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ABSTRACT

A design for the use of evacuated Perlite insulation in the shipment of perishable goods was
analyzed, implemented, and evaluated, with the goal of replacing or reducing the amount of
phase-change materials needed to ship such goods by standard package carriers. The package
design makes use of inexpensive materials and relatively simple operations to completely
surround perishable items in a layer of evacuated Perlite insulation, bounded by inner and outer
bags of high-barrier film. A vacuum chamber and sealing apparatus were constructed in order to
fabricate these evacuated Perlite packages, and a microcontroller-based temperature-logging
sensor was developed and built for in-situ temperature measurement over several days' time
span.

Due to problems with the reliability of the fabrication apparatus and the package structure, no
experimental data could be obtained to evaluate the performance of the package design with
evacuated insulation. Control data validated the function of the temperature sensor, which may
have applications to other projects. The package design still appears to be viable, but a more
reliable sealing and evacuating apparatus must be constructed and a more robust way to package
goods within the insulation layer must be devised.

Thesis Supervisor: John H. Lienhard V
Title: Professor of Mechanical Engineering
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1: INTRODUCTION

With the explosion of electronic commerce over the past decade, more and more temperature-
sensitive goods are shipped across the country and around the world by standard package
carriers. In order to guarantee successful shipments, shippers of perishable items have resorted
to a myriad of temperature management techniques, from pre-formed expanded polystyrene
(EPS) blocks to custom-manufactured packs of phase-change materials (PCMs). Unfortunately,
none of these methods are completely effective. EPS blocks must be very thick in order to
guarantee product survivability for standard shipping periods, and entail significant mold tooling
costs. The use of PCMs can significantly reduce the required thickness of insulation, but at the
expense of turning shippers of perishables into freezer-pack salesmen as well. Newer
techniques, such as molded-in-place polyurethane insulation, eliminate the tooling costs of EPS,
but continue to require large amounts of insulation, and consequently large packages. The goal
of this project was to find a way to reduce the insulation thickness needed to transport perishable
goods, without requiring the use of PCMs to regulate product temperatures.

In order to achieve the goal of thinner insulation, an alternative set of materials must be
considered: evacuated insulation. The thermal conductivity of EPS around room temperature is
approximately 35 mW/mK, comparable to the conductivity of air, 26 mW/m.K1. The only way
to achieve a substantially lower thermal conductivity is to eliminate the air from the insulation.
In doing so, there are a number of possible vacuum insulation materials. Some, like laminated
foils, are too fragile to withstand the rigors of shipment. A simple vacuum, with no substrate,
would be very difficult to structurally maintain within a shipping container, requiring the use of a
heavy-walled vessel and allowing for thermally conductive structural paths from the ambient
environment to the perishable goods. The solution to this problem is to use a granular vacuum
insulation, with the granular material supporting the pressure of the atmosphere and a layer of
gas barrier film preventing air infiltration.

This thesis describes an implementation of the above-mentioned packaging concept. First, the
design of the package will be explored in greater detail, and treated to analysis in order to predict
its performance. The design of the apparatus used to fabricate the package will then be
discussed, including the design of the testing apparatus and the experimental protocol.
Preliminary results for the actual performance of vacuum-insulated packages will be presented
and analyzed. Finally, suggestions for future development and for improvements to the
apparatus will be presented.

1 J.H. Lienhard IV and J.H. Lienhard V, A Heat Transfer Textbook, 3 d ed. Cambridge MA: Phlogiston Press, 2003
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2: PACKAGE DESIGN AND ANALYSIS

The previous section introduced a concept for a low cost vacuum insulation system for the
shipment of perishable goods, consisting of a layer of vacuum insulation contained by gas barrier
film and completely surrounding the product to be insulated. Here, this concept is refined and
developed into the implemented experimental system, and analyzed to predict its performance.

2.1: The Basic Design

Vacuum insulation poses some unique problems for shipping package design. These materials,
such as Perlite, multilayer foils, and silica powder, are difficult to form into structural package
components, and require the maintenance of a high vacuum in order to achieve low thermal
conductivity. They are most often used in cryogenic storage applications, where the steel Dewar
walls provide structural support and vacuum containment. In a shipping application, the
insulation material must provide structural support for the product, to avoid heat conduction
through structural elements, and must be contained within thin foil or plastic layers instead of
thick steel.

Of these vacuum insulation materials, the most practical for shipping applications is Perlite. This
material, familiar to home gardeners as a potting soil amendment, consists of natural volcanic
glass which has been heated in a furnace and "popped," in a process very similar to the popping
of corn.2 The resulting granular material has a network of micron-scale pores, leading to a low
density and a very torturous path for heat conduction through the solid material. It is non-toxic,
chemically inert, and strong enough to withstand the force of atmospheric pressure on a vacuum
vessel without crushing. At a vacuum of 10 mTorr3, one grade of Perlite, with a density of 140
kg/m3, has a thermal conductivity of only 3.3 mW/m-K, an order of magnitude lower than that of
EPS.

The Perlite must be maintained at a high vacuum for the duration of the shipping process in order
to retain its insulative properties. The inexpensive, flexible material of choice for this task is a
gas barrier film. These films, most often used as oxygen and water vapor barriers in archival
storage, food packaging, and semiconductor shipment, consist of a laminate of plastics and
inorganic materials. Typically, the inner layer is a relatively thick layer of low-density
polyethylene, needed for successful heat-sealing of barrier film packages. There is then an
extremely thin inorganic middle layer, typically aluminum foil but sometimes a more exotic
ceramic or metal oxide film that provides the actual gas barrier function. The outer layer of the
barrier film is typically a strong, puncture and heat resistant plastic, such as Mylarg. High

cm 3

barrier films typically permit the passage of under 0.05 2 day of oxygen at atmospheric
m 2 day

2 The Perlite Institute, <http://www.Perlite.org>
3 L. Adams, "Thermal Conductivity of Evacuated Perlite," Cryogenic Technology Journal of the Cryogenic Society
ofAmerica 1(6): 249-251l, 1965.
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pressure and room temperature, and under 0.1 g of water vapor under similar
m2 -day

4conditions.

A typical package cross-section is shown in Fig. 2-1. A complete evacuated layer is formed by
placing the perishable goods in a barrier film bag, placing that bag inside a larger barrier film
bag, filling the intervening space with Perlite, evacuating the Perlite, and sealing the outer bag.
The outer box helps to prevent punctures or other damage to the outer barrier film bag, while the
inner box allows system modularity (boxed goods can simply be placed in inner bags) and can
serve as a structural support for the inner bag if needed.

Figure 2-1: Generic Package Cross-Section.
evacuated Perlite, which is contained

The perishable goods are insulated by a layer of
by an inner and an outer barrier film bag.

2.2: The Experimental Embodiment

The ideal embodiment of this insulation system would fit neatly in a box, and be large enough to
hold practical goods. Unfortunately, the resources available for an initial embodiment are
limited, so compromises must be made. To fit neatly in a box, the system would ideally use
gusseted bags, which have a rectangular cross-section when full. The Perlite would ideally be
cryogenic-grade insulation Perlite, and the "perishable goods" would be something tasty, such as
chocolates. For this initial embodiment, these three parameters must be sacrificed. For easier
sealing and bag purchase, the experimental package consists of flat, rather than gusseted, bags.
The inner bag is originally 7.5" x 12", and the outer bag is initially 10" x 20". The inner bag is
trimmed considerably during package assembly. The outer bag is made of a material called
PAKDRY1500; the inner bag is made from a material named PAKVF4W, both supplied by the

4 IMPAK Corporation, <http://www.sorbentsystems.com>
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IMPAK Corporation5. This change makes the package somewhat bulging and misshapen, as flat
bags to not accommodate three-dimensional contents gracefully. For easy acquisition, garden
Perlite is used in the experimental package rather than cryogenic-grade Perlite. This substitution
will degrade the package performance, as garden Perlite is generally coarser and denser than the
material recommended for vacuum insulation, and thus possessed of more direct conduction
paths and easier to crush. Rather than chocolates, the experimental "perishables" are a bag,
containing a measured quantity of water, and an autonomous temperature sensor (further
discussed in section 3 and in the Appendix). Combined, these two items comprise a constant
heat capacity and the ability to accurately record temperature changes over multi-hour periods of
time.

2.3 Performance Analysis

Ignoring initial transient semi-infinite body effects, the process by which the perishable goods
warm up to ambient temperature can be described by a simple transient heating model. The
insulation has a much lower thermal conductivity than whatever the perishable goods would be;
using the conventional definition of the Biot number as the ratio of the thermal resistance within
a body to the thermal resistance between the body and ambient conditions, the Biot number is
intuitively much less than one. This small Biot number permits the use of a lumped capacitance
model, greatly simplifying calculations. The thermal capacitance of the "perishables" in the
experimental system consists of that of the water and that of the temperature sensor. Assuming
the temperature sensor has a heat capacity well below that of the water, then, the thermal
capacitance of the system is given approximately by

C mwCpw (2.1)

where C is the lumped thermal capacitance, mw is the mass of water in the payload, and cp, is
the specific heat of water, approximately 4.19 J/g/K around room temperature.

The thermal resistance of the package is somewhat more difficult to predict, as there is no
closed-form expression for the thermal resistance of a uniform three-dimensional layer of
material. Instead, an approximation is needed; the Handbook of Heat Transfer6 provides one
such approximation, interpolating between a thin-layer limit and an infinite-layer limit:

I =ASO+O =i 3.5A/4A.S = ,+ S- ],so 0 = 'S.5, 1[A , n=~~~

2- FA,1.26 - L , 1
V 43 79 1.0-4.79----
Ai

, (2.2)

max

where S is the shape factor, n is the interpolation factor, So is the shape factor for a thin layer, S.
is the shape factor for an infinite layer, Ai is the surface area of the inner barrier bag, x is the
insulation thickness, Ls is the length of a diagonal of the payload, and Vi is the volume of the
payload. With these shape factors, a thermal resistance can be determined,

5 IMPAK Corporation, <http://www.sorbentsystems.com>
6 Warren M. Rohsenow, James P. Hartnett, and Young I. Cho, Eds. Handbook of Heat Transfer, 3d ed. New York:
McGraw-Hill, 1998.
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R (2.3)

ins

where R denotes the thermal resistance and kins is the thermal conductivity of the insulation. For
typical inner bag dimensions, n is close to 1. Equations 2.1-2.3 may be combined, then, into an
overall RC time constant characterizing the heat transfer process through the insulation:

mwCplw
Tr ;z .- p (2.4)

insAi I + .

As an example, for a package with 1 kg of water, 5 cm of vacuum Perlite insulation, and 1000
cm2 of inner bag area, the time constant would be roughly 110 hours-this package would
correspond to a spherical inner bag about 1/3 full of water, and would lose 37% of its initial
temperature difference with the ambient conditions after more than half a week, plenty of time
for standard shipping to be effective. If vacuum is lost, however, the thermal conductivity of the
insulation increases by approximately a factor of 20, and the product lifetime experiences a
corresponding decrease 7.

One possible implementation of this package design was analyzed more thoroughly as a project
for course 2.52, Modeling and Approximation of Thermal Processes. This particular analysis
treated a cubical package, with a payload 8" on a side and properties similar to those of wood.
The package began shipment at 32° F (0° C), and was deemed to have perished when any portion
reached 50° F (10 ° C) under ambient conditions of 80° F (26.7° C) and perfect heat transfer to
the package exterior. The payload and insulation were both assumed to begin at a uniform
temperature of 0° C, so the time needed for the development of a thermal gradient in the
insulation was included in the analysis by means of a semi-infinite body approximation. The
payload was not treated as a lumped thermal capacitance, and instead transient conduction to a
corner was analyzed assuming a uniform heat transfer coefficient corresponding to Eqn. 2.3
above. The predictions of this analysis are given in Fig. 2-2.

7 L. Adams, "Thermal Conductivity of Evacuated Perlite," Cryogenic Technology Journal of the Cryogenic Society
ofAmerica 1(6): 249-251, 1965.
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Figure 2-2: Results of Detailed Shipping Analysis. This analysis considered the temperature
history of a corner of a cubical payload in a cubical package, warming from an initial

temperature of 0° C to an endpoint temperature of 10° C under ambient conditions of 26.7° C.
The payload has thermal properties similar to wood, and the insulation is evacuated to 10 mTorr.

The payload and insulation both begin at a uniform temperature.
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3: EXPERIMENTAL APPARATUS

Now that the design of the package has been established and computationally evaluated, the
problem of fabricating and testing the package arises. As the project budget precluded the
purchase and modification of a ready-made vacuum sealing system, a system has been built from
scratch. This problem divides itself well into three general sub-problems: designing a means by
which the package insulation can be evacuated, building a mechanism to seal the package under
vacuum, and constructing the package payload, the temperature sensor and heat reservoir that
allow the package performance to be measured.

3.1: The Vacuum Chamber

Vacuum-sealing a package can be tricky business, and there are two main approaches available.
One method is to evacuate the package by inserting a nozzle, pumping out the air via the nozzle,
partially retracting the nozzle, and sealing the bag. This technique has the advantage of relative
simplicity, but does not actively prevent leakage. Given the level of vacuum required for the
Perlite to act as a proper insulator, any leakage is problematic. The other evacuation method is
to place the entire package and sealing mechanism inside a vacuum chamber, and make the seal
under vacuum ambient conditions. This method will achieve a lower ultimate pressure, but
requires the construction of a large vacuum chamber. Despite this hurdle, the chamber sealing
technique was used for this process in order to achieve the higher available vacuum.

The vacuum chamber is illustrated, in conjunction with the sealing apparatus, in Fig. 3-2. The
body ofthe chamber consists of a PVC air duct, 15.5" ID x 16" OD and approximately 9" long,
salvaged from a construction site on campus. A thick PVC plate, attached to the duct by epoxy
putty, seals one end of this duct. The PVC end plate is 1" thick, more than sufficient to
withstand the pressure stress as determined by a simple structural calculation and the quoted
material properties 8. It also serves as a support for parts of the sealing mechanism, which are
fastened to the plate with wood screws. The desired ultimate pressure in the chamber is
sufficiently high (> 1 mTorr) that no particular care needed to be taken to avoid outgassing or
other material problems encountered in high vacuum systems.

The vacuum chamber is accessed via a removable aluminum top plate, 3/8" thick. Structural
calculations and quoted material properties9 give this component at least a safety factor of two
for yielding, sufficient for the purpose at hand. The top plate is sealed to the chamber by means
of a large O-ring. 15.5" ID x 16" OD, stretched around the outside of the chamber. Not shown in
Fig. 3-2 are the three ports located in the top plate. A vacuum pump rated for 2 m3 / hr and 1
mTorr ultimate vacuum is connected to the chamber by means of a KF16 flange installed on the
top plate, using /'4" NPT hardware. A vent valve is similarly attached to the top plate and used to
release vacuum after the sealing process is complete. Finally, an electrical feedthrough,
consisting of five wires running through an epoxy-filled '4" NPT nipple, also penetrates the top
plate. No connection displays any evidence of leaks, and the O-ring seal is quite reliable.

8 McMaster-Carr, <http://www.mcmaster.com>
9 McMaster-Carr, <http://www.mcmaster.com>
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3.2: The Sealing Mechanism

With a vacuum chamber constructed, the problem of sealing the package inside the chamber
remains. The conventional means of sealing barrier film bags (outside of vacuum chambers)
consists of a heat sealer. A 5 mm seal width impulse sealer is sufficient for the job, though a
constant-temperature sealer is considerably better. The project budget only allowed the purchase
of an impulse sealer, so an impulse sealer was used. Impulse sealers work by pressing the bag to
be sealed against a nichrome heating element, then briefly passing a current through the element
just long enough to melt the sealing layer of the film. Ordinarily, the pressure needed to
guarantee a good seal comes from the user, who presses down on the sealer arm (see Fig. 3-1) to
activate a switch to turn on the sealer. Obviously, this will not work inside a vacuum chamber,
so the sealer was modified as shown in Fig. 3-1. The timer unit and arm end were removed to
allow the sealer to fit inside the vacuum chamber; as shipped, the sealer was approximately 2"
too long to fit. The timer, essential for proper sealing, was simply moved to the sealer's side.
The switch was bypassed to allow reliable sealing with lower-force electromechanical actuators.
While the lower sealing pressure does impact the quality of the seal, a failed seal after pumping
down the chamber and package for half an hour impacts the sanity of the operator more. A
convenient penetration of the sealer arm for a screw, which holds on the heat-resistant sealer bar,
was used to mount a piece of 1/8" welding rod for use as a solenoid attachment point. The
available force on the sealer arm was mostly limited by the compliance of this rod. A hole was
also drilled through the end of the arm (not shown in the figure) to mount 2 pounds of lead
counterweight, which assisted the solenoids and limited the upward travel of the arm.

Cut off end of arm

Replaced sealing bar retaining

K ~separated timer moduleacitonsthremoved; modifications are indicated with solarge text, whilenoid drive barts are shown with

L/~smaller text.~~~~. *
J Sealing Bro 

Heater Element -
Timer lI 

Figure 3-1 : Impulse Sealer Modifications. Heavy lines denote parts that were disabled or
removed; modifications are indicated with large text, while machine parts are shown with

smaller text.
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Figure 3-2: Apparatus Cross-Section. The right solenoid support is a bar, across the width of the
chamber and supported at each end, with a sufficient gap between supports to admit the package.

The package must undergo considerable contortions to fit in the cramped vertical space of the
vacuum chamber.

The impulse sealer is actuated inside the chamber using a pair of DECCO model 28-460
solenoids, with a nominal pull force of about 2.5 pounds at 1/8"1°. The solenoids are mounted
securely to the vacuum chamber floor by supports and wood screws; in Fig. 3-2, the left solenoid
is mounted to a vertical post support, while the right solenoid is mounted to a crossbar to permit
passage of the package to be sealed. The package is protected from the sharp ends of the
solenoids, supports, and mounting hardware by a sheet of foam, not shown in the figure. This
design requires a large amount of empty slack in the package's outer barrier bag to thread
through the mechanism, but will produce a vacuum-tight seal in the limited volume available.

The electrical connections associated with the sealing mechanism are relatively simple. Two of
the feedthrough wires are used to power the solenoids, which are wired in series and driven with
20 VDC from an external power supply. The other three feedthrough wires are used to connect
the impulse sealer, which uses a grounded cord. For safety, ground was retained in the electrical
connections. Since its internal activation switch was shorted, the sealer is actuated by plugging it
in. Wire nuts were used for all permanent electrical connections, though the nuts used inside the
chamber were not wrapped in electrical tape due to the possibility of outgassing. All 120 VAC
removable connections were made using standard grounded plugs.

10 The Detroit Coil Company, [Untitled Page], <http://www.detroitcoil.com/PAGES/I 13dctub.php>
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3.3: Package Payload

As previously mentioned, the inner barrier bag of the package contains two elements standing in
for perishable goods: a measured amount of water and a temperature-logging autonomous
sensor. For all experiments, a sealed bag containing approximately 60 mL of water was used as
the main thermal capacitance. After one unfortunate accident, the material used for the water
bag was changed from polyethylene to barrier film. The sensor, while more massive than this
amount of water, consists mostly of metal and plastic, with much lower heat capacities than
water. For redundancy in case of water leakage, the sensor is sealed inside its own barrier film
bag as well. Both bags are then sealed inside the main inner barrier bag, to make a self-
contained payload package.

The temperature logger was designed specifically for this project; design and implementation
details can be found in the appendix. The sensor (a DS 1 8B20 digital thermometer) records the
temperature approximately once per minute, to 1/16° C precision and rated maximum error of
0.5 ° C, using a bandgap-based mechanism 1'

12 . The logger can store up to 6500 data points, or
data for about four and a half days. Its internal clock is somewhat variable, so external overall
timing of data collection is necessary to synchronize the recorded timestamps with real time.
When connected to a computer's RS-232 serial port, the logger uploads its data, with timestamps
given in terms of raw clock cycles at each of the different speeds used by the onboard
microcontroller. Data is stored in nonvolatile memory, providing low power consumption and
insurance against accidental power loss. In case of a mishap, the logger also is capable of
dumping its entire memory contents, thus reclaiming partial data from an experiment in which
the logger is damaged. On average, the logger dissipates approximately 550 pW, a sufficiently
small amount of power not to affect the measurement results.

1 DS 1 8B20 Datasheet, Dallas Semiconductor, 2002
12 "App Note 208: Curve Fitting the Error of a Bandgap-Based Digital Temperature Sensor," Dallas Semiconductor,

2002
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4: TEST PROCEDURE

In order to achieve reliable results, the apparatus must be used carefully to both produce a
functional package and to produce good data. This section describes the procedures used to
make packages and perform experiments.

4.1: Package Construction and Sealing

To begin the package assembly process, the sensor is powered on and sealed into its own barrier
film bag, for protection from accidental water leakage. Water leakage can have catastrophic
results, so this seal must be watertight. All events from now on are logged by time, for later
cross-reference with the data. The sensor bag, along with the refrigerated water bag, is placed in
a small barrier bag and securely sealed so as to make the inner bag as small as possible. Smaller
inner bags reduce heat transfer, but also more importantly ensure that enough space is left in the
outer bag to thread I into the sealing mechanism. While the outer bag is prepared, the inner bag
is placed in a freezer to maintain a low temperature. The outer bag is first lined with a piece of
barrier film, to prevent punctures due to jagged Perlite pieces. It is then filled with a bottom
layer of about one inch of Perlite, to insulate under the bottom of the inner bag. A dust mask
may be needed when transferring Perlite. The inner bag is then retrieved, and placed in the outer
bag, centered with approximately the same gap all around. The gap should be no more than 1"
for proper sealing apparatus operation. The outer bag is now filled with Perlite, to the top of the
inner bag, shaking occasionally to distribute the Perlite. There should be at least 7" of empty
length left in the outer bag, for proper sealer operation.

To load the bag in the sealer, remove the solenoid cross-support (the right support in figure 3-3),
and then position the end of the bag in the sealer. Replace the cross-support and attached
solenoid, being careful not to scratch or puncture the bag. Adjust the bag to ensure that it fits
completely inside the chamber, being sure to check that the end of the bag is still in position to
be sealed. Put the lid on top of the vacuum chamber; if the package is disturbed, check to ensure
that the outer bag still engages the sealer across its entire width before sealing the chamber.
Press the O-ring against the top plate to ensure a seal, and then turn on the vacuum pump. Let
the pump run for at least fifteen minutes, to allow air and water vapor to escape the Perlite
through the narrow bag opening. When the pump exhaust shows little to no noticeable flow, turn
on the solenoids. Then, plug in the impulse sealer. After about ten seconds, unplug the sealer
and de-energize the solenoids. Repeat the solenoid-sealer sequence a few times to ensure a good
seal, then turn off the pump and vent the chamber. With luck and care, it will contain a vacuum-
sealed package. To remove it, remove the solenoid cross-support and carefully lift the whole
collection of parts until the sealer parts can be separated easily from the package. Place the test
package in a stable location for the duration of the test; when done, open with scissors.

21



4.2: Test Protocol

Unfortunately, the thermal capacitance of the sensor is not known or easy to measure, nor are the
convective properties of the storage location, so all experiments must be relative to a control.
The control measurement was made using a non-evacuated package, before the sealing apparatus
was complete but with the more practical goal of evaluating the consequences of vacuum failure
during package transit. The control was stored inside an unused metal cabinet in the back of the
Rohsenow Heat Transfer Lab, MIT room 7-038, as were all future experiments with evacuated
Perlite insulation. A further control with no insulation would have been desirable, but time did
not permit that measurement.

22



5: RESULTS

Unfortunately, the testing regimen was not entirely successful. While excellent data were
obtained for the control package, no package in three tries both retained vacuum and had a
working temperature logger. The problems with these experiments will be described in the
qualitative results section; the good control data and snippets of data taken during pump-down
will be presented in the quantitative results section.

5.1: Qualitative Results

The control experiment worked flawlessly: the temperature logger worked, and the package had
enough time to nearly reach ambient temperature during the test. This run produced more
quantitative data than qualitative data, and will be discussed further in the next subsection.

The first attempt at a vacuum-insulated experiment failed catastrophically. The package was
successfully evacuated in the chamber, after two tries, and removed to the cabinet. After nine
hours, however, the package had lost vacuum. Worse, when the payload was opened, the author
discovered that the water bag had broken and soaked the electronics. The resulting mess caused
the voltage regulator to corrode through, the batteries to drain, and no data to be taken while the
package was evacuated. The only component of the circuit damaged was the voltage regulator,
fortunately, and there was a spare part. As no data was taken in the cabinet, there is no valid
data.

The second attempt resulted in a loss of vacuum during package removal; the outer bag was
likely punctured during the removal process, spurring the addition of padding for the final
experiment. Data taken during the pump-down are available from this run, but not valid due to
the different ambient conditions.

The third attempt resulted in a relatively undamaged package that held vacuum for the entire
experiment duration of eight hours. However, during pump-down, the inner barrier bag leaked
and was also pumped down, and the sensor bag ruptured. This resulted in the displacement of a
few components, exacerbated by the loss of breadboard backing from the water incident. Power
was disconnected, and no data are available except during the pump-down phase. Purely
qualitatively, the water still felt cool to the touch after ten hours, suggesting some amount of
enhanced insulation properties.

5.2: Quantitative Results

The quantitative results are shown in Fig. 5-1, for the control data. No other data were taken
under the same conditions, and so no other data are comparable.
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Figure 5-1: Control Data. The square and triangle markers on the time axis indicate the sealing
and opening of the package, respectively. The data between the markers fits an exponential
decay curve very well, with an ambient temperature of 25.6° C and a time constant of 11200

seconds (3.1 hours) (R2 = 0.999)

As mentioned in the caption for Fig. 5-1, the control data fit best to an exponential approach to
an ambient temperature of 25.6° C, with a time constant of 3.1 hours. With comparable
dimensions and water mass, the theoretical model predicts a time constant of only 1130 seconds,
an order-of-magnitude difference. This is most likely due to a mis-estimation of the thermal
capacitance of the sensor; there are approximately 90 grams of batteries, plus a circuit
breadboard, which add up to substantial additional mass. Furthermore, heat transfer in the
cabinet may be limited by the transfer of heat from the cabinet to the package exterior, rather
than the transfer of heat from the package exterior to package interior.
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6: DISCUSSION

While the experiments did not generate many useful results, there are plenty of matters to
discuss. The package performance raises a number of issues that would need to be addressed in
a practical design. The apparatus performance was poor, and made clear the major disadvantage
to chamber-based evacuation schemes. Finally, the author's experience with this project leads
him to make a number of recommendations for improvement of both the apparatus and the
package.

6.1: Package Performance

Fundamentally, the packages are too fragile. The package that lost vacuum made abundantly
clear that even the fairly heavy-gauge barrier film used for the outer bag is subject to puncture,
and that any puncture fatally compromises the insulation quality. Other packages made clear
that heat-sealed bags are not well suited to withstand one atmosphere of internal pressure, as
shown by the ruptured inner bags and leaky inner barrier bag. On the plus side, however, the bag
that remained sealed with vacuum was very easy to open, did not generate much dust when
emptied, and qualitatively seemed to have kept its contents cool.

6.2: Apparatus Performance

The apparatus left much to be desired. The sealing apparatus would have been fine, in a larger
diameter vacuum chamber. Alternatively, a taller vacuum chamber would allow a simpler
package position during sealing, albeit with a rather different actuation mechanism for the sealer.
Certainly, having the package upside down and threaded past sharp objects is sub-optimal. The
temperature probe, on the other hand, worked fabulously when not mechanically damaged by the
rupture of internal bags. The data are clean and relatively noise-free; even in the event of
disaster, some data could be salvaged due to the presence of a memory dump mode.

6.3: Suggestions for Improvement

The most important item to improve is the fabrication apparatus. A taller vacuum chamber
capable of sealing the package in an upright position would be a vast improvement over the
current, contorted system. Some form of internal support for the inner barrier bag also appears to
be vital. These bags cannot hold large internal pressures securely, and much pain and suffering
was brought to the author by these failures. If gusseted bags were used, the inner bag could be
glued to a box, which would supply both shape and structural support. Furthermore, gusseted
bags would be more appropriate to a production environment, where box-shaped packages are
much more useful than lumpy masses.
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7: CONCLUSION

In the end, I still feel that this package design can work and be a viable competitor to EPS and
PCM-based packaging designs. It just needs more work to get to a point where this design's
performance can be viably and reliably evaluated. By making the listed design modifications,
one would probably get very close to reliable performance. With an infinite budget,
implementation would be easy, but everything's trivial when enough money is thrown at it.

In the end, this project served more as a personal learning experience than a test of packaging
material. I learned what it takes to go from an original idea to an implementation in an
environment more akin to that of the individual inventor than that of the corporate development
team. I did manage to make evacuated insulation packages, and on a budget of close to $500. In
the future, I'll be ready for any sort of similar challenges that come up-and I've already made
most of the mistakes here, so I will have a much clearer idea of how to go about solving them.
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APPENDIX: TEMPERATURE LOGGER DETAILS

The characteristics of this package design introduce some difficulties for temperature
measurement of its contents. The barrier film bags cannot be penetrated by wires without losing
barrier properties or using epoxy, and any wires would serve as paths for accelerated heat
conduction. The insulation and bags are opaque through most of the usable electromagnetic
spectrum, so optical sensing cannot be used and data cannot be transmitted by radio through the
package. Using the current apparatus, it takes long enough to seal the package to make before-
and-after measurements unreliable indicators of package performance. The only remaining
solution is to have a completely autonomous sensor inside the package record data during
testing. No such sensor was easily available, so one was built. As the author began with
extremely little digital electronics experience, the design and construction of this sensor was
quite a project in its own right.

In this Appendix, the characteristics and operation of the sensor will first be discussed. Then, for
the interested reader, details of the circuit and the code used on the embedded microcontroller
will be discussed.

A. 1: Sensor Characteristics

As discussed in the main body of the text, the temperature logging sensor records the
temperature approximately once per minute (every 69 seconds under experimental conditions
between 15° C and 25° C) using a Dallas Semiconductor DS18B20 digital temperature sensor.
The sensor reports temperature in increments of 0.0625° C, but is rated for 0.5° C accuracy in the
range from -10° C to 85° C. In the temperature range used during testing, the sensor typically
reads about 0.2° C lower than the actual temperature1 3 . The circuit dissipates a time-average
power of 540 gAW, providing minimal effect on the environment it attempts to measure.

Temperature measurements are stored in non-volatile memory, with sufficient capacity for
approximately 6500 measurements. The internal clock is limited to approximately 158 hours, or
8190 measurements. Stored measurements are transmitted via RS-232 serial communication at
9600 baud when the button on the sensor is pressed. Data is transmitted in the following format:

Record #, Temperature integral part (with sign), Temperature fractional part (units of 1/16
degree), high two bytes of low-speed counter, low two bytes of low-speed counter, high two
bytes of high-speed counter, low two bytes of high-speed counter [CR/LF characters to end line]

Each of these fields is transmitted as a five-digit ASCII number, and separated by a comma and a
space. Each data record is terminated by a carriage return/line feed sequence. The counter
values can be converted to a number of elapsed seconds as follows:

465536LSH + LSL + 4 65536HSH + HSL (A. 1)
+4 ,(.1

fLS ftHS

13 DSI 8B20 Datasheet, Dallas Semiconductor, 2002
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where LS denotes the low-speed counter, HS denotes the high-speed counter, fLs and fHs denote
the low- and high-speed oscillator frequencies, respectively, and subscripts H and L denote high
and low pairs of bytes, respectively. These two counters are needed because the sensor's
microcontroller runs at two different oscillator speeds: a low speed of approximately 30.4 kHz
when not active, and a high speed of 4.02 MHz when recording temperature or transmitting data.
The low-speed oscillator speed varies, as much as 50% with operating voltage and as much as
20% with temperature at 5 volts supply voltage1 4 , so it must be calibrated against an external
reference under operating conditions. Under experimental conditions, this was done by simply
timing the entire data collection period, and adjusting the speed in Eqn. A. 1 so that the measured
time elapsed matched the actual time elapsed. The high-speed oscillator is considerably more
stable with voltage and temperature, varying substantially only for very low temperatures, and so
its speed can be fixed at the datasheet value of 4.02 MHz.

Mechanically, the sensor currently resides on a plastic prototyping breadboard, made of an
undetermined plastic with copper contact strips and with dimensions of 5.5 cm wide, roughly 13
cm long, and 8 mm thick. The components extend a maximum of 1.5 cm above the board, with
most rising no more than 5 mm. The temperature sensor is located near the middle of the board,
and is not as tall as some neighboring components, so care must be taken to ensure that the
sample contacts the sensor. Power is supplied to the circuit by four AA batteries in series; the
battery holder has dimensions of 6.5 cm by 5.7 cm by 2.1 cm. Typically, for experiments, the
battery holder was attached to the underside of one end of the breadboard with a pair of rubber
bands.

A.2: Electrical Embodiment

A circuit diagram for the temperature logger is located in Fig. A- 1, on the facing page; the
component list is on the reverse. The circuit uses a PIC16F628 microcontroller to manage the
measurement, logging, and download functions. The PIC communicates with the DS 18B20
temperature sensor using a single-wire serial protocol on pin RA6, though not employing the
parasite power function available on the DS18B20. Data is stored on a 24FC515, a serial
EEPROM (electrically erasable programmable read-only memory) communicating with the PIC
using the I2C protocol on pins RB3 and RB5. A MAX232 serial transceiver is used to convert
between RS-232 voltage levels of positive and negative 12 V and logic levels of 0 to 5 V for the
PIC; the microcontroller transmits serial on pin RB2. The LED on pin RB6 is used to indicate
data transmission; the LED is on while serial data is broadcast, and off during normal operation.
The switch on RB0 is used to activate serial data transmission; transmission is edge-triggered, so
the microcontroller will not enter an infinite loop if the button is held down during an
experiment. Finally, pin RB7 is used to activate power to the MAX232-this component
consumes up to 50 mW when idle, and so must be kept completely off when not in use to avoid
contaminating the data with internal heat generation. Power is supplied to the circuit from a set
of four AA batteries via an LM2936Z-5.0 five-volt low-dropout regulator, which operates until
the battery voltage falls to 5.2 V, or 1.3 V per battery.

14 PIC 16F62X Datasheet, Microchip Technology, Inc., 2003
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ID Component

4x AA
0.1 ItF ceramic
10 gtF tantalum
1 tF electrolytic
1 pF electrolytic

1 F electrolytic
1 tF electrolytic
red LED
DB9 female connector
2N2222A
4.7kQ
4.7kQ
2kQ
2kQ
N/O tactile pushbutton
DS18B20
LM2936Z-5.0
PIC16F628
24FC515
MAX232

Batteries
Filter cap
Regulator stabilizing cap
Voltage booster cap for MAX232
Voltage booster cap for MAX232
Voltage booster cap for MAX232
Voltage booster cap for MAX232
Transmit indicator
Serial connector
NPN bipolar transistor; power switch for MAX232
Pull-up for 1-WireTM serial line
Pull-up for switch
Pull-up for I2C data line
Pull-up for I2C clock line
Activates data transmission
Temperature sensor
Low-dropout voltage regulator
Microcontroller
I2C Serial EEPROM
RS-232 Transceiver

32

BI:
Cl:
C2:
C3:
C4:
C5:
C6:
DI:
Ji:
QI:
RI:
R2:
R3:
R4:
SWi
Ul:
U2:
U3:
U4:
U5:

Description



A.3: Code Implementation

Writing code to perform the functions needed in the microcontroller required some special
considerations. The full code is too long to include here, consisting of over 900 lines of
assembly code plus comments and white space. In essence, the microcontroller needed to
provide four functions: maintain a clock, read the temperature at specified intervals, store
temperatures and the times at which they were taken in the EEPROM, and format the data and
transmit it to a computer. Each function presented its own particular challenges, though all were
constrained heavily by the 8-level program stack available in the PIC16F628. All code was
written in assembly language.

Because both of the PIC's available internal oscillators were used, clock maintenance required
particular care. The microcontroller's 8-bit internal counter was used, with no prescaler. An
interrupt is triggered on each overflow of this counter, entering a short procedure that increments
the remaining 24 bits of the appropriate counter for the current operating speed. When the speed
is changed, the current internal counter value must be stored; the counter must be set to the
previous value for the new speed; and appropriate extra cycles must be added to the counters to
compensate for un-counted instruction cycles during the clock-switching process. These steps
are needed to keep an accurate clock-without them, the clocks would run slower than the
oscillators, and less predictably. Temperature measurement and data storage were triggered by
the low-speed counter reaching multiples of 218, corresponding to 69 seconds of oscillator time.

Temperature measurement entailed the use of Dallas Semiconductor's 1 -WireTM protocol.
Fortunately, the company provides assembly routines for the PIC implementing this protocol1 5.
The routines needed to be modified, however, to reduce the stack depth used, by converting
some subroutines into in-line code. Also, in order to fix a rather obnoxious bug, the timer
interrupt needed to be disabled during certain time-sensitive phases of communication. All such
phases were shorter than the number of instructions needed to overflow the counter, so they
introduced only temporary clock jitter and did not cause any overflows to be missed.

Data storage entailed the use of another protocol, Phillips's I2C serial protocol. Routines
implementing this protocol were adapted from the routines in a PIC tutorial by Nigel Goodwin 6 ,
with the same modifications as used on the 1-WireTM routines. With those modifications, the
memory code was straightforward; each record in memory consisted of the 2-byte temperature
reported by the DS18B20 and the contents of each of the 4-byte clocks. The 24FC515 memory
has a capacity of 64 KB, thus limiting the amount of data that can be taken.

Data transmission was implemented to check for the PIC's RB0 edge-triggered interrupt
condition from the switch, but without actually using the interrupt itself in order to save stack
space. RS-232 communication is implemented in the PIC16F628 in hardware, so no special
communication code was needed. However, the data needed to be converted from binary values

15 "App Note 2420: -Wire Communication with a Microchip PICmicro Microcontroller," Dallas Semiconductor,
2003
16 Nigel Goodwin, "PIC Tutorial Six - I2C EEPROM Programming,"
<http://www.winpicprog.co.uk/pictutorial6.htm> 2002
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into useful ASCII characters for easy interpretation, so a 16-bit binary to decimal ASCII
converter was adapted from code by Nikolai Golovchenko'7 .

17 Nikolai Golovchenko, "Binary to ASCII, 16 bit to 5 digits (1 at a time) no temp register (!),"
<http://www.piclist.com/techref/microchip/math/radix/b2a- 16b4a-ng.htm> 2000
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