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Overview

• System configuration: non-invasive measurements

• Electrical impedance and material attributes

• Methods for temperature calibration

o Triangulation of thermocouple temperatures

o Tempris

• LF and HF dielectric constant for 

o Nucleation temperature and solidification end point

o Glass transition

o Sublimation end point

• Dielectric loss peak

o quantification of ice mass and drying rate

o ice interface temperatures
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System configuration

a

Impedance analyser

Pass-through

b

Junction box
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Junction box
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Non-invasive measurements

Individual vials In process

Electrodes on 
outside of vial

Allows for regular packing of vials
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Electrical impedance and material attributes

Liquid state (Maxwell-Wagner) Frozen state (dielectric relaxation)
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Electrical impedance and material attributes

Maxwell-Wagner & ice relaxation

TVIS vial on cradle

To be placed in the cryostat
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TVIS Applications

Temperature Calibration
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1. Triangulation method

Placing a thermocouple 
at the TVIS sensing 
node allows for the 
calibration of the 
temperature inside the 
TVIS vial to a precision 
of +/- 0.4 C 

(see next two slides)

TC in nearest neighbour vial

Plain vial TVIS vial

Thermocouple 

(TC)

Sample height within

the electrode region, A
Electrode height, B

3 mm

𝐹𝑖𝑙𝑙 𝑓𝑎𝑐𝑡𝑜𝑟(∅) =
𝐴

𝐵

TC1

TC2

TVIS sensing node

TC1
TC2



10DMU LyoGroup

1. Triangulation method

TC in nearest 3 neighbour vials
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Temperature uncertainty 
during re-heating phase

Temperature calibration for the TVIS vial: 
1. Triangulation method
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2. Tempris method

TVIS spectra
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Typical experimental set-up
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Chamber window
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TC1

(S-1)

TC2

(S-2)

TC3

(S-3)

TVIS 

(S-1)

TVIS 

(S-2)

TVIS 

(S-3)

Junction box

Digital camera

front viewside view

Impedance analyser

Pass-through

b

c

Jeeraruangrattana (2000). PhD Thesis. De Montfort University, Fig. 71
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TVIS Applications

Nucleation temperature
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Nucleation Temperature

• In case the TVIS vial nucleates before
TC vial, the nucleation temperature
in the TVIS vial can be inferred
directly from TC temperatures in the
nearest neighbor vials

• However, if TVIS vial nucleates later
than TC vial, the nucleation
temperature can be predicted by
fitting a curve to the plot of the
average temperature from
thermocouple vials against TVIS
parameter (i.e. 𝐶′(10 𝐻𝑧))

• The ice nucleation temperature of
sample (5 %w/v sucrose) was found
to be -10.5 C in the case of this
particular TVIS vial (other vials will
differ owing to the stochastic nature
of ice formation.

Thermocouple

Shelf Temperature

Temperature prediction

𝑇𝑛 −10.5 °C

𝐶′(10 𝐻𝑧) 2.49 pF

Blue region 
shows
Pre-nucleation 
data

BACK to Freezing
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Nucleation 
temperature

-15

-5

5

15

25

2.8 3.0 3.2 3.4 3.6
Te

m
pe

ra
tu

re
 (

T
T

C
) 

/ …

C′(10 Hz) / pF

2.0

2.5

3.0

3.5

1.0 1.5 2.0 2.5 3.0 3.5

C
′(1

0 
H

z)
 / 

pF

Time / h

c

e

-50
-40
-30
-20
-10

0
10
20

Te
m

pe
ra

tu
re

 / 
°C

𝑇𝑇𝐶2

1.
63

 h

𝑇𝑛(TC) −7.7 °C 

1.
73

 h

2.91 pF

2.
91

 p
F

𝑇𝑛(𝐶10 𝐻𝑧
′ ) −11.1 °C

𝑇𝑠

S-2 (0.26% NaCl)

-15

-5

5

15

25

2.9 3.1 3.3 3.5 3.7

C′(10 Hz) / pF

2.0

2.5

3.0

3.5

1.0 1.5 2.0 2.5 3.0 3.5

Time / h

d

f

-50
-40
-30
-20
-10

0
10
20

𝑇𝑇𝐶3

1.
73

 h

𝑇𝑛(TC) −10.6 °C 

1.
80

 h

3.06 pF

3.
06

 p
F

𝑇𝑛(𝐶10 𝐻𝑧
′ ) −11.8 °C

𝑇𝑠

S-3 (0.55% NaCl)

-15

-5

5

15

25

2.4 2.6 2.8 3.0 3.2

C′(10 Hz) / pF

1.2

1.8

2.4

3.0

1.0 1.5 2.0 2.5 3.0 3.5
C

′(1
0 

H
z)

 / 
pF

Time / h

-50
-40
-30
-20
-10

0
10
20

𝑇𝑇𝐶1

1.
90

 h

𝑇𝑛(TC) −9.5 °C 

1.
97

 h

2.49 pF

2.
49

 p
F

𝑇𝑛(𝐶10 𝐻𝑧
′ ) −10.5 °C

𝑇𝑠

S-1 (0% NaCl)

-9.5

-7.7

-10.6
-10.5

-11.1
-11.9

-14

-12

-10

-8

-6

-4

-2

0

S-1 S-2 S-3

N
uc

le
at

io
n 

te
m

pe
ra

tu
re

 / 
°C

Tn(TC) Tn(C′10 Hz)

0% NaCl 0.26% NaCl 0.55% NaCl

16.6

26.2

36.7

0

5

10

15

20

25

30

35

40

S-1 S-2 S-3

S
ol

id
ifi

ca
tio

n 
tim

e 
/ m

in

0% NaCl 0.26% NaCl 0.55% NaCl



17DMU LyoGroup

TVIS Applications

Solidification end point
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Solidification period
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Ice nucleation

Solidification end point 

• The difference between these
two times if the ice solidification
time

• Knowing the height of the
product in the vial one can then
estimate an average solidification
rate

~18 mins

Ice solidification time

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑠𝑜𝑙𝑖𝑑𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (𝑅𝑎𝑣) =
𝐼𝑐𝑒 ℎ𝑒𝑖𝑔ℎ𝑡 (𝐿)

𝑠𝑜𝑙𝑖𝑑𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 ∆𝑡

TC1

TC1
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Solidification end point 5% sucrose
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5%SucroseWater
5%Sucrose in 
0.26% NaCl

5%Sucrose in 
0.55% NaCl
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Solidification time for ice formation increases with the salt concentration

Examples
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TVIS Applications

Determination of in-vial Glass Transition temperature (𝑇𝑔
′)
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𝑪′(𝟎. 𝟐 𝑴𝑯𝒛) during Re-heating

5% Sucrose in
0% NaCl

5% Sucrose in 
0.26% NaCl

5% Sucrose in 
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TVIS Applications

Sublimation end point
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Sublimation 
end point
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Sublimation end point
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Primary drying

Product 
temperature

Sublimation 
rate

𝐾𝑣
Primary 
drying 

endpoint

𝑅𝑝
Collapse 

event

BACK to outline
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Product temperature prediction
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TE -1.020 30.1 -114

BE -0.543 26.7 -109

The product temperature predicted
by TVIS can demonstrate the
temperature gradient across ice
cylinder height
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Drying Rate Estimation  Pure ice
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Temp. constant 
𝑇𝑖= -33.1± 0.05˚C
𝑇𝑏= -29.8± 0.03˚C  

ℎ(2 ℎ) 19.94 mm

ℎ(2.8 ℎ) 18.98 mm

• Drying rate during the steady state

Ice density (𝜌𝑖 ) at -32˚C = 0.920 gcm-3

(Calculated ice temperature between 𝑇𝑖 & 𝑇𝑏)

Internal vial diameter (VC010-20C)  = 2.21   cm          
Cross-section area (𝐴)   = 3.80   cm2

Ice height at 2 h (ℎ(2 ℎ))       = 19.94 mm

Ice height at 2.8 h (ℎ(2.8 ℎ)) = 18.98 mm

𝐷𝑟𝑦𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 (
∆𝑚

∆𝑡
) = 𝜌𝑖 ∙ 𝐴 ∙

ℎ(𝑡1) − ℎ(𝑡2)

𝑡2 − 𝑡1

𝐷𝑟𝑦𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 = 0.920 𝑔 ∙ 𝑐𝑚−3 × 3.80 𝑐𝑚2 ×
19.94 − 18.98 × 10−1𝑐𝑚

2.8 − 2.0 ℎ
= 𝟎. 𝟒𝟐 𝒈 ∙ 𝒉−𝟏

𝑇𝑎𝑣𝑔 ~32 ˚C

TVIS parameters used for determination:
∆𝑚

∆𝑡
= 0.42 g·h-1

𝑇𝑏= -29.8˚C 
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TVIS
Tchessalov S (2017)
Kuu W (2009)
Brülls M (2002)

𝐾𝑣(TVIS @ 270 bar)
5.73 x 10-4

𝐿 is the latent heat of sublimation of ice (2844 Jg-1 or
679.7 cal g-1) and 𝐴𝑒 is external cross-sectional area of
the base of the TVIS vial (4.62 cm2)

𝐾𝑣 =
𝐿
∆𝑚
∆𝑡

𝐴𝑒(𝑇𝑠 − 𝑇𝑏) 𝐾𝑣(270 𝑏𝑎𝑟) =
𝐿
∆𝑚
∆𝑡

𝐴𝑒(𝑇𝑠 − 𝑇𝑏)

=
679.7 𝑐𝑎𝑙 ∙ 𝑔−1 × 0.42 𝑔 ∙ ℎ−1

4.62 𝑐𝑚2 × 273.3 − 243.3 𝐾

= 2.06 𝑐𝑎𝑙 ∙ ℎ−1 ∙ 𝑐𝑚−2 ∙ 𝐾−1

= 5.73 × 10−4𝑐𝑎𝑙 ∙ 𝑠−1 ∙ 𝑐𝑚−2 ∙ 𝐾−1

𝐾𝑣(270 𝜇𝑏𝑎𝑟) = 5.73 × 10−4𝑐𝑎𝑙 ∙ 𝑠−1 ∙ 𝑐𝑚−2 ∙ 𝐾−1

𝐿
∆𝑚

∆𝑡
= 𝐴𝑒𝐾𝑣(𝑇𝑠 − 𝑇𝑏)

Parameters TVIS

Drying rate at steady state (g/h)
(2-2.8 h into primary drying)

0.42

Shelf Temperature, 𝑇𝑠 (K) 273.3

Vial’s base Temperature, 𝑇𝑏(K) 243.3
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Summary

Dielectric loss peak Dielectric constant

Log peak frequency 
(𝑭𝑷𝑬𝑨𝑲)

Temperature calibration 
(ice phase)

Spatial measurements 
of ice temperature 
possible with multiple 
nodes

Low frequency 
(100 Hz)

Ice nucleation 
onset time and 
temperature

Peak amplitude 
(𝑪𝑷𝑬𝑨𝑲

′′ ) 
Ice mass & sublimation 
rate

Annealing end-point

High frequency 
(100 kHz)

Ice solidification 
end point

Glass transition 
temperature

Devitrification

Sublimation end 
point

Items in red not covered in talk
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Material property: 

Permittivity, 𝜖

(dielectric constant)

Circuit element: 

Capacitor, 𝐶

Impedance:

Reactance, 𝑋c

Electrical impedance and material properties

Material properties contributing to 
the permittivity

𝐶 = Τ𝜖𝑜𝜖𝐴 𝐿

𝑋c = 1/𝜔𝐶

Electronic polarization (induced dipoles)

• Instantaneous relative to period of oscillating field

Orientation polarization (fixed dipoles)

• Relative dependence on period of oscillating field
• Relaxation as frequency increases
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Material property: 

Resistivity, 𝜌

Conductivity, 𝜎

Circuit element: 

Resistor, 𝑅

Conductor, 𝐺

Impedance property:

Resistance, 𝑅

Electrical impedance and material properties

Metal ions, hydronium and hydroxide ions and 
ionised drugs  in aqueous solution

𝑅 = Τ𝜌𝐿 𝐴

𝐺 = Τ𝜎𝐴 𝐿

𝜎 = Τ1 𝜌

BH+

A−

hydroxide

hydronium 

ionised base

ionised 
acid
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