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(57) ABSTRACT 

Methods, Systems, and Devices for Evaluation of Thermal 
Treatment. A magnetically detectable particle and related 
methods, systems, and devices are provided for generating a 
temperature measurement for a batch or a continuous stream 
of material. The particle can include a first and second 
magnet each comprising a positive and negative pole. The 
particle can also include an adhesive having a release 
temperature and operable to attach one or both of the 
positive and negative poles of the first magnet proximate to 
the same polarity pole of the second magnet or to attach one 
of the positive and negative poles of the first magnet 
between the poles of the second magnet below the release 
temperature Such that a first magnetic field is generated by 
the first and second magnet. The adhesive can also be 
operable to release the first and second magnets from one 
another above the release temperature. 
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RELATED APPLICATIONS 

0001. This application claims the benefit of U.S. patent 
application Ser. No. 10/767.427, filed Jan. 28, 2004, which 
claims priority to U.S. Provisional Patent Application Ser. 
No. 60/443,298, filed Jan. 28, 2003, entitled “Methods, 
Systems, and Devices for Evaluation of Thermal Treat 
ment'; the disclosure of which is incorporated herein by 
reference in its entirety. 
0002 Additionally, U.S. Pat. No. 6,776.523, which 
issued on Aug. 17, 2004, entitled “Method and System for 
Conservative Evaluation, Validation and Monitoring of 
Thermal Processing, is incorporated herein by reference in 
its entirety. 

GOVERNMENT INTEREST 

0003. This work was supported by the National Science 
Foundation (NSF) pursuant to contract number MCB 
963 1375. The Government has certain rights in the inven 
tion. 

TECHNICAL FIELD 

0004 The subject matter disclosed herein relates gener 
ally to thermal treatment of materials. More particularly, the 
Subject matter disclosed herein relates to methods, systems, 
and devices for evaluating such processing. 

BACKGROUND ART 

0005. It will be appreciated by those of skill in the art that 
thermal processing of particulate-containing food products 
is difficult to accomplish in an efficient but effective manner. 
Particulate-containing food products are also described in 
the art as multi-phase food products, or as multi-phase 
foods, in that these products include liquids and solids. 
0006 Traditionally, thermal processing of particulate 
containing food products involved the placing of the product 
in individual cans, followed by thermal treatment of the 
product within the can. The process is generally effective in 
removing microbial contamination and in providing a food 
product that is safe for consumption. However, this process 
is labor and machinery-intensive and time-consuming. Thus, 
this process lacks efficiency. 
0007 Continuous thermal processing generally involves 
the thermal processing of the food product as a stream or 
flow in one line while processing the containers or cans in 
which the food will be stored in another line. The food 
product is then placed in the container under appropriate 
conditions wherein microbes and their spores are excluded. 
Continuous thermal processing thus enables unlimited pack 
age size, yielding increased efficiencies and reduced costs to 
the industry and ultimately to the consumer. Continuous 
thermal processing is sometimes also called aseptic process 
ing the art. 
0008. In the United States, each continuous thermal pro 
cess for use in the treatment of food must be described in a 
document to be filed with the United States Food and Drug 
Administration (FDA) for approval before it can be imple 
mented in industry. Because of the problems associated with 
uniform treatment in the continuous thermal process, the 

Jan. 25, 2007 

FDA subjects these documents, hereinafter referred to as 
“FDA process filings”, “process filings” or "FDA filings’, to 
rigorous scrutiny. 

0009. To gain FDA approval, a process filing must dem 
onstrate biovalidation of the process, among other informa 
tion. As is known in the art, biovalidation refers to data 
showing that the process was effective in removing con 
tamination of the food product by microbes and their spores. 
To determine biovalidation, conservative residence time 
distribution measurements are required. Lengthy test runs 
must be performed to generate the conservative residence 
time distribution measurements. Such test runs require a 
great deal of time and involve the loss of a great deal of the 
food product, as the food product that is part of the test runs 
have prevented the wide scale adoption in the industry of 
continuous thermal processing of particulate-containing 
food products. 

0010. The current state of the art for process evaluation 
and validation of continuous thermal processes for particu 
late-containing food particles, including low acid multi 
phase foods, has evolved over a number of years through the 
joint efforts of the Center for Advanced Processing and 
Packaging Studies and the National Center for Food Safety 
and Technology. Currently, it includes a three (3)-stage 
sequence. The first stage of the sequence primarily includes 
process modeling and simulation that provides predicted 
scenarios for the efficacy of process with respect to micro 
bial lethality. The second stage of the sequence includes 
experimental measurements of real or simulated particle 
residence times while flowing through the system for a 
sufficient number of replications for each particulate product 
component to provide statistically acceptable (i.e. represen 
tative) data for particle velocities to ensure that a portion of 
the fastest moving particles has been captured and their 
residence times recorded for modeling purposes. The third 
and final stage of process evaluation and validation is a 
biological validation including the use of thermoresistant 
bacterial spore loads within simulated food particles to 
demonstrate the achievement of appropriate cumulative 
thermal time and temperature by the implemented process— 
sufficient to lethally injure all bacterial spores present within 
the test particles. 

0011 Procedures disclosed in the art attempt to imple 
ment these stages by using various methods of particle 
residence time measurement. For example, U.S. Pat. No. 
5,261,282 to Grabowski et al. discloses the use of implanted 
radio frequency transponders to identify simulated particles 
passing through a continuous process system. U.S. Pat. No. 
5,741.979 to Arndt et al. discloses the use of dipole antenna 
marker implants in the particles and microwave transducer 
detectors to measure particle residence times. 
0012 Segner et al., “Biological Evaluation of a Heat 
Transfer Simulation for Sterilizing Low-Acid Large Particu 
late Foods for Thermal Packaging, Journal of Food Pro 
cessing and Preservation, 13:257-274, (1989); Tucker. G. S. 
and Withers, P. M., “Determination of Residence Time 
Distribution of Food Particles in Viscous Food Carrier 
Fluids using Hall effect sensors”, Technical Memorandum 
667, Campden Food and Drink Research Association 
(CFDRA), Campden, Glos., U.K. (1992): “Case Study for 
Condensed Cream of Potato Soup'. Aseptic Processing of 
Multi-phase Foods Workshop, Nov. 14-15, 1995 and Mar. 



US 2007/00 18639 A1 

12-13, 1996 (published 1997): U.S. Pat. No. 5,750,907 to 
Botos et al.; U.S. Pat. No. 5,739,437 to Sizer et al.; and U.S. 
Pat. No. 5,876,771 to Sizer et al. all disclose the use of 
permanent magnets for implants (single tag type) and a 
variety of magnetic field sensors to detect and record their 
passage through several system segments and locations. 

0013 The necessity for measurements of particle resi 
dence time and Subsequent biological process validation 
using bacterial spores is a result of the current inability to 
measure temperature in the “cold spot” (the slowest heating 
point within a particle) of the fastest moving, slowest 
heating particle present in the continuously thermally pro 
cessed multiphase product. Several techniques have been 
proposed in the art for this purpose and can be grouped into 
two groups: techniques implementing cross sectional imag 
ing/tomography of the entire flow profile and techniques 
implementing thermosensitive implants in specific particle 
locations. 

0014 Magnetic resonance imaging thermometry, such as 
that disclosed by Litchfield et al., “Mapping Food Tempera 
ture with Magnetic Resonance Imaging. National Research 
Initiative Competitive Grant Program, Cooperative State 
Research, Education, and Extension Service, United States 
Department of Agriculture (March 1998), is a non-obstruct 
ing and non-contact method, but is not rapid enough to 
provide in-line real time measurements. It took eight sec 
onds to image a single 64x64 cross-sectional temperature 
map. During this time a considerable quantity of product 
would pass the detector unmonitored. It is also extremely 
complex and cumbersome for these types of measurements, 
requiring complicated technology, highly trained personnel, 
and specialized power and power conditioning. Due to all 
these factors, the number of windows/cross sections that can 
be observed and monitored within the process equipment is 
very limited, i.e. the detection of the initial location where 
the lethal thermal treatment temperature is achieved cannot 
be determined for all possible cases. The applicability of 
detection through stainless steel equipment walls without 
special ports or windows is unclear. 

0.015 Similar shortcomings are evident with the other 
tomographic/cross sectional imaging techniques implement 
ing ultrasonic tomography and tomographic reconstruction, 
such as that disclosed in U.S. Pat. No. 5,181,778 to Belliter. 
Particularly, due to system complexity, the number of 
observed cross sections is limited. Another problem with the 
Beller system is the potential for misidentifying the thermal 
profiles occurring within or outside of the particle. For 
example, Beller discloses that the curve of the speed of 
Sound versus temperature for potatoes approximately paral 
leled that of water above about 110° C. This indicates a 
potential material and location misidentification of fluid vs. 
Solid temperatures. Additionally, standardization and cali 
bration curves must be generated for each and every poten 
tial product component, necessitating a very laborious and 
lengthy measurement and calibration procedure prior to 
implementation. The applicability of detection through 
stainless-steel equipment walls without special ports or 
windows is also unclear. 

0016 Methodologies that implement thermosensitive 
implants include the local magnetic temperature measure 
ment approach disclosed in U.S. Pat. No. 5,722.317 to 
Ghiron et al. Ghiron et al. disclose the use of spherical 
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paramagnetic particles for implants and detector coils 
around the pipes for sensors. The approach then implements 
the correlation between the falling magnetic field strength 
and temperature increase to calculate the implant tempera 
ture from the signals of three sensor coils. However, the 
negative correlation between the measured magnetic field 
and the increasing temperature employed by the Ghiron et 
al. approach can cause a non-conservative temperature esti 
mation, i.e. the resulting calculation can indicate a higher 
temperature than is actually present in the implant. This is 
due to the fact that magnetic field reduction can be caused 
by a variety of factors other than temperature increase in the 
implant, such as the particle or the detection system being 
out of calibration, reduction of sensitivity of the detection 
system, and obstruction of detection by other materials such 
as other present food particles. The complexity of the system 
disclosed by Ghiron et al. also limits the number of obser 
Vation points as well as the applicability at high-tempera 
ture, short time processing levels. 
0017. The Campden and Chorleywood Food Research 
Association in Great Britain reports on the use of a Tem 
perature Responsive Inductance Particle (TRIP) sensor, 
which can be placed in the food product. The time tempera 
ture history of the sensor is purportedly monitored/logged in 
real time outside the processing equipment/environments. 
See Research Summary Sheets, 1997-68, “TRIP A New 
Approach to the Measurement of Time and Temperature in 
Food Processing Systems’. Most of the details of this 
methodology are not publicly available. However, one of the 
accessible, limited reports indicates that the sensor size is 
about 5 mm in diameter. This size precludes its use to 
measure the “cold spot” temperatures in aseptically pro 
cessed particles. Additionally, no disclosure is made with 
respect to capability for the monitoring through stainless 
steel equipment and current applicability to continuous 
processes. 

0018. One common shortcoming of all available systems 
is the inability to provide a detectable particle that closely 
mimics the behavior of an actual food particle. This is a 
serious disadvantage due to the fact that the detectable 
particle will not provide an accurate temperature measure 
ment of a food particle’s “cold spot” temperature. This can 
result in a non-conservative measurement and therefore 
non-conservative process evaluation. Thus, what is needed 
is a method, system, and device that can provide conserva 
tive temperature measurements in a continuous thermal 
processing of particulate-containing food products, batch, or 
other applications. 

SUMMARY 

0019. According to one embodiment, a magnetically 
detectable particle is disclosed for generating a temperature 
measurement for a batch or a continuous stream of material. 
The particle can include a first and second magnet each 
comprising a positive and negative pole. The particle can 
also include an adhesive having a release temperature and 
operable to attach one or both of the positive and negative 
poles of the first magnet proximate to the same polarity pole 
of the second magnet or to attach one of the positive and 
negative poles of the first magnet between the poles of the 
second magnet below the release temperature such that a 
first magnetic field is generated by the first and second 
magnet. The adhesive can also be operable to release the first 
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and second magnets from one another above the release 
temperature. The first and second magnets can move with 
respect to one another when the adhesive releases the first 
and second magnets such that one of the positive and 
negative poles of the first magnet moves toward the oppos 
ing polarity pole of the second magnet for generating a 
second magnetic field different than the first magnetic field 
to indicate a temperature measurement for the batch or 
continuous stream. 

0020. According to a second embodiment, a method is 
disclosed for generating a temperature measurement for a 
batch or a continuous stream of material. The method can 
include a step for providing a magnetically detectable par 
ticle. The particle can include a first and second magnet each 
comprising a positive and negative pole. The particle can 
also include an adhesive having a release temperature and 
operable to attach one or both of the positive and negative 
poles of the first magnet proximate to the same polarity pole 
of the second magnet or to attach one of the positive and 
negative poles of the first magnet between the poles of the 
second magnet below the release temperature such that a 
first magnetic field is generated by the first and second 
magnet. The adhesive can also be operable to release the first 
and second magnets from one another above the release 
temperature. The first and second magnets can move with 
respect to one another when the adhesive releases the first 
and second magnets such that one of the positive and 
negative poles of the first magnet moves toward the oppos 
ing polarity pole of the second magnet for generating a 
second magnetic field different than the first magnetic field 
to indicate a temperature measurement for the batch or 
continuous stream. The method can also include a step for 
inserting the detectable particle into the batch or continuous 
stream. Further, the method can include a step for detecting 
a change in magnetic field strength of the detectable particle 
to thereby generate a temperature measurement for the batch 
or continuous stream. 

0021 According to a third embodiment, a system is 
disclosed for generating a temperature measurement for a 
batch or a continuous stream of material. The system can 
include a magnetically detectable particle. The particle can 
include a first and second magnet each comprising a positive 
and negative pole. The particle can also include an adhesive 
having a release temperature and operable to attach one or 
both of the positive and negative poles of the first magnet 
proximate to the same polarity pole of the second magnet or 
to attach one of the positive and negative poles of the first 
magnet between the poles of the second magnet below the 
release temperature Such that a first magnetic field is gen 
erated by the first and second magnet. The adhesive can also 
be operable to release the first and second magnets from one 
another above the release temperature. The first and second 
magnets can move with respect to one another when the 
adhesive releases the first and second magnets such that one 
of the positive and negative poles of the first magnet moves 
toward the opposing polarity pole of the second magnet for 
generating a second magnetic field different than the first 
magnetic field to indicate a temperature measurement for the 
batch or continuous stream. The system can also include a 
detector for detecting a change from the first magnetic field 
to the second magnetic field to thereby generate a tempera 
ture measurement for the batch or continuous stream. 
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0022. According to a fourth embodiment, a method is 
disclosed for generating a temperature measurement for a 
batch or a continuous stream of material. The method can 
include a step for providing a plurality of magnetically 
detectable particles. Each particle can include a first and 
second magnet each comprising a positive and negative 
pole. Each particle can also include an adhesive having a 
release temperature and operable to attach one of the posi 
tive and negative poles of the first magnet to the same 
polarity pole of the second magnet or between the poles of 
the second magnet below the release temperature Such that 
a first magnetic field is generated by the first and second 
magnet, and operable to release the first and second magnets 
from one another above the release temperature. The first 
and second magnets can move with respect to one another 
when the adhesive releases the first and second magnets 
such that one of the positive and negative poles of the first 
magnet moves toward the opposing polarity pole of the 
second magnet for generating a second magnetic field dif 
ferent than the first magnetic field to indicate a temperature 
measurement for the batch or continuous stream. The 
method can also include a step for inserting the detectable 
particles into the batch or continuous stream. Further, the 
method can include a step for detecting a change in magnetic 
field strength from each of the detectable particles to thereby 
generate a temperature measurement for the batch or con 
tinuous stream. 

0023. According to a fifth embodiment, a magnetically 
detectable particle is disclosed for generating a temperature 
measurement for a batch or a continuous stream of material. 
The particle can include a first, second, and third magnet 
each comprising a positive and negative pole. The first 
adhesive can have a first release temperature and operable to 
attach the negative pole of the first magnet to the negative 
polarity pole of the second magnet below the first release 
temperature, and operable to release the first and second 
magnets from one another above the first release tempera 
ture. The second adhesive can have a second release tem 
perature and operable to attach the positive pole of the third 
magnet to the positive pole of the second magnet below the 
first release temperature, and operable to release the second 
and third magnets from one another above the first release 
temperature. A first magnetic field can be generated by the 
first, second, and third magnets when the first magnet and 
third magnets are attached to the second magnet. The first 
and second magnets can move with respect to one another 
when the first adhesive releases the first and second magnets 
such that the positive pole of the first magnet moves toward 
the negative pole of the second magnet for generating a 
second magnetic field different than the first magnetic field 
to indicate a first temperature measurement for the batch or 
continuous stream. The second and third magnets can move 
with respect to one another when the second adhesive 
releases the second and third magnets such that the negative 
pole of the third magnet moves toward the positive pole of 
the second magnet for generating a third magnetic field 
different than the first magnetic field to indicate a second 
temperature measurement for the batch or continuous 
Stream. 

0024. According to a sixth embodiment, a magnetically 
detectable particle is disclosed for generating an environ 
mental condition measurement. The particle can include a 
first and second magnet each comprising a positive and 
negative pole. The particle can also include an adhesive 
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operable to attach one of the positive and negative poles of 
the first magnet to the same polarity pole of the second 
magnet or between the poles of the second magnet when a 
predetermined environmental condition is not detected Such 
that a first magnetic field is generated by the first and second 
magnet. The adhesive can also be operable to release the first 
and second magnets from one another when the predeter 
mined environmental condition is detected. The first and 
second magnets can move with respect to one another when 
the adhesive releases the first and second magnets such that 
one of the positive and negative poles of the first magnet 
moves toward the opposing polarity pole of the second 
magnet for generating a second magnetic field different than 
the first magnetic field to indicate a temperature measure 
ment for the batch or continuous stream. 

0025. According to a seventh embodiment, a method is 
disclosed for generating an environmental condition mea 
Surement in an environment. The method can include a step 
for providing a magnetically detectable particle. The particle 
can include a first and second magnet each comprising a 
positive and negative pole. The particle can also include an 
adhesive operable to attach one of the positive and negative 
poles of the first magnet to the same polarity pole of the 
second magnet when a predetermined environmental con 
dition is not detected Such that a first magnetic field is, 
generated by the first and second magnet. The adhesive can 
also be operable to release the first and second magnets from 
one another when the predetermined environmental condi 
tion is detected. The first and second magnets can move with 
respect to one another when the adhesive releases the first 
and second magnets such that one of the positive and 
negative poles of the first magnet moves toward the oppos 
ing polarity pole of the second magnet for generating a 
second magnetic field different than the first magnetic field 
to indicate a temperature measurement for the batch or 
continuous stream. The method can also include a step for 
inserting the detectable particle into the environment. Fur 
ther, the method can include a step for detecting a change in 
magnetic field strength of the detectable particle to thereby 
generate a temperature measurement for the environment. 
0026. According to an eighth embodiment, a system is 
disclosed for generating an environmental condition mea 
Surement for an environment. The system can include a 
magnetically detectable particle. The particle can include a 
first and second magnet each comprising a positive and 
negative pole. The particle can also include an adhesive 
operable to attach one of the positive and negative poles of 
the first magnet to the same polarity pole of the second 
magnet when a predetermined environmental condition is 
not detected Such that a first magnetic field is generated by 
the first and second magnet. The adhesive can also be 
operable to release the first and second magnets from one 
another when the predetermined environmental condition is 
detected. The first and second magnets can move with 
respect to one another when the adhesive releases the first 
and second magnets such that one of the positive and 
negative poles of the first magnet moves toward the oppos 
ing polarity pole of the second magnet for generating a 
second magnetic field different than the first magnetic field 
to indicate a temperature measurement for the batch or 
continuous stream. The system can also include a detector 
for detecting a change from the first magnetic field to the 
second magnetic field to thereby generate an environmental 
condition measurement for the environment. 
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0027 According to a ninth embodiment, a magnetically 
detectable particle is disclosed for generating a temperature 
measurement for a batch or a continuous stream of material. 
The particle can include a plurality of sets of first and second 
magnets, each of the first and second magnets comprising a 
positive and negative pole. The particle can also include a 
plurality of adhesives each corresponding to one of the sets 
of first and second magnets, the adhesives each having a 
release temperature and each adhesive operable to attach one 
of the positive and negative poles of the corresponding first 
magnet between the positive and negative poles of the 
corresponding second magnet below the release temperature 
Such that a first magnetic field is generated by the corre 
sponding first and second magnet. Each adhesive can also be 
operable to release the first and second magnets from one 
another above the release temperature. The corresponding 
first and second magnets can move with respect to one 
another when the adhesive releases the corresponding first 
and second magnets such that one of the positive and 
negative poles of the corresponding first magnet moves 
toward the opposing polarity pole of the corresponding 
second magnet for generating a second magnetic field dif 
ferent than the first magnetic field to indicate a temperature 
measurement for the batch or continuous stream. 

0028. According to a tenth embodiment, a device is 
disclosed for generating a temperature measurement for a 
batch or continuous stream of material. The device can 
include a detectable particle comprising a signal that 
changes at a predetermined temperature. The device can also 
include a carrier particle comprising an interior cavity 
holding the detectable particle. The carrier particle can have 
a conservative behavior characteristic matching a target 
particle, wherein the thermal protection provided by the 
carrier particle to the interior cavity is greater than or 
equivalent to conservative thermal behavior of a target 
particle at its cold spot under similar heating conditions. 
0029. According to an eleventh embodiment, a method is 
disclosed for generating a temperature measurement for a 
batch or a continuous stream of material. The method can 
include a step for providing a device including a detectable 
particle comprising a signal that changes at a predetermined 
temperature. The device can also include a carrier particle 
comprising an interior cavity holding the detectable particle. 
The carrier particle comprises a conservative behavior char 
acteristic matching a target particle, wherein the thermal 
protection provided by the carrier particle to the interior 
cavity is greater than or equivalent to conservative behavior 
characteristics of a target particle to the cold spot under 
similar heating conditions. The method can also include a 
step for inserting the device into the batch or continuous 
stream. Further, the method can include a step for detecting 
a signal change of the device to thereby generate a tempera 
ture measurement for the batch or continuous stream. 

0030. According to a twelfth embodiment, a method is 
disclosed for providing a carrier particle with conservative 
behavior characteristics in a batch or continuous stream of 
material. The method can include a step for determining 
conservative behavior characteristics of a target particle 
found in a batch or continuous stream of material. The 
method can also include a step for determining material and 
dimensions for a carrier particle design that Substantially 
correspond to one or more conservative behavior character 
istics of the target particle. 
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0031. According to a thirteenth embodiment, a method is 
disclosed for providing a carrier particle with conservative 
behavior characteristics in a batch or continuous stream of 
material. The method can include a step for simulating 
thermal treatment of a target particle until a predetermined 
lethality is accumulated. The method can also include a step 
for simulating a carrier particle under the same thermal 
treatment simulated in the first step. The carrier particle can 
have an interior cavity and a wall. Further, the method can 
include a step for determining a conservative thickness for 
the wall of the carrier particle such that the interior cavity of 
the carrier particle can receive the same predetermined 
lethality as the target particle under the thermal treatment 
simulated in the first step. 
0032. According to a fourteenth embodiment, a system is 
disclosed for aiding the design of a carrier particle with 
conservative behavior characteristics in a batch or continu 
ous stream of material. The system can include a memory 
comprising conservative behavior characteristics of a target 
particle used in a batch or continuous stream of material. The 
system can also include a spatial simulation engine operable 
to simulate material and dimensions of a carrier particle 
design for matching the conservative behavior characteris 
tics of the target particle. 
0033 According to a fifteenth embodiment, computer 
readable medium is disclosed having stored thereon instruc 
tions for aiding the design of a carrier particle with conser 
Vative behavior characteristics in a batch or continuous 
stream of material. The computer-readable medium can 
include instructions for determining conservative behavior 
characteristics of a target particle used in a batch or con 
tinuous stream of material. The computer-readable medium 
can also include instructions for determining material and 
dimensions for a carrier particle design about matching the 
conservative behavior characteristics of the target particle. 
0034. According to a sixteenth embodiment, a computer 
readable medium is disclosed having stored thereon instruc 
tions for aiding the design of a carrier particle with conser 
Vative behavior characteristics in a batch or continuous 
stream of material. The computer-readable medium can 
include instructions for simulating thermal treatment of a 
target particle until a predetermined lethality is accumulated. 
The computer-readable medium can also include instruc 
tions for simulating a carrier particle under the same thermal 
treatment simulated in the first step. The carrier particle can 
have an interior cavity and a wall. Further, the computer 
readable medium can include instructions for determining a 
conservative thickness for the wall of the carrier particle 
such that the interior cavity of the carrier particle can receive 
the same predetermined lethality as the target particle under 
the thermal treatment simulated in the first step. 
0035) Some of the objects of the invention having been 
stated hereinabove, and which are addressed in whole or in 
part by the present invention, other objects will become 
evident as the description proceeds when taken in connec 
tion with the accompanying drawings as best described 
hereinbelow. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0036) Exemplary embodiments of the subject matter will 
now be explained with reference to the accompanying 
drawings, of which: 
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0037 FIG. 1 is a schematic diagram of combining a first 
and second magnet at opposing magnetic poles to achieve a 
combined magnet; 

0038 FIG. 2 is a schematic diagram of the result of 
combining a first and second magnet at similar magnetic 
poles to achieve a combined magnet; 

0.039 FIGS. 3A, 3C, and 3E are schematic diagrams of a 
magnetically detectable particle in a state below a predeter 
mined conservative temperature; 

0040 FIG. 3B, 3D, and 3F are schematic diagrams of the 
magnetically detectable particle of FIG. 3A, 3C, and 3F, 
respectively, in a state above a predetermined conservative 
temperature; 

0041 FIGS. 3G-3I are schematic diagrams of the assem 
bly and operation of one embodiment of a magnetically 
detectable particle comprising multiple magnets; 

0042 FIGS. 3J-3L are schematic diagrams of carrier 
particles comprising multiple detectable particles; 

0043 FIG. 4 is a schematic diagram of the principle of 
forced coupling and fixing similar magnets; 

0044 FIG. 5A is a schematic diagram of another embodi 
ment of a magnetically detectable particle in a state below a 
predetermined conservative temperature; 

0045 FIG. 5B is a schematic diagram of the magnetically 
detectable particle of FIG. 5A in a state above the predeter 
mined conservative temperature; 

0046 FIG. 6A is a schematic diagram of another embodi 
ment of a magnetically detectable particle in a state below a 
predetermined conservative temperature; 

0047 FIG. 6B is a schematic diagram of the magnetically 
detectable particle of FIG. 6A in a state above the predeter 
mined conservative temperature; 

0048 FIG. 6C is a schematic diagram of another embodi 
ment of a magnetically detectable particle in a state below a 
predetermined conservative temperature; 

0049 FIGS. 6D and 6E are schematic diagrams of the 
magnetically detectable particle of FIG. 6C in a state above 
the predetermined conservative temperature; 

0050 FIG. 6F is a schematic diagram of a carrier particle 
comprising a detectable particle comprising more than two 
magnets (e.g. three magnets), all assembled using the same 
adhesive; 

0051 FIG. 7A is a schematic diagram of another embodi 
ment of a magnetically detectable particle in a state below a 
first predetermined conservative temperature; 

0052 FIG. 7B is a schematic diagram of the magnetically 
detectable particle of FIG. 7A in a state above the first 
predetermined conservative temperature and below a second 
predetermined temperature; 

0053 FIG. 7C is a schematic diagram of the magnetically 
detectable particle of FIGS. 7A and 7B in a state above the 
first and second predetermined temperatures; 

0054 FIGS. 7D-7G are schematic diagrams of carrier 
particles comprising multiple detectable particles; 
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0.055 FIG. 8 illustrates a schematic diagram of attaching 
a first and second magnet via a metal alloy and thermo 
resistant adhesive; 
0056 FIG. 9 is an experimental system for use in dem 
onstrating magnetically detectable particles, carrier par 
ticles, and related devices; 

0057 FIG. 10 is a perspective view of a simulated 
particle containing a coupled magnet sensor/detector, 

0.058 FIG. 11 is a perspective view of another simulated 
particle including a thermocouple lead having contact with 
a magnet assembly: 

0059 FIG. 12 is a still image of a simulated particle with 
the experimental system of FIG. 9; 
0060 FIG. 13 is a perspective view of a data acquisition 
system including a display for presenting acquired tempera 
ture information and magnetic field strength data; 
0061 FIGS. 14A-14D are different perspective views of 
a triple magnet assembly being assembled in a simulated 
particle; 

0062 FIG. 15 is still image of a magnet pair with a U.S. 
penny for providing a size scale perspective; 
0063 FIG. 16 is a graph of magnetic field strength from 
two naturally aligned identical magnets with no heating; 
0064 FIG. 17 is a graph of magnetic field strength from 
two aligned and attached magnets with no heating: 
0065 FIG. 18 is a graph of magnetic field strength from 
two aligned and attached with heating; 
0.066 FIG. 19 is a graph showing applied temperature 
versus magnetic field strength; 
0067 FIG. 20 is a graph showing applied temperature 
versus magnetic field strength; 
0068 FIG. 21 is a graph showing applied temperature 
versus magnetic field strength; 
0069 FIGS. 22 is a graph showing applied temperature 
versus magnetic field strength; 
0070 FIGS. 23-27 are different graphs of experimental 
results obtained by testing the device shown in FIGS. 3A and 
3B with an adhesive comprising a metal alloy with a melting 
point of 138.3° C.; 
0071 FIGS. 28-30 are different graphs of experimental 
results obtained by testing the device shown in FIGS. 3A and 
3B with an adhesive comprising a metal alloy with a melting 
point of 123.9° C.; 
0072 FIG.31 is a graph of magnetic field strength versus 
temperature obtained using the assembly shown in FIGS. 5A 
and 5B was tested using the experimental system shown in 
FIG. 9; 

0.073 FIG. 32 is a graph of magnetic field strength versus 
temperature obtained using the assembly shown in FIGS. 6A 
and 6B was tested using the experimental system shown in 
FIG. 9; 

0074 FIG.33 is a graph of magnetic field strength versus 
temperature obtained using the assembly shown in FIG. 7 
was tested using the experimental system shown in FIG. 9; 
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0075 FIG. 34 is a schematic diagram of an exemplary 
system for conservative evaluation, validation, and moni 
toring of thermal processing: 

0076 FIG. 35 is a schematic diagram of a computer 
system that can facilitate the design of a carrier particle 
about matching the conservative behavior characteristics of 
a selected target particle; 

0.077 FIG. 36 is a flow chart that illustrates a process for 
providing a carrier particle having materials and dimensions 
to provide characteristics for the carrier particle that about 
match the conservative behavior characteristics of a selected 
target particle; 

0078 FIG. 37 is an illustration of two screen displays 
show results indicating that using an overly conservative 
carrier particle design can result in a potato food particle 
receiving cumulative lethality in its cold spot up to two 
orders of magnitude greater than required for commercial 
sterility; 

0079 FIG.38 is an illustration of two screen displays that 
show other simulations applied to a carrier particle design 
and ys inch potato food particle, respectively, under similar 
conditions; 

0080 FIG. 39 is an illustration of two screen displays that 
show other simulations applied to a carrier particle design 
and a 0.5 inchx0.5 inch, cylindrical, potato food particle, 
respectively, under similar conditions; 

0081 FIG. 40 is an illustration of two screen displays that 
show other simulations applied to a carrier particle design 
and a % inchxys inch, cylindrical, potato food particle, 
respectively, under similar conditions; 

0082 FIG. 41 is a schematic diagram of a 0.5 inch, cubic 
particle design for simulation by a spatial simulation engine; 

0083 FIG. 42 is an illustration of a screen display show 
ing exemplary simulation results for cubic particle design of 
FIG. 41; 

0084 FIG. 43 is schematic diagram showing a grid 
relating to FIG. 42 of the result of heating each of its cubes 
in the thermal processing simulation; 

0085 FIG. 44 is an illustration of a screen display show 
ing exemplary simulation results for a 0.5 inch TPX carrier 
particle design; 

0086 FIG. 45 is a schematic diagram showing a grid of 
the result of heating the TPX carrier particle design of FIG. 
44 in the same thermal processing simulation of the target 
particle; 

0087 FIG. 46 is an illustration of a screen display show 
ing exemplary simulation results for a 0.5 inch nylon carrier 
particle design; 

0088 FIG. 47 is a schematic diagram showing a grid of 
the result of heating the nylon carrier particle design of FIG. 
46 in the same thermal processing simulation of the target 
particle; 

0089 FIG. 48 is an illustration of a screen display show 
ing exemplary simulation results for a 0.5 inch TEFLONTM 
carrier particle design; 
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0090 FIG. 49 is a schematic diagram showing a grid of 
the result of heating the TEFLONTM carrier particle design 
of FIG. 44 in the same thermal processing simulation of the 
target particle; 

0.091 FIG.50 is an illustration of a screen display show 
ing exemplary simulation results for a 0.5 inch polypropy 
lene carrier particle design; 

0092 FIG. 51 is a schematic diagram showing a grid of 
the result of heating the polypropylene carrier particle 
design of FIG.50 in the same thermal processing simulation 
of the target particle: 

0093 FIG. 52 is a schematic diagram of a % inch cubic 
particle design for simulation by spatial simulation engine; 

0094 FIG. 53 is an illustration of a screen display show 
ing exemplary simulation results for the cubic particle 
design shown in FIG. 52; 

0.095 FIG. 54 is a schematic diagram showing a grid of 
the result of heating each of cubes in the thermal processing 
simulation; 

0096 FIG.55 is an illustration of a screen display show 
ing exemplary simulation results for a % inch TPX carrier 
particle design; 

0097 FIG. 56 is a schematic diagram showing a grid of 
the result of heating each of cubes in the thermal processing 
simulation: 

0098 FIG. 57 is an illustration of a screen display show 
ing exemplary simulation results for a % inch nylon carrier 
particle design; 

0099 FIG. 58 is a schematic diagram showing a grid of 
the result of heating the nylon carrier particle design of FIG. 
57 in the same thermal processing simulation of the target 
particle; 

0100 FIG. 59 is an illustration of a screen display show 
ing exemplary simulation results for a % inch TEFLONTM 
carrier particle design; 

0101 FIG. 60 is a schematic diagram showing a grid of 
the result of heating the TEFLONTM carrier particle design 
of FIG. 59 in the same thermal processing simulation of the 
target particle; 

0102 FIG. 61 is an illustration of a screen display show 
ing exemplary simulation results for a % inch polypropylene 
carrier particle design; 

0103 FIG. 62 is a schematic diagram showing a grid of 
the result of heating the polypropylene carrier particle 
design of FIG. 61 in the same thermal processing simulation 
of the target particle: 

0104 FIG. 63 is a schematic diagram of a cylindrical 
particle design for simulation by spatial simulation engine; 

0105 FIG. 64 is an illustration of a screen display show 
ing exemplary simulation results for the cylindrical particle 
design shown in FIG. 63: 

0106 FIG. 65 is a schematic diagram showing a plurality 
of circular portions and the result of heating each of circular 
portions in the thermal processing simulation; 
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0.107 FIG. 66 is an illustration of a screen display show 
ing exemplary simulation results for a 0.5 inch, TPX carrier 
particle design; 
0.108 FIG. 67 is a schematic diagram showing a plurality 
of circular portions of the result of heating the TPX carrier 
particle design of FIG. 66 in the same thermal processing 
simulation of the target particle; 
0.109 FIG. 68 is an illustration of a screen display show 
ing exemplary simulation results for a 0.5 inch nylon carrier 
particle design; 
0110 FIG. 69 is a schematic diagram showing a plurality 
of circular portions of the result of heating the nylon carrier 
particle design of FIG. 46 in the same thermal processing 
simulation of the target particle; 
0.111 FIG. 70 is an illustration of a screen display show 
ing exemplary simulation results for a 0.5 inch TEFLONTM 
carrier particle design; 
0112 FIG. 71 is a schematic diagram showing a plurality 
of circular portions of the result of heating the TEFLONTM 
carrier particle design of FIG. 66 in the same thermal 
processing simulation of the target particle: 
0113 FIG. 72 is an illustration of a screen display show 
ing exemplary simulation results for a 0.5 inch polypropy 
lene carrier particle design; 
0114 FIG. 73 is a schematic diagram showing a plurality 
of circular portions of the result of heating the polypropy 
lene carrier particle design of FIG. 72 in the same thermal 
processing simulation of the target particle: 
0115 FIG. 74 is a schematic diagram of a cylindrical 
particle design for simulation by a spatial simulation engine; 
0116 FIG. 75 is an illustration of a screen display show 
ing exemplary simulation results for the cylindrical particle 
design shown in FIG. 74; 
0.117 FIG. 76 is a schematic diagram showing a plurality 
of circular portions of the result of heating each of circular 
portions in the thermal processing simulation; 
0118 FIG. 77 is an illustration of a screen display show 
ing exemplary simulation results for a % inch TPX carrier 
particle design; 
0119 FIG. 78 is a schematic diagram showing a plurality 
of circular portions of the result of heating the TPX carrier 
particle design of FIG. 77 in the same thermal processing 
simulation of the target particle; 
0120 FIG. 79 is an illustration of a screen display show 
ing exemplary simulation results for a % inch nylon carrier 
particle design; 
0121 FIG.80 is a schematic diagram showing a plurality 
of circular portions of the result of heating the nylon carrier 
particle design of FIG. 57 in the same thermal processing 
simulation of the target particle; 
0.122 FIG. 81 is an illustration of a screen display show 
ing exemplary simulation results for a % inch TEFLONTM 
carrier particle design; 
0123 FIG. 82 is a schematic diagram showing a grid of 
the result of heating the TEFLONTM carrier particle design 
of FIG. 81 in the same thermal processing simulation of the 
target particle; 
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0124 FIG. 83 is an illustration of a screen display show 
ing exemplary simulation results for a % inch polypropylene 
carrier particle design; 
0125 FIG. 84 is a schematic diagram showing a grid of 
the result of heating the polypropylene carrier particle 
design of FIG. 83 in the same thermal processing simulation 
of the target particle: 
0126 FIG. 85 is a flow chart that illustrates a process for 
designing a carrier particle having characteristics about 
matching the conservative behavior characteristics of a 
selected target particle; 
0127 FIG. 86 is an illustration of a screen display of an 
application providing a dropdown menu for selecting a 
target food particle for simulation; 
0128 FIG. 87 is an illustration of a screen display of an 
application providing a menu for receiving operator input 
for designing a carrier particle; 

0129 FIGS. 88A and 88B are illustrations of screen 
displays of an application providing the results of the 
information entered in the screen display of FIG. 87: 
0130 FIGS. 89A and 89B are illustrations of screen 
displays of an application providing exemplary results of 
simulation information entered by an operator, and 
0131 FIGS. 90A and 90B are illustrations of screen 
displays of an application providing exemplary results of 
other simulation information entered by an operator. 

DETAILED DESCRIPTION 

0132) Temperature measurements for the continuously 
flowing particles in a thermal multi-phase processing system 
need to be performed in such a way that will not obstruct or 
impede the stream of continuously moving product within 
the system. If the stream of the observed targets needs to be 
impeded, slowed down or stopped to implement the mea 
Surement, this will generally result in non-conservative 
measurement and therefore non-conservative process evalu 
ation. 

0.133 Temperature measurements therefore need to be 
performed using non-obstructing, non-contact measurement 
techniques and using a Sufficiently rapid response and detec 
tion to enable recording of the temperature in full stream and 
in real time. The detection system should also preferably be 
functional the geometry or material structures. Finally, 
embodiment of a temperature measurement method and 
system should measure temperature in the “cold spot' of the 
fastest moving, slowest heating particle present in the con 
tinuously thermally processed multi-phase product. 
0134) Particularly, methods and systems are provided that 
can conservatively generate temperature measurements in 
batch and in continuous thermal processing of particulate 
containing food products, among other applications. In some 
embodiments, the methods and systems described herein can 
implement a large number of inexpensive, robust, thermally 
stable sensors adjusted to cover and monitor the entire 
length of a process hold tube and reliably ensure the detec 
tion of the time and place of target temperature achievement, 
regardless of its location along the tube length. Thus, a 
conservative temperature measurement is assured for all 
processed products and particle types without complicated 
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system modifications. Optionally, the number (and thus 
system sensitivity) and density of sensors can be increased 
at specific path areas of interest to enable more precise 
location and measurement. 

0.135 While treatment of the methods and systems 
described herein can be applied to food products, other 
representative applications include other types of thermal 
treatment, such as enzymatic inactivation, thermal inactiva 
tion or destruction of other harmful components (viruses, 
toxins, carcinogens, mutagens, and contaminants); thermal 
or catalytic process enhancement; and thermal treatments of 
various materials required to achieve either a minimum 
temperature or a minimum time-temperature process com 
bination. The subject matter disclosed herein thus pertains to 
temperature measurement methods and systems that provide 
conservative measurement with respect to a variety of 
particles, such as-real food particles with no characteristic 
compensation or adjustment; non-food biomaterial particles; 
and organic and inorganic thermally treated particles, 
whether natural or fabricated. 

0.136 Conservative temperature measurement is defined 
herein as a measurement that provides temperature detection 
only when a selected minimum temperature is reached by 
the observed target. Conservative temperature measurement 
is of particular importance in thermal microbicidal treat 
ments such as pasteurization and sterilization since it pro 
vides a tool to assure that the minimal required cumulative 
microbicidal thermal process has been received by the 
observed target. Correspondingly, then, a conservative tem 
perature evaluation method as referred to herein is a method 
that assures detection and recording of all temperatures 
exceeding a preselected or predetermined temperature level. 
0.137 Following long-standing patent law convention, 
the terms 'a' and “an' mean “one or more' when used in 
this application, including the claims. 
I. Methods and Systems Temperature Level Detection and 
Recording 
0.138 Methods and systems are provided for generating a 
temperature measurement for a batch or a continuous stream 
of material, particularly food materials. Additionally, a mag 
netically detectable particle is disclosed that can be applied 
to these methods and systems. According to one embodi 
ment, the detectable particle comprises a first and second 
magnet having a positive and negative pole. One of the 
positive and negative poles of the first magnet can be 
attached to the same polarity positive or negative pole of the 
second magnet. This arrangement of the magnets can gen 
erate a first magnetic field and can have the effect of 
reducing or canceling the magnetic field strength of the first 
and second magnet. 
0.139. The magnetically detectable particle can also com 
prise an adhesive having a release temperature and operable 
to attach the first and second magnets together above the 
release temperature and release the first and second magnets 
from one another above the release temperature. When the 
adhesive releases the first and second magnets, the first and 
second magnets can move with respect to one another such 
that one of the positive and negative poles of the first magnet 
moves toward the opposite polarity positive or negative pole 
of the second magnet. This arrangement of the magnets can 
generate a detectable change in magnetic field strength to 
indicate a temperature measurement for the batch or con 
tinuous stream. 
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0140 Generally, by the term “detectable particle' or 
“magnetically detectable particle', it is meant a particle that 
includes an implant that is detectable by magnetic field 
sensors that can be used in the methods and systems 
described herein. According to one embodiment, a system 
can include a magnetically detectable particle as described 
herein and a detector for detecting a change from a first 
magnetic field to a second magnetic field to thereby generate 
a temperature measurement for the batch or continuous 
stream. According to another embodiment, the method can 
include providing the magnetically detectable particle 
described herein; inserting the detectable particle into a 
batch or continuous stream; and detecting a change in 
magnetic field strength of the detectable particle to thereby 
generate a temperature measurement for the batch or con 
tinuous stream. The magnetic field signal can be detected by 
external non-contacting magnetic sensors, and can be indi 
cated in a number of ways, including by a closing of relays, 
by light indicators, by alarms, and other Suitable indicators 
known to those of skill in the art. Further, the methods and 
systems described herein can be used for the monitoring and 
recording of achieved temperature levels and the additional 
data (e.g., time required for achievement of temperature 
associated with the temperature event). The methods and 
systems described herein can be used for remote, non 
contact detection (Such as, for example, during a flow of 
multi-phase materials containing Solids within sealed ves 
sels). Specifically, the generated signals can be detected 
through stainless steel walls or enclosures of standard sani 
tary processing equipment for, e.g., foodstuffs and bioma 
terials. Alternatively, the methods and systems can be 
applied to the detection of overheating reactors, industrial 
heaters and other equipment (i.e., critical temperature detec 
tion in automotive applications). 
0141. The methods and systems described herein can be 
used to detect that predetermined temperature levels have 
been reached in a wide variety of objects and materials. 
According to one embodiment, the objects and materials can 
be simulated and real food particles. The detectable particle 
can be inserted within, attached to, or otherwise integrated 
into a simulated or real food particle. The simulated food 
particles can be adjusted or designed to provide conservative 
flow and heating behavior when compared to other food 
particles present in, e.g., a continuously, thermally-pro 
cessed multiphase food product. In some embodiments, the 
implants magnetic field strength can be monitored via a 
series of non-contacting giant magneto resistive (GMR) 
magnetic field sensors. Detection of a change in magnetic 
signal can indicate a point in the system (e.g., location and 
time-of-flight) needed for a custom-designed conservative 
particle to achieve a pre-set temperature in the center of the 
particle or at the implant location. This detection can assure 
that each and every other real food particle has achieved at 
least the preset temperature at or prior to the detection 
location. Thus, the methods and systems described herein 
can facilitate a conservative time-temperature detection sys 
tem for continuous flow thermal processing of multiphase 
food products. 
0142. In addition to monitoring flows and thermal histo 
ries of continuously thermally processed multiphase foods, 
the methods and systems described herein can be used for 
the detection of any increase in temperature above a pre-set 
limit. In food processing, for example, cans can be indi 
vidually tagged with coupled-magnet devices to confirm via 
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automatic detection that individual cans have achieved pre 
set sterilization/thermal treatment levels. Alternatively, for 
specific products (e.g., refrigerated foods), attainment of 
higher temperatures is undesirable; thus, methods and sys 
tems described herein can be used to detect temperature 
abuse during the product distribution and storage cycles. 
0.143. The first and second magnets of the magnetically 
detectable particle can be pre-magnetized, and can be 
selected based on any number of desirable physical charac 
teristics (e.g., maximum operating temperature, size, shape, 
weight, material composition, and magnetic field strength). 
According to one embodiment, the first and second magnets 
can comprise a material selected from the group consisting 
of neodymium iron boron, cobalt rare earth (e.g., Samarium 
cobalt), aluminum-based (e.g., aluminum-nickel), ceramic, 
organic, plastic-embedded metal or ceramic and combina 
tions thereof. According to another embodiment, the mag 
nets can be made of special sintered neodymium-iron-boron 
(NdFeB) grades, such as NdFeBM series (having a maxi 
mum operating temperature of about 100° C.); NdFeB H 
series (having a maximum operating temperature of about 
120° C.); NdFeBSH series (having a maximum operating 
temperature of about 180° C.); NdFeBUH series (having a 
maximum operating temperature of about 180° C.); and 
NdFeBEH series (having a maximum operating temperature 
of about 180° C.). 
0144. The adhesive for attaching the magnets can be 
selected from an adhesive such as glue materials, metallic 
alloys, or their combinations based on their melting point 
and service temperature range characteristics. The following 
table, Table I, shows exemplary adhesive compositions for 
eutectic metallic alloys and metals: 

TABLE I 

Adhesive Compositions for Eutectic Metallic Alloys and Metals 

Eutectic 
Melting Point 

Composition (%) (Degrees C.) 

indium (In) 51/Bismuth (Bi). 32.5/Tin (Sn) 16.5 60 
Sn 13.1/Bi 49.5/Lead (Pb) 27.3/Cadmium (Cd)10.1 70 
in 66.3 Bi 33.7 72 
in 41.5 Bi 48.5/Cd 10.0 77.5 
Bi S7. In 26S 17 79 
in 29.6 Sn 16.3Bi 54.1 81 
Bi S1.6, Pb 40.2f Cd 8.2 92 
in 44.0. Sin 42.0.Cd 14.0 93 
Sil 18.O.B 52.O.Pb 3O.O 95 
Sn 35.7; Bi 35.7Pb. 28.6 100 
Sil 25.9, Bi S3.9, Cd 20.2 104 
in 33.O.B 67.0 109 
in 52Sn 48 118 
in 74f Cd 26 123 
Bi SS.S.Pb 44.5 124 
in 70.O.S. 15.O.Pb 9.6. Cd S.4 125 
Sn 41.6B 57.4f Pb 1.0 135 
Sn 42 Bi 58 138 
in 97/Silver (Ag) 3 143 
Bi 60.0Cd 40.0 144 
SI S12, Pb. 30.6. Cd 18.2 145 
in 97.0/Ag 3.0 146 
in 99.5 Ga 0.5 153 
in 1OOO 156.7 

Additionally, the listed and similar alloys shown in Table I 
can be used as the thermal release layer in a laminated 
composition with magnetic implants, i.e., a layer of meltable 




































