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We present the fabrication and calibration of a novel calorimeter chip for thermal characterization of
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liquid samples. The device we present consists of two chips glued on top of each other. Both chips consist
of a freestanding SiN membrane with a poly-Si heater and thermopile in the center of the membrane. The
calibration liquid is contained between the two SiN membranes. The calibration of the calorimeter chip
is necessary to measure the thermal properties of liquid samples under test. We utilized water–alcohol
mixtures for the calibration. A resolution of 0.02 mW/K m and 0.001 mm2/s has been obtained for thermal

diffu
hermal conductivity
hermal diffusivity
hermopile

conductivity and thermal

. Introduction

Calorimetry is the science of measuring the heat of chemical
eactions or physical changes. A calorimeter device is also very
ell suited for measuring thermal properties of sample materials.

hermal conductivity and thermal diffusivity of sample materials
ave been measured [1–6] using calorimeter chips. These thermal
roperties are function of the temperature, and a device made to
easure these properties has to provide enough thermal isolation

owards the ambient.
Indeed, the performance and the reliability of thermal-property

ensors are often limited by the poor thermal isolation of their
iquid cells. In particular, calorimeters with a glass micro-fluidic
hamber [1–5] are not suitable for thermal diffusivity measure-
ents. The proximity of the heater to the thermopile is a limiting

actor in such calorimeters as the effective thermal diffusivity of the
embrane-sample system is dominated by the thermal diffusivity

f the membrane. In [6] a CMOS sensor is proposed for measur-
ng the thermal diffusivity of liquid samples dropped directly onto
he device. Another external factor that can influence the measure-

ents of the thermal properties of the sample under test is the
requency of the applied signal. The 3-ω method is commonly con-
idered for the measurements of the frequency dependent complex
eat capacity. Another method, temperature wave analysis (TWA),
s used to obtain the thermal diffusivity of solid sample by measur-
ng phase and amplitude of a thermal wave transmitted through the
ample itself [7]. In this technique an oscillating heat flow P0 cos(ωt)
s applied to one side of the plate-like sample and the oscillating

∗ Corresponding author. Tel.: +31 0 15 2578040; fax: +31 0 15 2578050.
E-mail address: eli@xensor.nl (E. Iervolino).

1 http://www.xensor.nl.

040-6031/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2009.04.021
sivity measurements, respectively.
© 2009 Elsevier B.V. All rights reserved.

temperature T0 cos(ωt + ϕ) is detected on the other side. A recent
work [8] used the same principle shown in [7] to measure the
complex heat capacity C(ω) with a two-channel calorimeter.

The aim of this work is to present the experimental results
obtained with the calibration of the device XI-318-9. Thanks to the
good thermal isolation towards the ambient the device is suitable
for measuring both thermal diffusivity and thermal conductivity
of liquid samples. The output signals of the device at 1 Hz and
10 mHz are put in relation with the thermal diffusivity and con-
ductivity of the sample under test, respectively. In order to perform
the device calibration we used demineralized (demi) water; iso-
propanol (IPA) and water–methanol mixtures at different methanol
concentrations.

2. Device description

2.1. Sensor description

The thermal conductivity is the property of a material that indi-
cates its ability to conduct heat. The thermal diffusivity is a measure
of how fast the heat is transferred through the material.

The calorimeter chip [9] has been used to measure both the
thermal diffusivity and the thermal conductivity of liquid samples.
The device consists of two stacked calorimeter chips. Both chips
have a heater and a thermopile on top of a freestanding 2 �m thick
silicon nitride (SiN) membrane. The heater is made from p-type
polycrystalline silicon (poly-Si) and is located in the center of
the membrane. The thermopile consists of 36 p-polySi/n-polySi

thermocouples. The hot junctions of the thermopile are located
on the freestanding membrane at 20-�m distance from the heater
whereas the cold junctions are located on the rim of the silicon
chip. The large thermal mass and the good thermal conductance of
the silicon rim keep the cold junctions at room temperature while

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:eli@xensor.nl
http://www.xensor.nl/
dx.doi.org/10.1016/j.tca.2009.04.021
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Table 1
Comparison of liquid calorimeter chips.

Chip parameters in water NCM-9924
[5]

Köhler
[3,4]

Zhang
[1,2]

XI-318-9
[9]

Transfer [V/W] 1.0 0.75 0.94 11
Volume [�l] 30 2 0.1 1
Volume transfer [�l V/W] 30 1.5 0.59 11
Thermal resistance [K/W] 10 25 200 850
Output resistance [k�] 50 8 200 50
Time constant [s] 0.7 5 0.1 0.5

F

ig. 1. Photograph of the two chips which form the device XI-318-9. The transparent
embranes are 3.8 mm × 0.8 mm (top chip) and 2 mm × 0.8 mm (bottom chip).

he membrane, that has a low thermal conductance, allows the
ot junctions to follow the rise in temperature of the heater. The
hermopile and heater resistances of both chips are designed to
ave the same resistance, i.e. about 50 and 6.6 k�, respectively.

The liquid sample is isolated between these membranes, which
re 300 �m apart. Fig. 1 shows a photograph of the calorimeter chip.
he general idea is to create a liquid volume that is mainly contained
etween the thin SiN membranes. In this way, a good thermal isola-
ion towards the ambient is obtained. The device is also glued on top
f an aluminum (Al) block with a large thermal mass to reduce the
hermal drift. An exploded view of the device is presented in Fig. 2a
here the two chips glued on top of each other, the Al block and

he two Teflon tubes are visible. The Al block has openings aligned
o the inlet and outlet of the chip. The liquid sample is injected into
he device via a syringe through a Teflon tube that is screwed into
he aluminum block inlet. The liquid sample goes out of the device
hrough the other Teflon tube. However the device can also be used
n-line in an experimental set-up, although the best measurement
uality is obtained when the flow is (temporarily) stopped.

In Fig. 2b we show the other side of the measurement set-up.
e can see the two holes used to screw the Teflon tubes. They cor-

espond to the inlet and outlet of the chip. A third hole in between
he two Teflon tubes (where the arrow is pointing) has been made
o avoid a hermetical seal of the cavity underneath the membrane
f the bottom chip. The chip is not visible in Fig. 2b as it is glued on
he other side of the Al block.

In order to perform the measurements, the device is inserted
nside a CTS oven T-65/50. The input signal to the device is gener-
ted by a lock-in amplifier (SR830) also used to measure the output
ignal of the device.
.2. Sensor characterization

The relative Seebeck coefficient ˛sc,n − ˛sc,p = ˛sc of the p-
olySi/n-polySi thermocouple is about 300 �V/K at 293 K so, the
ominal sensitivity of the thermopile is about 11 mV/K.

ig. 2. (a) Exploded view of the device XI-318-9. It is shown: the two stacked chips (XI-318
Noise [�V] 2.5 2.5 0.1 2.5
NEP [�W] 2.5 3 0.1 0.2

The transfer of the thermopile was measured varying the power
dissipated in the heater. When the device is filled with non-flowing
water the transfer is about 11 V/W. With flowing water the transfer
decreases. For 10 �l/min flow the decrease is 2.5% and at 500 �l/min
the transfer is nearly halved.

A thermal resistance of 1 kK/W is calculated from the values of
the measured transfer and the nominal thermopile sensitivity.

The time constant is measured applying heat pulses to the heater
and measuring the response of the thermopile. A value of 0.5 s is
found when the device is filled with non-flowing water

2.3. Comparison with other liquid calorimeter chips

In Table 1 we compared a few liquid calorimeter chips with the
chip XI-318-9. The transfer in V/W of the chip is much higher than
previously reported chips, while the volume is generally lower. For
use with experiments where the signal is generated by a volumetric
reaction, the power produced in a much smaller volume is propor-
tionally lower. This, however, is to some degree compensated by a
much higher transfer, so that the sensitivity of the device for volu-
metric reactions, such as enzyme conversions, is comparable. Only,
much less chemicals are needed, which can be an advantage when
the chemicals are expensive or scarce. The smaller volume also has
advantages in refreshing time. It is important also to compare the
capability of the devices in rejecting the noise. We measured a noise
of 2.5 �V in non-flowing water. It is interesting to note that the noise
is about the same for all the devices except for the chip present by
Zhang [1,2]. He measured a noise about ten times lower. The noise
he presented is measured with glucose at a flow rate of 15 nl/s.
Though Zhang measured a lower noise the noise equivalent power
(NEP) is comparable with what we calculated. This is because of the
low transfer he measured.
3. Fabrication

The chips are made using a thin-film bulk-micro-machining pro-
cess. A schematic flow chart of the processing steps is depicted in

XI-319); the Al block; the Teflon tubes. Not to scale. (b) Bottom side of the Al block.
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Fig. 3. Calorime

ig. 3. The device is fabricated on a 300 �m thick 1 0 0 p-type dou-
le side polished (DSP) silicon wafer. The first step is a low-pressure
hemical vapor deposition (LPCVD) of low-stress SiN [10]. Then, a
00 nm thick LPCVD low-stress poly-Si layer is deposited on the top
f the SiN. The poly-Si layer is implanted, using photoresist masks,
ith phosphorus and boron in order to make low-resistive n-type

nd p-type regions (50 and 75 �/sq, respectively). After implanta-
ion, the poly-Si is patterned and covered by a 400 nm thick LPCVD
iN. Contact openings for the poly-Si are etched through the SiN
ayer and a 600 nm thick Al/Si (1%) layer is deposited by RF sput-
ering. After the patterning of the Al layer by dry etching, a scratch
rotection layer of 800 nm of SiO2 is deposited by plasma-enhanced
hemical vapor deposition (PECVD). In order to open the bond pads,
dry etching of the silicon oxide stopping on the Al layer is then
erformed.

The process on the backside of the wafer consists of the SiN layer
atterning followed by the etching of the Si substrate in a potassium
ydroxide (KOH) solution to release the membrane. After the dicing
tep, the chips are ready for assembly.

. Calibration procedure

.1. Thermal properties versus frequency

The measurement of the thermal properties of a certain sub-
tance can be influenced by external variables like the ambient
emperature and the frequency. When a substance is in a phase
ransition region (i.e. from solid to liquid, from liquid to gas, etc.)
hermal energy is used to effect the phase change. The relaxation
ime of this conversion can cause the frequency dependence of the

easurement of the thermal properties of the substance [7]. On the

ther hand Morikava and Hashimoto [11] found that the measure-
ent is not frequency dependent away from the phase transition

egions of a substance.
We are interested in determining the thermal properties of sam-

les in their liquid phase, away from their phase transition region.
ip process flow.

For that reason the choice of the measurement frequencies is dic-
tated only by practical reasons.

4.2. Calibration method

For the calibration procedure we used a lock-in amplifier to
apply a sinusoidal signal at frequency ω to the heater. The heater
sends heat waves (or temperature waves as some prefer to say)
through the liquid sample to the thermopile on the opposite mem-
brane. The frequency of the heat wave P is twice the heater voltage
frequency because

P(ω) = Uh(ω)2

Rh
(1)

where Rh is the heater electrical resistance and Uh is the heater
voltage. The thermopile output voltage can be written as

Uout(ω) = N˛scT(ω) = N˛scP(ω)Zth(ω) (2)

where N is the number of thermocouples, ˛sc is the Seebeck coef-
ficient of the thermopile and Zth is the thermal impedance of the
device and the liquid sample. The output voltage of the thermopile
will be a sinusoidal signal with the same frequency 2ω as P and
with an initial phase ϕ /= 0. From Eq. (2) we see that the product
of the thermal impedance with the heat P equals the temperature
elevation T of the hot junction of the thermopile respect to the tem-
perature of the cold junction of the thermopile. The temperature
of the cold junction of the thermopile can be assumed to be the
ambient temperature Tamb and it is frequency independent while
the temperature of the hot junction is frequency dependent. The
behavior of T can be calculated solving the heat diffusion equation
of the heat flow through the liquid sample

⎧⎪⎨
⎪⎩

∇2T˛ = ∂T

∂t
in the sample

∇2T˛s = ∂T

∂t
in the substarte

(3)
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As our purpose it to relate the phase shift between Uout and Uh
with the thermal diffusivity of the liquid sample we consider for
the calibration curve only the results measured at one frequency
(1 Hz). Therefore, for the construction of the calibration curve we
considered the values measured at 1 Hz. At higher frequency the
8 E. Iervolino et al. / Thermoc

here T is the temperature elevation above Tamb, ˛ is the thermal
iffusivity of the liquid sample and ˛s is the thermal diffusivity of
he substrate. To give an approximated idea of the behavior of our
evice, we can take the same assumptions as Hashimoto et al. [7]:
he heat is flowing in one dimension; the substrate is semi-infinite
o that T(x → −∞, t) = T(x → +∞, t) = 0 at the infinity; kd > 1 with d
he value of the path covered by the heat wave (300 �m in our
evice) and k =

√
(ω/2˛). Under these assumptions the temperature

levation T above Tamb is approximately given by [7]

(d, t) =
√

2q0kKe−kd

(kK + ksKs)
2

ej(ωt−kd−(�/4)), kd > 1 (4)

here K and Ks are the thermal conductivities of the sample and the
ubstrate, respectively, ks =

√
(ω/2˛s) and q0ejωt is the heat wave per

nit area. Using Eq. (4) we can approximate Eq. (2) as follows:

out(ω) = N˛sc

√
2q0kKe−kd

(kK + ksKs)
2

ej(ωt−kd−(�/4)), kd > 1 (5)

If we neglect the influence from the substrate (in our case a
ery thin membrane and air) we end up with the following equa-
ion:where P0 = Aq0 is the amplitude of the heat wave (measured in

), A is the area crossed by the heat flow. The term d/KA in Eq. (6)
s the thermal resistance (measured in K/W) of the liquid sample:

out(ω) = N˛scP0
d

KA

√
2e−kd

kd
ej(ωt−kd−(�/4)), kd > 1 (6)

th = d

KA
(7)

sing Eq. (7), Uout is approximately given by

out(ω) = N˛scP0Rth

√
2e−kd

kd
ej(ωt−kd−(�/4)), kd > 1 (8)

q. (8) shows the DC contribution (N˛scP0Rth) and, the frequency
ependent attenuation (

√
2e−kd/kd) and phase −kd − (�/4) of Uout.

hese calculations are made to give a general idea of the relations
hat exist between the thermal properties of the sample under test
nd the measured signals. They do not describe our device. Indeed,
ecause of the 3D structure of the device a more correct calculation
hould include all the three directions of the heat flow. Furthermore
he substrate is not semi-infinite.

A theoretical analysis of the device is beyond the purpose of this
aper. Our purpose is to obtain the relation between the measured
ignals and the thermal properties of the liquid sample under test
i.e., the calibration curves of the device).

In order to obtain the calibration curves we studied the output
ignal in terms of its amplitude and phase.

.2.1. Thermopile voltage amplitude
We applied to the heater an AC voltage. We varied the frequency

rom 10 mHz to 1 Hz keeping the amplitude constant. In Fig. 4 we
how the amplitude of the thermopile voltage versus frequency for
ater and IPA. Experimentally we found that both the amplitudes
f the curves for water and IPA decrease with frequency.

As we can see from Fig. 4, at 10 mHz, the curve obtained for
ater (thermal conductivity of 0.598 W/K m) is below the curve
btained with IPA (0.14 W/K m). The temperature increase at the
pposite membrane of the heater is lower with the water than with
PA as, at lower frequency (10 mHz) the lateral cooling of the water
s better than by IPA, relative to the vertical heat transfer from the
eater to the thermopile at the opposite membrane. At such low
requency, 10 mHz, the behavior is very much like that at DC and
he thermal diffusivity of the sample does not play a significant role.
t higher frequency (1 Hz) the thermal horizon for thermal waves

n IPA (1/kIPAd) is smaller than in water (1/kH2Od) and the lateral
ooling starts to lose its effect. This explains why the amplitude for
Fig. 4. AC amplitude of the thermopile voltage for two liquid samples (water and
IPA) with a heating power of 1.5 mWp–p. Measurements are done at 30 ◦C across a
300-�m distance.

IPA starts to fall below that of water. In Fig. 4 is it visible that this
effect starts at 1 Hz. Measurements at 5 Hz has been done to confirm
this behavior but they are not reported in present paper.

Our purpose is to make a relation between Uout and the ther-
mal conductivity of the liquid sample. For that reason, to make
the calibration curve, for thermal conductivity measurements, we
considered the amplitudes of the thermopile voltage measured at
10 mHz. We did not perform measurement at DC because AC mea-
surements allowed us to use a low-noise measurement set up and
at 10 mHz the behavior is very much like that at DC.

To compare results at different frequencies, a frequency depen-
dent calibration factor has to be calculated, solving Eq. (3). But, as
we already mentioned, it is not our intention to make a theoretical
analysis of the device.

4.2.2. Thermopile voltage phase
Information on the thermal diffusivity of the liquid sample are

obtained by measuring the phase shift between Uout(ω) and the
heater voltage as the heat waves are not only attenuated by the
liquid sample but also delayed. As example we report the measure-
ments obtained with water (0.143 mm2/s) and IPA (0.068 mm2/s).
In Fig. 5 we plotted the absolute value of the phase shift between
the thermopile voltage and the heater voltage versus frequency
for the two liquids. As expected, the faster liquid (water) gives
the lower phase shift (delay). Looking at Fig. 5 we see that the
difference between the two signals increases with the frequency.
Fig. 5. Phase shift between the thermopile voltage and the heater voltage for two
liquid samples (water and IPA) with a heating power of 1.5 mWp–p. Measurements
are done at 30 ◦C across a 300-�m distance.
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Table 2
Calculated values of thermal conductivity, at 30 ◦C, for
several MeOH–water and IPA–water mixtures using the cal-
ibration curve. The maximum difference between the values
in [13] and the calculated ones is 0.01 W/K m.

Sample Calculated K [W/K m]

IPA 100% 0.151
IPA75% 0.208
IPA50% 0.308
MeOH 100% 0.199
MeOH 75% 0.250
E. Iervolino et al. / Thermoc

ifference between the phase shift for the two liquids will be even
igher, but the amplitude of the signals become very low and the
ignal-to-noise ratio will be too low.

The calibration liquids we use are: demi water; IPA; methanol
nd water–methanol solutions at various methanol concentrations.

It is common to use reference materials with known thermal
roperties for the calibration. Although reference materials for
alorimetry are listed in [12], there are no guidelines regarding mea-
urements of thermal conductivity and thermal diffusivity of liquid
amples. In order to perform the device calibration, we decided
o use water–alcohol mixtures because they are easily available
nd with well-known thermal properties. Indeed, several papers
13–16] have been published about the measurement of the ther-

al properties of water, alcohol and water–alcohol mixtures. The
PA samples we used have a purity of 99.8% while the methanol sam-
les have a purity of 99.5%. The demi water has a resistivity of more
han 15 M� cm. We performed measurements in an oven at 30 ◦C
nd we used, as values for the thermal conductivity and thermal
iffusivity of the liquids, the measured values reported in [13–15].

n [14,15] the values of thermal diffusivity for the water–alcohol
ixtures are reported only for a temperature of 23 ◦C. For a change

f the ambient temperature of 7 ◦C [15] the variation of the thermal
iffusivity of the used liquid samples with the temperature is max-

mum of 2.5% of the value at 23 ◦C. We compensate for this error
dding a correcting factor to the values reported in [14]. The cor-
ection factor is calculated from the difference between the values
t 23 ◦C and the values at 30 ◦C reported by [15].

Using the calibration curve it is then possible to calculate the
hermal properties, not listed in literature, of other liquid sam-
les. Other liquids, as water–IPA mixture have also been measured.
he thermal conductivity and thermal diffusivity values calculated
ith the calibration curve have been compared with the values
resent in literature in [11]. The results are presented in the next
ection.

. Experimental results

.1. Measurements

In this section we present the measurements performed to con-
truct the calibration curves of the device.

The temperature of the CTS oven is set at 30 ◦C. The bias voltage
e applied to the heater is a sinusoidal signal with amplitude of

VPP and with frequency in the range between 10 mHz and 1 Hz.
or different liquid samples we measured the amplitude of the
hermopile voltage and the phase shift between the thermopile
oltage and the heater voltage. Using the thermal conductivity val-
es from [13] we made a calibration curve. In Fig. 6 we plotted the

ig. 6. Thermal conductivity of IPA and MeOH–water mixtures (100, 75, 50, 25,
wt%) as function of thermopile voltage at 10 mHz for 300-�m distance from the
eater. Measurement performed at 30 ◦C.
MeOH 50% 0.340
MeOH 25% 0.470
MeOH 0%(=H2O) 0.605

thermal conductivity of the liquid samples as function of the ampli-
tude of the thermopile voltage at 10 mHz for a distance between
heater and thermopile of 300 �m. We utilized a 2nd order poly-
nomial to interpolate the experimental results. With a 2nd order
polynomial the error is less then 4% of the experimental results.
To get an error less then 0.5% it is necessary to use a 4th order
polynomial. Thanks to the calibration curve is possible to calcu-
late the thermal conductivity of liquid samples not studied yet.
To prove this we compared, for IPA–water mixture at 50 weight%
(wt%), the thermal diffusivity value present in [13] with the one
calculated with the calibration curve. The difference between the
two values is 1.2% (0.004 mW/K m) of the value present in [13],
which is inside the inaccuracy of the interpolation curve. The val-
ues of thermal conductivity calculated using the calibration curve
for the measured MeOH–water and IPA–water mixtures are listed
in Table 2.

A change in the output voltage of the order of 5 mV for a change in
the thermal conductivity from 0.1 to 0.6 W/K m would correspond
to a sensitivity of about 11 mV/(W/K m). A resolution in thermal
conductivity value is obtained in the order of 0.02 mW/K m. To cal-
culate the resolution we used the standard deviation value, about
0.2 mV, obtained measuring the output signal three times.

The information about the thermal diffusivity is distilled from
the phase shift between the thermopile voltage and the heater
voltage at 1 Hz. Using the thermal diffusivity values present in
literature [14–16], with the necessary correction, we made a cal-
ibration curve. Fig. 7 shows the absolute value of the phase shift at
1 Hz heating signal for a distance between heater and thermopile
of 300 �m. Also in this case a 2nd order polynomial was used to
interpolate the experimental results. For Methanol concentration

of 75 wt% we measured a value very close to the one measured
for a 100 wt% concentration. This is in agreement with the results
showed in [14]. The thermal diffusivities of IPA–water mixtures
(75% and 50%) shown in Fig. 7 are calculated using the calibration

Fig. 7. Thermal diffusivity of IPA and MeOH–water mixtures (100, 75, 50, 25, 10,
1, 0 wt%) as function of thermopile voltage at 1 Hz for 300-�m distance from the
heater. Measurement performed at 30 ◦C.
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Table 3
Calculated values of thermal diffusivity, at 30 ◦C, for several
MeOH–water and IPA–water mixtures using the calibra-
tion curve. The maximum difference between the values
in [14–16], corrected for a temperature of 30 ◦C, and the
calculated ones is 0.006 mm2/s.

Sample Calculated ˛ [mm2/s]

IPA 100% 0.067
IPA75% 0.073
IPA50% 0.088
MeOH 100% 0.103
MeOH 75% 0.102
MeOH 50% 0.106
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MeOH 25% 0.118
MeOH 10% 0.135
MeOH 1% 0.147
MeOH 0%(=H2O) 0.149

urve. Those values, together with the values of thermal diffusivity
alculated for the measured MeOH–water mixtures, are presented
n Table 3.

At a distance of 300 �m and at 1 Hz heating voltage, the dif-
erence in phase shift between water and IPA is approximately
5◦. With a standard deviation of 0.7◦, the obtained resolution is
.001 mm2/s.

. Conclusions

We presented a calorimeter chips suitable for measurement of
hermal conductivity and thermal diffusivity of liquid samples. For
he device calibration water–alcohol mixtures at different alcohol
oncentrations have been used. The device we calibrated consists
f two calorimeter chips glued on top of each other to form a close
hamber. The chamber is intended to contain and isolate the liquid
ample from the ambient. Both chips have a heater and a ther-
opile on the centre of a SiN membrane. When the heater is excited
ith an AC signal the thermopile shows an output voltage with

n amplitude and phase shift related to the thermal conductiv-
ty and thermal diffusivity of the liquid sample contained inside
he device chamber, respectively. Using the values of the thermal
roperties of the liquid samples found in literature we constructed
wo calibration curves for the device. The calibration curves can
e used to determine the thermal conductivity and thermal dif-
usivity of liquid samples under test. A resolution of 0.02 mW/K m

as been obtained for thermal conductivity measurements that is a
alue typically well below 1% of the thermal conductivity values of
ost liquids (usually around 200 mW/K m). For the thermal diffu-

ivity measurements we obtained a resolution of 0.001 mm2/s that
s about 1.4% of the IPA thermal diffusivity.
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