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Abstract Recent measurements have shown a record-breaking low thermal con-
ductivity A of less than 0.25 x 1073W.m™ 1. K1 at temperatures of 120K for
an evacuated sample consisting of polyimide fibers with a trilobal fiber cross section.
Existing models for the heat transport in fiber insulations cannot sufficiently describe
fiber insulations consisting of fibers with non-cylindrical cross sections. In this article,
amodification for the model for cylindrical fibers will be presented. The modifications
for the trilobal cross section of the fiber will be explained and compared to the original
cylindrical model. The results of the theoretical calculations will be discussed in com-
parison to experimental results of measurements performed with a guarded hot-plate
apparatus at temperatures in the range from 120K to 420K.

Keywords Contact radius - Cryogenic insulation - Fiber model - Fibrous insulation -
Polyimide - Thermal conductivity - Trilobal - Unit cell

1 Motivation and Classification

The best insulation for a cryogenic application needs to fulfill many requirements. For
example, processing, maintenance, mechanic stability, handling, costs, aging, disposal,
health hazard, load- and temperature cycling, temperature endurance, gas pressure
resistance, etc., and, of course, thermal conductivity are the properties of interest.
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Fig. 1 Comparison of the mean thermal conductivity of insulation materials for a typical temperature
difference in cryogenic application with Tyog = 77K (LN3) and Ty = 300K (ambient temperature).
A spread in the measured values (data from literature) for each material is shown. The dashed line represents
the calculated mean thermal conductivity of a cryogenic insulation made of polyimide fibers

Thus, making a choice for the proper insulation material does not necessarily result
in the insulation with the lowest thermal conductivity. Fiber insulations have a long
history in low-temperature applications [1-3]. The main advantage of fibrous insula-
tion is their easy handling compared to insulations made of granular or powder and
insulations based on heat shields (MLI—multilayer insulation).

The mean thermal conductivity Ay, of a thermal insulation is defined as

Thot

1
Am=———— [ MT)dT. e))
" Thot — Tecold
Teold

In Fig. 1 a comparison of the mean thermal conductivity of typical materials for cryo-
genic insulations can be found. The shown values are valid for an evacuated insulation
with a surface temperature of Tiolg = 77K (LN3) and To¢ = 300K. One of the
lowest measured thermal conductivity for an evacuated fiber insulation was about
0.6 x 1073W.-m~".K~!. The mean fiber diameter of this optimized insulation was
1.143 um [4]. The trilobal polyimide fibers investigated in this work have a record
breaking low thermal conductivity for fibrous insulations. The calculated mean ther-
mal conductivity Ay, = 0.48 x 107> W.m™! . K~! (dashed line, Fig. 1) is significantly
lower than the thermal conductivity of the standard fiber insulations.

In Fig. 2 an image of the investigated fiber insulation, taken with a scanning electron
microscope, is shown. The predominant cross-sectional shape with the characteristic
three arms is called trilobal. This typical cross-sectional shape is assumed to be the
major reason for the low thermal conductivity of the investigated fibrous insulation.
But there is even a remaining potential for the optimization of this material. For exam-
ple, the fiber diameter could be modified to minimize the thermal conductivity caused
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Fig. 2 Picture taken with a
scanning electron microscope.
The cross section of the fiber is
irregularly lobed. Predominant
among other fibers cross sections
is the three-armed (trilobal)
cross section. The titer of the
fiber is 2.2 dtex (radius ~ 7 um)

Fig. 3 Theoretical model for
fiber insulations consists of
layers of parallel fibers with
cylindrical cross section and
with equidistant spacing L. For
heat transport calculations in
fibrous media, a unit cell (box
depicted) is needed

unit cell with
edge length = L and
height = 2r

by the solid structure, or one could be adding infrared opacifiers to reduce the heat
transfer caused by radiation.

2 Model

The functional principle of all fiber insulations is to enlarge the path that heat has to
travel from the warm side to the cold side. The calculation of the effective thermal
conductivity of the fiber matrix Agolig is based on a fiber model by [3]. The model
consists of layers of parallel fibers with cylindrical cross section and with equidistant
spacing L. The following layer is perpendicular and shifted L/2 to the prior. In the
same way, the entire insulation can be built up and described physically (Fig. 3).

For thermal calculations, just one representative unit cell is needed. The box in Fig. 3
depicts the chosen unit cell with a length L and height 2r (r being the radius). One
fiber element of the length L is located in the center of the unit cell. The total thermal
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Fig. 4 Schematic resistance
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resistance Ry 1S determined by the conductor-resistance Ry, and contact-resistance
R of the fiber:

1 5
Rtotal,uc = ERL + §RCt~ (2)

A schematic resistance diagram of the chosen unit cell is depicted in Fig.4 [3, 5, 6].
The conductor-resistance Ry, and the contact-resistance R for the chosen unit cell
are

R L/2 3)
L=—5—"
72 Apulk
and
Rem — @)
T Daehbuk

where a is the Hertzian contact radius [7]. For perpendicular orientated fibers, it is
given by

Fr, 5)

where v is the Poisson’s ratio, Ep,q is the elastic modulus, F is the average force on
one contact point, and r is the fiber radius.

Finally, the total thermal resistance of the unit cell, Riotal,uc, and the corresponding
solid thermal conductivity Ago)ig can be described by

1 L 5 1
Rtotal uc — - and (6)
’ 47rhpuk 16 dethbuik
2
Asolid = S (N
L2 Rtotal,uc
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Fig. 5 Diagram of the trilobal
fiber for the different radii used
in the adapted fiber model

R= srsmall
R= 515 Iiqdie

Moreover, a relationship between the density of the sample p and the density of the
bulk material py can be derived regarding the ratio of the unit cell volume V. and the
real fiber volume Viper. Thus, the functional relationship among L, p, po, and r is

po Ve _20LL 2L

o - Viber T wrlL T mr

®)

Kaganer’s cylindrical model is now adapted to the trilobal fiber by introducing two
different radius definitions, rmiggle and rgmair, as shown in Fig.5. The radius rpjddie
is obtained by calculating it from the fiber’s titer (e.g., dtex=1g/10,000m) for the
bulk density [1]. The radius rmiqdle is estimated to be 3/5th of the outer radius R. The
radius rmiqdle represents the radius that is equivalent in the cross-sectional surface of
cylindrical fibers. It is used to calculate the conductor-resistance Ry, (Eq.3).

The radius rgmay is set to 1/5th of R, representing the curvature of the outer edge
of one fiber arm which is needed to calculate the Hertzian contact-radius a¢; (Eq.5).
As a consequence, rsmal Strongly affects the contact resistance R (Eq.4). Moreover,
the functional relationship among L, p, po, and the radius (Eq. 8) is modified for the
new unit cell height 2R and the adequate fiber radius rmigdie:

Vi 2RL
£0 ue _ ©)

= 2 .
P Viiber 7 iniqdre

The effective thermal conductivity g is extremely sensitive to the ratio of the
different radii. Therefore, images with a scanning electron microscope were taken
(Fig.?2) for evaluation of rgma and 7migdle to minimize this uncertainty and form the
basis for Fig. 5.

In addition, the model is modified to the different possible fiber arrangements in
the unit cell. The possible orientations of the trilobal fiber arms and their resulting
number of contacts between each other are calculated for the case of two adjacent unit
cells (assuming, there is at least one contact point at each fiber crossing), see Table 1.

The average force F on one fiber crossing has to be split according to the number
of contacts. For this reason, building a unit cell for each possible arrangement Rflgt
(number of contacts i = 1, 2, 4) and averaging these equally weighted values, a mean

@ Springer



1390 Int J Thermophys (2008) 29:1385-1394

Table 1 Possible number of contacts accounting for the trilobal cross section of the polyimide fiber,
postulating at least one contact point at each fiber crossing

Number of fiber arms orientated to the . . .

Bottom of the upper unit cell 1 1 2
Top of the lower unit cell 1 1 2 2
Total number of contacts 1 2 2 4
total thermal resistance Riotal,uc—mean Was obtained:
Rlct 4 2R2Ct 4 R4Ct
c c c
Rtotal, uc—mean — = - 4 . ( 1 0)

4

3 Calculation of the Total Thermal Conductivity

Starting from an additive model for the total thermal conductivity Ao (7") of an evac-
uated insulation, there are only two contributions Aglig(7) and A;,q(7") to consider
(Eq. 11). Gas conduction and related coupling effects do not exist as a result of the
low gas pressure pgas < 0.001 hPa:

Atotal (T) = Asolid (T') + Arad (T). (11

The thermal conductivity Agoig(7") of the solid is given by Eq. 7 and the contribution
by radiation is given for A4q(7) by

16 n%6T3
krad(T) = ? P (12)

ep

where n is the effective refraction index, o is the Stefan-Boltzmann constant, e is the
specific extinction coefficient, and p is the sample density.

Other parameters that have to be taken into account are the external bearing load
Pext = 0.007 MPa and the specific extinction coefficient ¢ = 80 m2. kg’l, derived
by a plot of the experimentally determined thermal conductivity as a function of the
third power of the temperature (Fig. 6). The specific extinction coefficient e is assumed
to be a temperature-independent constant [8, 9]. The refraction index n is set equal
to one, and the sample density is p = 130kg-m~>. Other important material prop-
erties are the elastic modulus Epog = 3 GPa, Poisson’s ratio v = 0.4, bulk density
po = 1410kg- m~3, and the fiber’s titer is 0.6 dtex (equals to rmigdle ~ 3.7 um). Ther-
mal-conductivity measurements were performed with a guarded hot-plate apparatus
[10]. The relative measurement uncertainty is estimated to be 5 % for temperatures
above 250K and 10 % for temperatures below 150 K.

Figure 7 shows the measured thermal conductivity of the investigated polyimide
specimen depicted as a function of temperature in comparison to the results of the cylin-
drical model and the trilobal model. Table 2 gives a listing of the single measurements
of the mean thermal conductivity A, together with the boundary conditions. Here, for
both models, the same bulk thermal conductivity Apyk (300K) ~0.153W.m~!. K~!
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Fig. 6 Measurements of the thermal conductivity of the investigated polyimide specimen are depicted as
a function of the third power of the temperature. The experimental results were obtained with a guarded
hot-plate apparatus. In addition, a linear fit is added. The specific extinction coefficient ¢ = 80 m? -kg_1
can be derived from the slope (Eq. 12)
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Fig. 7 Thermal conductivity of the investigated polyimide specimen is depicted as a function of temper-
ature. Results of the cylindrical model and the trilobal model are compared to the experimental results of
measurements with a guarded hot-plate apparatus

was used. Both theoretical models show the characteristic behavior, increasing slowly
at low temperatures and faster at higher temperatures mainly due to radiation. The
cylindrical model derives the highest values for the total thermal conductivity.
Unfortunately, the bulk thermal conductivity for the specimen could not be mea-
sured. In the literature, a wide band of thermal-conductivity values for polyimide
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Table 2 Measurements of mean

thermal conductivity Apm and T (K) Mean th.er.mal Teola (K) Thot (K)
. . conductivity
associated boundary conditions N
m

1073w.-m~1.k™ 1)

117.9 0.19 102.7 133
138.4 0.30 103.8 173
283 0.98 273 293
323 1.29 313 333
373 1.82 363 373
423 2.51 413 433

06 : - : I I I I r
original fit-function for Ay, (T) from [NIST]
05 4| Ausd 300 K) ~ 0.336 W-m'-K"!

RN

03 4

trilobal model
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Fig. 8 Different bulk thermal conductivities Apyjx for polyimide as a function of the temperature. Highest
curve is a fit-function for polyimide taken from NIST [12]. To bring the trilobal model and measurements
in good agreement, it was necessary to down-scale this fit-function by a factor of 0.45 (see middle curve).
In addition, the necessary down-scaling by a factor of 0.25 for the cylindrical model is shown (see lowest
curve); this results in a value at room temperature that is out of the band of thermal conductivities from the
literature for polyimide at room temperatures (see shaded area) [11]

ranging from (0.1 to 0.35)W-m~!-K~! at 300K can be found [11]. This wide band
could be a consequence of the anisotropy of the polymer orientation.

For calculations the thermal conductivity of the bulk material Apyk(7) is being
accounted for by using a fitting function from NIST (National Institute of Standards
and Technology) [12]. This reference gives the only temperature-dependent thermal
conductivity for bulk polyimide that could be found.

The numerical simulations for the trilobal model have shown that a value of approx-
imately 0.153 W - m~!-K~! for Apuk (300 K) fits best with the measured data. Hence,
the temperature-dependent thermal conductivity function from NIST, Apyk NIST
(300K) ~0.336 W-m~!-K~!, was downscaled accordingly for all temperatures.

Adjusting the thermal conductivity of the bulk material for the cylindrical model
to fit the measured data leads to a bulk thermal conductivity Apyk (300K)~0.085
W.m~!.K~!. This value is lower than the values of bulk thermal conductivities
known for polyimide, see Fig. 8. Obviously the cylindrical model neglects at least one
important aspect, which can be assumed to be the very special non-cylindrical cross
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Fig. 9 Total thermal conductivity Aa)(7) for the cylindrical model and the trilobal model as a function
of temperature is shown. Total thermal conductivity is divided into its parts: Agolig and Apaq. In addition,
measurements taken with a guarded hot-plate apparatus are displayed

section in this case. This supports that the trilobal model is a more realistic description
of this special geometric situation.

Figure9 shows the total thermal conductivity Ai(7) and their components
Asolid (') and Apg(7T') of the investigated polyimide specimen depicted as a func-
tion of temperature for the two models in comparison to the experimentally derived
values. The contribution by radiation is calculated by Eq. 12 and is identical for both
models. Moreover, it is worth mentioning that for lower temperatures (7 < 150K)
the thermal conductivity of the solid for the cylindrical model exceeds the measured
values. The difference in the solid contribution is due to the adapted fiber model to
the trilobal fiber cross section.

At high temperatures, the relative difference between the total thermal conductivity
between the cylindrical and trilobal models is almost negligible due to the dominant
radiation. Whereas, at low temperatures, the solid conductivity becomes dominant and
the modification for the trilobal cross section of the polyimide fiber becomes obvious.
The ratio of the solid thermal conductivity Agig for the cylindrical and trilobal models
is a temperature-independent factor of approximately 1.61, which is due to the fact
that Apyik (7) is the only temperature-dependent variable in the relevant equation Eq. 6.

4 Conclusion

It could be shown that trilobal polyimide fibers provide a very low thermal conduc-
tivity due to their unique fiber form in combination with the low thermal conductivity
of the bulk material. In comparison to other fiber insulations, this fiber is promising
especially for cryogenic applications. Since this material has not been optimized for
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thermal insulation applications so far, a significant potential for further improvement
of the insulation properties seems likely.

Furthermore, Kaganer’s cylindrical model was successfully adapted to this special
cross section. It was shown that the contact resistance is the main factor for the total
thermal conductivity which additionally strongly depends on the used fiber radius.
Minimizing the contact area between two fibers maximizes the contact resistance, and
therefore minimizes the thermal conductivity of the solid. Hence, the solid thermal
conductivity is dominant for lower temperatures and explains the increasing relative
difference between the cylindrical and trilobal models at lower temperatures. Neglect-
ing the trilobal geometry would lead to errors of systematic deviation of about 60%
with respect to the solid thermal conductivity.
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