs
Chamber 

pressure,Pch,Torr

Heat transfer 
coeff.,Kv,cal/s/K/

cm^2
Shelf 

temperature,Tsh,C Tproduct,C

Heat 
f lux,q,cal/s/

cm^2
Sublimation 
heat,Q,cal

Mass of 
sublimated 
ice,m,g

Product 
dried 
layer,h,c
m

Cake 
resistance,
R,cm^2*T
orr*hr/g Pi(1) Pi(2) Sum

0 0.05 2.692E-04 -50 -45.528062 -0.001204 0 0 0 0.2 0.0483308 0.05 2.79916E-06
0.83333 0.05 2.692E-04 -30 -43.657059 0.003677 7.33754366 0.0108544 0.00847 0.362546 0.0592408 0.06233 9.55914E-06

2 0.05 2.692E-04 0 -30.600958 0.0082389 56.8356719 0.0840764 0.06562 1.188174 0.1178583 0.26392 0.02133432
3 0.05 2.692E-04 0 -26.305058 0.0070823 111.387206 0.164774 0.1286 1.765444 0.1366725 0.41039 0.074919625
4 0.05 2.692E-04 0 -23.941192 0.0064458 159.554522 0.2360274 0.18421 2.117824 0.1446289 0.51984 0.140782202
5 0.05 2.692E-04 0 -22.320006 0.0060093 203.901668 0.3016297 0.23541 2.36267 0.1484205 0.60977 0.212842578
6 0.05 2.692E-04 0 -21.094365 0.0056794 245.519774 0.3631949 0.28346 2.545277 0.1502051 0.68701 0.288159385
7 0.05 2.692E-04 0 -20.114139 0.0054154 285.02328 0.4216321 0.32907 2.687922 0.1509035 0.75514 0.365101887
8 0.05 2.692E-04 0 -19.300756 0.0051965 322.807387 0.4775257 0.3727 2.8031 0.1509721 0.81632 0.442691001
9 0.05 2.692E-04 0 -18.607959 0.0050099 359.147632 0.5312835 0.41465 2.898454 0.1506592 0.87199 0.520311374

10 0.05 2.692E-04 0 -18.006178 0.0048479 394.246863 0.5832054 0.45518 2.978956 0.1501092 0.92314 0.597573996
11 0.05 2.692E-04 0 -17.475531 0.004705 428.260519 0.6335215 0.49445 3.048005 0.149411 0.97051 0.674207713
12 0.05 2.692E-04 0 -17.001796 0.0045775 461.31135 0.6824132 0.53261 3.108009 0.1486201 1.01468 0.750056889
13 0.05 2.692E-04 0 -16.574853 0.0044625 493.498768 0.7300278 0.56977 3.160726 0.1477743 1.05605 0.824968736
14 0.05 2.692E-04 0 -16.186475 0.004358 524.904599 0.7764861 0.60603 3.207479 0.1468957 1.09503 0.898951498
15 0.05 2.692E-04 0 -15.831085 0.0042623 555.597435 0.8218897 0.64146 3.249276 0.1460032 1.13184 0.971874387
16 0.05 2.692E-04 0 -15.503668 0.0041741 585.635716 0.866325 0.67614 3.286909 0.1451066 1.16676 1.043768703
17 0.05 2.692E-04 0 -15.200687 0.0040926 615.069681 0.9098664 0.71013 3.321003 0.1442152 1.19994 1.114562271
18 0.05 2.692E-04 0 -14.918653 0.0040166 643.942836 0.9525782 0.74346 3.35206 0.1433318 1.23161 1.184351082
19 0.05 2.692E-04 0 -14.655506 0.0039458 672.293367 0.9945168 0.7762 3.380492 0.1424632 1.26185 1.253017711
20 0.05 2.692E-04 0 -14.408647 0.0038793 700.154992 1.0357322 0.80836 3.406635 0.1416088 1.29083 1.32070057
21 0.05 2.692E-04 0 -14.176622 0.0038169 727.557549 1.0762686 0.84 3.43077 0.1407722 1.31862 1.387323828
22 0.05 2.692E-04 0 -13.957712 0.0037579 754.527827 1.1161654 0.87114 3.453132 0.139953 1.34534 1.452964723
23 0.05 2.692E-04 0 -13.750782 0.0037022 781.089885 1.1554584 0.90181 3.47392 0.1391529 1.37106 1.517592393
24 0.05 2.692E-04 0 -13.554649 0.0036494 807.265557 1.1941798 0.93203 3.493303 0.1383716 1.39585 1.581246625
25 0.05 2.692E-04 0 -13.368226 0.0035992 833.0745 1.2323587 0.96183 3.511428 0.1376084 1.41979 1.643988291
26 0.05 2.692E-04 0 -13.190926 0.0035515 858.53477 1.2700218 0.99122 3.52842 0.1368648 1.44291 1.705747504

Heat rad. 
effect

-60

-50

-40

-30

-20

-10

0

10

0 5 10 15 20

Time,hrs

Te
m

pe
ar

tu
re

,C

0

10

20

30

40

50

60

70

80

90

100

SR
*4

00
00

0/
%

 o
f r

em
ov

ed
 w

at
er

Shelf temperature,T
Tproduct,C
Tcritical
% of removed wate
SR*100
Pressure,mTorr

Shelf temperature

Tcritical

Sublimation rate

Tproduct

Pressure
Percent of removed water

End of primary drying



BioTherapeutics Pharmaceutical Sciences

Primary drying design space
Effect of process paramters (P,Tsh) on drying time and product 

temperature: Protein Y (10% solids)
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Example of primary drying scale up:
using laboratory cycle set points in pilot 

lyophilizer

(Kv)pilot<(Kv)lab

(Pch)set-(Pch)act=9-10mT
Rpilot>RLab
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Scale up from laboratory to the pilot lyophilizer:
use a model to establish the link between two lyophilizers 

when Kv of this particular vial is known for both freeze-dryers
•Tshelf was 
Increased from 
-30 to -25°C
•Pchamber was 
decreased from 
60 mT to 35 
mT
•Kv(edge)=1.5
Kv(center)
•Cake 
resistance was 
assumed being 
increased by 
50%

Material: 4.5% solids sucrose-based formulation containing NaCl



BioTherapeutics Pharmaceutical Sciences

Support of commercial deviations using 
modeling of primary drying

Calculated cycle parameters during process deviatiion 
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