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FOREWORD

Under contract to Union Carbide, the Jet Propulsion Laboratory

has undertaken the design and construction of a temperature controlled
device for the freezing and thawing of red blood cells. Stringent
temperature control is obtained from electrical circuitry used on the

Viking Mars Mission for thermal control of spacecraft instruments.
This control methodology allows precision freezing and thawing in a
reproducible manner and at rates which may be optimal for maximum
recovery of the red blood cells.

This is the final report for the project.

The development phase of the project is described in the Red

Blood Cell Freezer Task Interim Report, JPL internal document number
5030-134, dated October 1, 1977.
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ABSTRACT

A system has been constructed which allows programmable
temperature-time control for a 5cc sample volume of an arbitrary
biological material. It also measures the parameters necessary for
the determination of the sample volume specific heat and thermal
conductivity as a fut ►ction of temperature, and provides a detailed
measurement of the temperature during phase change and a means of

calculating the heat of the phase change.

Steady-state and dynamic temperature control is obtained by
supplying heat to the sample volume through resistive elements

constructed as an integral part of the sample container. For cooling
purposes, this container is totally immersed into a cold heat sink.
Sample volume thermodynamic property data are obtained by measurements
of heater power and heat flux through the container walls. Using a
mixture of dry ice and alcohol at -79 0C, the sample volume can be

controlled from +40 0C to -600C at rates from steady state to

± 65 0C/min. Steady-state temperature precision is better than

0.2 0C while the dynamic capability depends on the temperature rate
of change as well as the thermal mass of both the sample and the

container.

Preliminary tests, conducted with distilled water, saline, and

rod blood cells, showed the feasibility for using the device for
extremely accurate temperature control. The performance capabilities
of the system allow the application of an increased dimension of
thermal control to the study of freeze storage of biological
materials. The system's ability to determine the temperature
dependent thermodynamic properties allows a greater understanding of
the thermodynamics of freeze damage to biological cells. The unique
capability in determining phase change and measuring its heat, may
lead to a new consideration of the roles of the electrolytes through a
more thorough understanding of the solution eutectics and their
resulting osmotic pressure histories.
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SECTION I

INTRODUCTION AND BACKGROUND

Numerous attempts have been made to freeze biological materials
and show tnat viability is maintained upon thawing. In some cases,
satisfactory freeze preservation has been possible when cryophylactic
agents, such as dimethyl sulfoxide (DMSO) or glycerol, have been added
to materials before freezing. The exact manner by which these
materials afford protection is not known, but by understanding the
various temperature related factors which cause cryogenic destruction,
some understanding of the effects of freeze/thaw protocols may be
possible.

The problems arising during the freezing process include: (1)
intracellular and extracellular ice formation, (2) high solute
concentration, (3) pH changes, (4) dehydration, and (S) others. It is
known however, that the freeze/thaw rates and storage temperature
affect both the character of ice formation and other variables which
indirectly influence the survivability of frozen materials.
Temperature rates which are either too slow or too fast are known to
cause increased cellular destruction.

The use of frozen thawed human erythrocytes for transfusion is
becoming increasingly important for many reasons, including, for one,
the convenience of having rare blood types available when needed. The
fact that frozen blood is not even more widespread in its use can be
attributed to its relatively high cost in relation to the unfrozen
product. The high cost is largely because large quantities of
glycerol must be added as a cryoprotectant and then later removed.
The removal of glycerol is a complex, time consuming, and costly
procedure.

This work describes a device which allows the study of a new
approach to the freeze preservation of human erythrocytes and which,
if successful, will have a significant impact on the frozen blood
industry. The approach utilizes technology developed at the Jet
Propulsion Laboratory (JPL) to allow precise control of instrument
temperature aboard spacecraft. With this precise control, it may be
possible to understand the role of temperature for minimizing freeze
damage, thereby minimizing the costs for low-temperature preserva-
tion. Application of the JPL-designed temperature control system to
the problem of red cell freezing may provide solutions to these and
other problems of freeze preservation.
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SECTION II

TECHNICAL DISCUSSION

A.	 OVERALL SYSTEM DESCRIPTION

1. Concept

In the initial phase of this work, a basic design concept was
adopted which allowed the red blood cell container to also serve as
the primary means for heating the cell mass while immersed within a
cold environment. Such an approach maximized utilization of the
temperature control available from the bridge circuit proposed for use
and discussed in Appendix A of this report. This design concept is
summarized in Figure 1. The desired freezing and/or thawing protocol
is established in the computer. The computer measures the heat
dissipation in the heater and adjusts it by sensing the temperature of

the cell mass or other control point and referencing this against the
desired temperature for a particular protocol. The heat of phase
change as well as the thermal conductivity and specific heat of the
cell mass are also determined from temperatures and heat dissipated in
the container. These parameters are necessary for thermal dimensional

scaling to larger volumes of cells which may be of commercial interest
in the future as well as for the normalization of the thermodynamic

behavior of the red blood cell samples obtained from various donors.

2. Approach

The final system block diagram is given as Figure 2. The
function of the various blocks of this configuration are discussed in
this section.

a. Temperature Controller. The controller sets the

temperature levels for the system. It is discussed in Section II-C-1.

b. IDAC. The IDAC provides automatic operation of the
controller, transmits digital data to the tape deck, and produces a

video display in engineering units for any selected input. The IDAC
is described in Section II-D of this report.

C.	 Freeze/Thaw container - Model III. The configuration of
the container used for the final experiments in this report is

described in detail in Section II-B-2 of this report. Samples of
water, saline solutions, red cells, or other liquids can be placed in
the container for experimental purposes. The sample volume is S cc.
A thermocouple is located in the center of the sample. The container
walls are hard anodized aluminum separated by a Vespel rectangular
annulus. The walls contain the temperature sensors and heaters which
provide %he total thermodynamic information for the system.
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d. Digital Voltmeter. Any digital voltmeter (DVM) with at
input impedance greater than 100 kS: and a resolution of a^. least 1 µt'
can be used with this system. The DVM is used to monitor the various
temperature sensors during operation or calibration, and to monitor

the sensor excitations and controller sensitivity during system set up.

e. Heater Power Supply. Any do power supply that can provide
150 Vdc at 10 A can be used with this system. Typical operation is
100 Vac and 7.5 A at full power it the alcohol-frozen CO2 hestsink.
The do supply provides do power to the temperature controller which in

turn provides the pulse width modulated power to the heaters in the
container walls.

f. X-Y plotters. The 2 pen plotters are used to graph any
combination of sensor and heater signals desired. The plotters

provide real-time demonstrations of the performance of the system.

g. Tape Deck and Video display. The tape deck stores the
complete thermal history of each test. The video display is used for
monitoring up to four channels of real-time test data. These are
discussed in detail in the IDAC section of the report.

B.	 FREEZER DESCRIPTION

1.	 Early Development

Two concepts wer.i considered in the initial design phase. The

first, based on a rotating cylindrical tube container, is discussed in
Appendix B. This approach was determined to be inappropriate for the
basic studies initially required. In the second concept, a container
having parallel flat piates separated by a guard material would be
used. The entire heat transfer between the cell mass and the heat
a ink would occur across the flat plates. These plates would also
contain the necessary heaters and senaors. This approach was chosen
for the study because of its simplicity and ease of analysis.

A schematic of an early model. of this configuration, Model I
shown in Figure 3, was built for the primary purpose of exercising the
temperature control circuit. Yodel I consisted of a pair of plane
parallel 3 x 6-in. walls held apart by an 0.08 in. aluminum spacer and
enclosed in a plexiglass rim. Each wall contained a pair of 0.040-in.
beryllium copper plates which sandwiched an 0.080 in. Electrofilm

patch heater. The heater and plates vt,ie bonded together by RTV 60
(r	 cement.

The temperatures for Model I were monitored by a pair of 0.5-in.

'

	

	 square nickel sensors placed at the center of the wall between the
inner plate and the patch heate r. The interior volume of 31 cc was
used to contain distilled water for the initial experiments.

3



The actual thermal performance of Model I, although inadequate for
blood freezing studies, provided data which suggested design modificatior:s

for the control electronics and the subsequent contain°: configurations.

These changes led to the design of Model II, shown in Figure 4. The
primary purpose of this model was to test the thermal control capability of
specially designed heater and sensor elements.

In Model II, the cell mass is contained between a pair of 4 x 6 in.
plane parallel walls, separated and insulated from each other by a styrofoam

rim and an 0.080-in. Vespel SP21 Spacer which served as a guard volume for
the cell mass. Vespel has thermodynamic properties similar to packed red
cells. It introduced no noticeable phase change during the freeze/thaw
protocols being considered. The wall itself is composed of four elements,
bonded to each other with Micro-measurements M-Bond 610. This bond was
successfully tested under extreme thermal stresses by immersion of various
combinations of bonded surfaces into liquid nitrogen from room temperature.
No separations were experienced even though the bonded materials had
considerably different thermal coefficients of expansion.

The interior element of the wall was a 0.032 in. anodized aluminum

plate whose primary function was to provide a high thermal conductivity path
be,^ween the cell mass and the control sensor, the adjacent element of the
wall. The control sensor was a 0.0005 in. nickel grid deposited on a 0.001
in. Kapton sheet. This sensor provided an integrated measure of the cell
mass surface temperature on each interior wall of the container. The next
element of the wall is physically the same.

The outer element of the wall was a 0.090 in. anodized aluminum plate
whose primary function was strength with a high thermal conductance path to
the heat sink. Because of the reduced thermal mass of Model II over Model I,
Model II was used to indicate the true order of magnitude of the temperature

control available from the pulse width modulated heater control system.
Experiments with Model II were conducted to optimize the heat transfer
performance of the container.

Model IIIA, shown in Figure 5, was also considered in concept but never
constructed. It had the potential of exhibiting a maximum thermal coupling
between the cell mass, its surface sensor and the heater. This would have
been accomplished by depositing both the nichrome heater and the nickel
sensor on a single sheet of 0.001 in. Kapton. Electrical insulation between
the heater and sensor and between the sensor and the cell mass would be
obtained by a thin deposited layer of silicon monoxide. The remainder of the
wall elements would be the same as described for Model III.

Although Model IIIA would have required some additional development

work, it would have had other important advantages. Its basic construction
would simulate the presence of a plastic bag by the inner Kapton sheet. This
simulation could be important in a developmental set.se in that the use of a
plastic blood bag for freezing and storage is commercially attract,,Yve.

.	 ,
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2.	 Final Freezer Configuration

a. Model III Description.	 Model III was designed and
constructed as a container for red blood cells having sensors to
accurately measure temperatures, temperature gradients, heat flow and
state changes during the freeze/thaw process. It is operable in the
temperature range from room temperature to -60 0C when used with a
heat sink of -790C. The rate of cooling/heating can be controlled
either from the data sensed by a thermocouple in the cell mass or from
sensors in contact with the cell mass surface. The latter method was
chosen for these experiments. The directional heat flow is measured
by sensing elements within each wall. This heat flow measurement
provides data to determine the thermodynamic properties of the cell
mass and to measure the heats of phase change.

b. Description and Explanation. Figure 6 is a schematic
representation of the Model III container. The Model III contained a
total of 5 ml of cell volume with 11% expansion allowable for volume
change during freezing. The Model III design was developed from the
results of earlier tests.

Each wall of the container is composed of 9 individual elements
as shown in Figure 6. Each element is attached to the adjacent
element with Micromeasurements AE-15 bond. The two walls sandwich the
Vespel rectangular annulus (V) allowing a 2mm spacing of the walls and
the formation of the 6.5cc sample volume. Material is transferred to
and from the sample volume by syringe which can be inserted into ports
drilled through the Vespel frame. A hydrophobic grease is placed
between the Vespel and the walls to eliminate leaks and a spring
provides the necessary tension to hold both walls and Vespel in place.

All the plates shown in each wall are hard anodized aluminum.
The anodized coating provides electrical insulation between the plates
and the sensors or heaters, and provides an acceptable surface for
contact with the sample mass. Tl;e positioning of the aluminum plates
between the heaters and sensors provides the necessary electrostatic
shielding to prevent the pulsed heater rower from coupling into the
sensors.

The dimensions of the wall elements are 2.625 x 3.35 in. The
sensors shown in Figure 7 are 0.0005 in. nickel deposited on 0.001 in.
Kapton. Both heaters and sensors are bifilar wound to reduce
electrostatic coupling. The total heater resistance is 25 ohms and
the total sensor resistance is 94 ohms. The internal aluminum plates
are all 0.020 in. thick and the two outer plates $ R5A and R5B9 are
0.080 in. thick.

Sensors S1A and SI B measure the surface temperature of the
sample mass. The temperature differential across a portion of the
wall is made from the S2A - S3A and the S2 B - S3B sensors.
These later temperature differentials are important in calculating the
heat flux through each wall. This heat flux is required for
determination of the thermodynamic properties of the sample mass.

5



Future 8 shown ;n other view of tin e container wall y and
associates each sensor .till heater with its appropriate temperature or
heater symbol used in this text. For example, the temperature
measured by sensor SlA is TAI and the power generated by heater
HA is PA.

Figure 9 is a photograph illustrating a side view of tile
parallel plate construction of one half of the container and showing
the Vespel frame oil 	 It also shows the heater and sensor leads
coming from the wall.

Figure 10 is a photograph of one half of the sample container.
The Vespel frame is seen as the dark reCtangular annulus. The heater
and nonsor element wiring from the wall uses plastic covered shielded
twisted pair conductors.

Figure 11 shows the outer plate of one side, together with the
Styrofoam edge insulators mounted in the lower half of the
instrumentation frame.

Figure. 12 shows the ili.Ntrumout.ition fixture and iltustrates the

0Xp;lndol. spriug MAt'c't'tal which exerts incr
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halves of the container stack as the temperature is lowered. This
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the instrumentation fixture and illustrates the coolant flow apertures.
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temperature-time histor y for -freezing and thawing of distilled water.
Two cooldown rate: were- ur;ted: Rato 1. 10 t 'C nil n, and Rate 2 t 5

VC/111in. Curve, AA and tilt are :lie correSpon,ting power curves for
heater P A . As the stipple Wistilled water) in cooled, It initiates

a phase change at a t.omporHtUro below ite : normal t- I'e.e.:ing point
(supercooling). The oxothermic treo:.ing. proce;:s Cau::es tilt'
temperature to increase in the dire:tion of the theoretical freezing

point, O OC. !fitter the VXothol -mic freeze pinvess Iwo been Completed,
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control point. Thi:: charactori.
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pie Cut"!es A and 1'. clre Sensed by the
0i the sample rr.: ► ;:s. Had the Control

J ,how a strai± ,ht line through tilt'
temperature , Control ut the actual

We is demonstvatod in they test data
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C.	 CONTROL SYSTEM DESCRIPTION

1.	 Temperature Controller

The data system temperature control block diagram is shown in
Figure 14. The temperature controller provides sensor excitation and
pulsed heater power to the container, and digital information of
controller set point temperature reference and the analog signals of
the various nickel temperature sensors to the Integrated Data

Acquisition and Control System (IDAC). Other analog outputs are
provided for the X-Y plotters. Any of the freezer temperatures and
heater powers can be plotted in real time. The controller provides
the freeze/thaw control ramps and the rates at which these ramps are
accomplished. The controller starts, stops and holds at manually
selected control points or the programmed control points provided by
the IDAC. All functions of the controller can be set manually or can
be programmed in the IDAC. The IDAC then conducts a complete
freeze/thaw experiment. The temperature controller circuitry is
described in the following Sections.

Figures 15 and 16 are front views of the controller chassis with
and without the front chassis plate. Figure 17 is the back view of
the chassis. A schematic showing the interconnection of the

controller card circuit is shown in Figure 18. These card circuits
will be discussed in the following paragraph. The temperature
controller provides for both manual or programmed operation.

a. Programmed Operation. For programmed operation the front
panel run switch is in the hold position. Initially, it is desirable

to have the freeze/thaw container at room temperature. The set point
counter is then adjusted by the switches on the front panel until a
proper setting is indicated by the output lights. The enable switc;i
that provides a do voltage to the power drivers, can then be turned on
with appropriate change in the sample container temperature. The
sample container is then placed in the coolant. The heater power
inunediately increases to the proper level to maintain the set

temperature. The IDAC program then sets the proper temperature rate
and start temperature. The experiment program begins and the system
accomplishes all of the programmed temperature rates, starts, stops,
and bolds.

The control system utilizes sets of composite subprograms as
i	 building blocks to develop a total protocol. Each composite

subprogram consists of (1) start temperature, (2) hold time at the
start temperature, (3) temperature ramp rate, (4) final temperature,
and (5) hold time at the final temperature. An example of this
composite subprogram is shown in Figure 18a.

i

t

	

	 The control system is capable of storing and managing up to 15
of these composite subprograms per test protocol. Should more than
this he required, the system can be placed into a manual hold mode

while a new protocol is set in the computer.

A

a

i
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Should the start temperature for a given test not be equal to
the current initial temperature of the system, the controller will
take the system to that start temperature under the maximum rate
possible. After holding the system at its final temperature for the
appropriate time, the controller will automatically retain this same

temperature for an additional indefinite time period or until it
receives a manual or programmed command to do otherwise.

b.	 Manual Operation. For manual operation the run switch is
in the hold position and the set point counter is adjusted in the same

manner as for the programmed operation. The sample container is
placed in the coolant. The rate counter is set to the desired rate.
The enable switch is positioned to on. To begin a cooling ramp, the
run switch is placed in the down position. To stop and hold, the run
switch is placed in hold position. The rate can be changed as
desired. For thawing, the run switch is placed in the up position.
Care should be exercised in manual thawing to prevent overheating the
sample container. For manual operation, the sample temperature must
be monitored continuously to achieve the desired start and stop points.

C.	 Front Panel Controls. The operating controls (Fig. 19)
are front panel push button switches and toggle switches, or external
voltage signals from the data acquisition system, that can set the
ramp rate divider register and control the initial and final values of
a temperature-time history ramp. The data acquisition system monitors

the temperature bridge outputs and has an operating control program
that provides the control logic for sequencing a series of ramps and
holds.

d. Up/Down CQanter and Ramp Rate Clock. An up/down counter
provides the 16-bit binary signals to control the D/A converter (see
Figs. 19, 20 and 25). It counts up, down, or stop under control of
external voltage or switch contact inputs. The count rate is
controlled by a dock. The ramp clock rate is set by another digital
binary counter that divides the source clock by numbers from 1 to 63

in unit steps. The division ratio is controlled by an externally set
register. This register is monitored and set by the external data
acquisition system prior to the start of any voltage ramp out of the

D/A converter.

e. Comparator. This circuit (Fig. 21) is a high-gain,

low-drift operational amplifier, LM108A, operating as a voltage
comparator. One input is connected to the filtered output of the
temperature bridge; the other input is connected to the output voltage
of the controlled reference digital to analog converter plus the
proportional band triangle wave signal (Fig. 24). The comparator

output is on or off and provides drive to the switch mode power driver.

f. Power Driver. The power driver (Figs. 18 and 21) is a

t

	

	 switching mode power transistor circuit that operates on the ground
end of the heaters and completes the circuit through the heaters from
the do power supply. On-off switching times are in the microsecond
range. The switching frequency is generated by the proportional band
oscillator (400 Hz), and the duty cycle is controlled by the

comparator output over the range of 0 to 100%. The power driver
circuits also include

I	 8
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attenuators that provide conditioning of duty cycle signals and heater

do power for monitor by the exernal data acquisition system. The do

power for the heaters is provided by an adjustable, regulated do power
supply. The power supply must be capable of 150 Vdc at 10 A.

r

g. Bridge Supply. The bridge voltage supply (Fig. 22 and
Fig. 23) consists of a buffered set of stable inverting operational

amplifiers that provides plus and minus 6.4 V do for the temperature
sensors. The reference source for the supply is the voltage reference
output of the D/A converter. Since this reference is also used as the
reference for the variable voltage output of the D/A converter, the

temperature bridge operates in a full bridge compensated mode.

h. Digital to Analog Converter. The D/A converter (Fig. 22)
is a stable monotonic, 16-bit binary, voltage output D/A module.
(Analog Devices. DAC HR16B). It provides the voltage reference for
the bridge supply, and the variable output voltage controlled by the
16-bit binary signals from the up-down counter to the comparator

reference. The comparator reference is generated by adding a chopper
stabilized operational inverter (the D/A output voltage) and an
adjustable triangle voltage (Fig. 24) for proportional. band set. The
comparator reference voltage ranges from 3.2 volts to 6.4 volts for a
binary input ranging from 0000008 to 1777778. This allows a
potential control range from +40 0C to -800C.

i. Container Heaters. The heater elements are thin film
nichrome, in a bifilar configuration on a Kapton substrate. The
heaters are located in the walls on each side of the freezing

container. The heater resistance is 25 ohms. A photograph of the
heater is shown in Figure 7.

j. Container Temperature Sensors. The temperature sensors
are thin film nickel in a bifilar configuration on a Kapton
substrate. The sensors are located in the walls on each side of the
freezing container. The nominal resistance of the sensor, at 220C,
is 94 ohms. A photograph of the sensor is shown in Figure i.

The power supplies for the controller circuits are shown in
Figure 26.

D.

	

	 INTEGRATED DATA ACQUISITION AND CONTROL (IDAC) SYSTEM
DESCRIPTION

The Integrated Data Acquisition and Control (IDAC) data system
was designed in 1966 as a general purpose digital data system for

JPL's propulsion test programs. The IDAC includes real time deta
output and control capabilities. The analog input subsystem is

-	 typical of many digital systems in that it has 500 channels, 14-bit
t	 ADC, scan rates to 10 kHz, addressable gain, and channel selection.

The system includes an 8K, 18-bit memory and 78 in/sec digital
magnetic tape recorder. Real-time engineering data is provided by a
printed paper tape, two video displays, and 16 digital
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to analog converters. An engineering units capability includes
ranging and scale factors for all standard transducers, thermocouple
linearization, and data output unit definition. The system is able to
limit check 64 data channels in real time. The IDAC also has a
sophisticated digital data input capability. The digital input
capability was used to provide the automatic control of the freezer.
The operator supplies the freeze/thaw control parameters to the
control system of the IDAC. The system temperature controller
supplies a reference input to the digital system.

This digital reference input is compared with the freezer wall
temperatures and the freeze/thaw control parameters. The result of
the comparison is transmitted to the temperature controller which in
turn sets the heater power of the freezer. The IDAC sets the rates of
freezing and thawing, the start and stop temperatures and the hold
times at the predetermined set points. The signal flow of the IDAC is
shown in Figure 27.

E.	 SYSTEM CALIBRATION

The nickel sensors were calibrated by the JPL Standards
Laboratory for resistance vs temperature. The temperature range of
the calibration was from 22 0C to -60 0C and produced the following
equation:

R = 83.699105 + 0.4065255 T + 0.000373 T2

Calibration in the freezing system was accomplished by submerging the
container in a distilled water-ice bath. When the system reached
equilibrium, the bridge excitation voltages were adjusted to produce a
OoC output from the data system. The system was also checked by
submerging the container in room temperature water. The To
thermocouple was used as a reference standard for these measurements.
This is a type E thermocouple and was calibrated by the JPL Standards
Laboratory and found to be within .01% of the laboratory standard from
220C to -600C.

The heater resistances have a nominal value of 24.3 ohms at
OoC. This value was adjusted by a computer program, using the
nichrome temperature vs resistance table, to produce an accurate
measurement of each heater power. This is necessary since the heater
temperatures were essentially the same as those of the control
sensors, and changed with the cooling and warming protocols.

1.	 Data Printout

The typical output data presented in the following figures are
obtained through an acquisition process conducted by the IDAC and
which results in the data being stored on magnetic tape. A special
program, modified from existing software, was prepared to accept this
data, provide the necessary calibration and produce three listings of
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the data in appropriate units. Typical examples of these listings are
shown in the following figures. The first column of each listing is

the time during the test in hours, minutes, and seconds, (HH:MM:SS).

Figure 28 presents the basic temperature and power data taken at
one second intervals during a portion of a test. The temperatures

TA3, TA2, and TAl are on the outside wall of the container
adjacent to the cooling bath, within the package wall and at the
interior face adjacent to the sample mass respectively. The
temperatures TB3, TB2, and TB1 are in similar positions on the
opposite wall of the container. The temperature at the center of the
sample mass is To . The temperature set as a voltage within the
controller to define the required temperature for a given protocol is

TREF• The power dissipated in the container wall heaters is given
as PA and PB.

Figure 29 presents data characteristic of the system
performance. The term (To-TREF) indicates the difference between
the actual temperature as measured at the center of the sample mass
and that set by the controller. This is a measure of the overall
ability of the controllerto influence the temperature of the least
responsive area of the sample mass. The term indicates the effects of
thermal inertia, and phase change, as well as sensor and thermocouple
calibrations. The value of (To-TAI), is the gradient from the
center of the sample mass to the surface of the sample mass on the (A)
side. The term (To-TBI ) is similar except on the (B) side. These
terms also reflect the sensor calibrations and are useful for

indicating the velocity of the wave front during phase change as well
as the thermal conductivity of the sample mass.

The terms (TA2-TA3) and (TB2-TB3) are the differences in
the temperature between a plane within the container wall and one at
the exterior surface where the container wall comes into contact with
the coolant. These terms provide a measure of the heat transfer
through the container walls and establish the thermal conductance of

the walls used to evaluate the thermod^!namic properties of the sample
mass. Approximate values of these thermal conductances are calculated
and presented in the columns under t ►-,e title KA and KB of Figure
29. They are "effective" values which are true measurements of the
exterior wall conductance only under conditions of steady state.
Under transient conditions, their perturbations from the true value
may reflect conditions of non-equilibrium due to thermal inertia or

phase change. The final column, average power, is that calculated by
taking one-half of the sum of the power from the (A) and (B) side
heaters. This term is used for plotting the thermodynamic cycle
presented by each protocol in the test data section of this report.

Figure 30 presents data of general engineering interest. The

•	 term (TA1-TREF) indicates the control system's ability to produce
r changes in an area of maximum sensitivity to the control heater, i.e.,

at the sample mass/container wall interface. Typical data for steady
state conditions are shown as curve (a) of Figure 32.

11
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Because of the importance of making accurate measurements of the
outer wall conductance, a second indication of the temperature
gradient across the outer wall of the container is available by a
differential measurement. These values are presented as "Measured"
(TA2-TA3) and "Measured" (TB2-TB3). They can be used for a
more detailed analysis of the data.

The term "Heater Source" (E3) is used in the calculation of the
power dissipation in heaters (A) and (B) and is the square of the
power source voltage. The adjacent column in the calculated
resistance used for heaters (A) and (B) and which is obtained from the
appropriate calibration curve as a function of temperature. The
column labeled "Shorted Channel" is the effective temperature produced
by an unused channel, shorted near the experimental freezer. It
therefore is an indication of the noise from the cable, the
multiplexer scanner, the multiplexer amplifier, and the A/D
converter. These data are used to indicate the failure of any major
part of the control and acquisition system which processes data in
parallel. Noise levels indicated here can be directly added to the
performance curves of Figure 31a but are negligible.

2.	 Steady-State Operation

Curve (a) of Figure 31a presents the difference between the
steady-state thermocouple temperature as measured in the center of the
sample mass (To), and that established by the controller (TREF )

-The data was obtained for water but should be typical for any sample
mass. Examination indicated that this error was consistent and could
be removed from the measurements. An approximate correction can be
made to curve (a) of Figure 31a with the following equation

(To - TREF ) corrected = -9.8271 x 10-4 TSET
+ 1.0654 x 10-2 TgET - 1.344 x 10-1

+ (To - TREF)-

With this correction, the maximum error is 0.2 0C as shown in Figure
31b. This correction is not applied to the test data presented in
this report and consequently it will appear that a hold at a low
temperature will be in error a few degrees.

Curve (b) in Figure 31a shows the difference between the
temperature measured at the B sensor (TBl) and that set by the
controller (TREF)• This is an indication of the control capability

jof the system and does not involve the sensor calibration. The curve
r̀ 	 is repeated on a magnified scale as curve (a) of Figure 32 which shows

that there is less than 0.15 0C error in steady state temperature
control and this error is greatest at the higher temperatures. In the
range below OoC, a more important area for thermal control, this

t ,	 error is less than O.100C.

Curve (b) of Figure 32 shows the difference between the temper-
ature requested of the control system (TgET ) and t;wL interpreted by
the control system as the desired set point (TREF)• The difference
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is an indication of the inability of the control system to read and
establish the proper set point. Since the error has an approximate do
level around +0.05 0C, it may be possible to remove some of that
error through a bias of the temperature submitted to the controller.
If the error of curve (b) is due only to the dead band of the
controller, then adjustment may not be possible.

Curve (c) of Figure 31a is the net error between the desired
steady-state temperature (TSET) and that measured at surfaces of the
sample mass (TAI) and (TB l). The (A) face temperatures are indi-
cated by the open triangles and the (B) face by the solid ones. Curve
(c) is the maximum expected error of the control system in producing a
repeatable steady state temperature. If a bias of the (TSET) can be
made to correct for the error shown in Curve (b), then the error
indicated in Curve (c) may also be reduced by an equivalent amount.

In addition, the characteristic system s ►o-se level of the IDAC system
is monitored in each test by calculation of the equivalent temperature
of an unused and shorted channel as shown in Figure 30. This level is
always less than +0.0050C.

3.	 Dynamic Operation

In the transient thermal condition, control effectiveness must

be defined by considering the influence of the container and sample
mass thermal inertia. In the design of the present container, a
trade-off was made which sacrificed the low thermal inertia of the
container for the ability to determine the heats of phase change, the
thermal conductivity and the specific heats of the sample mass. This
was done by adding sensors in each wall. of the container. The ability
to obtain these properties makes the system unique and extremely
attractive as a research tool for Lie development of protocols for
freezing and thawing biological tissues.

Typical real-time recorded plots of temperature and power versus
time for distilled water are shown in Figures 33 and 34. These are
the first-order calibrated data. The plots were made on an X-Y
plotter with Y as temperature or power and X as time. The curve
identified as (To(I)) presents part one of the sample mass
temperature-time history. At the end of this plot the recorder was
reset so that the final. time history could be plotted. This is
labeled as (To ( 2 )). The curve (To ( I )) presents Lhe cooling
history from +20 0C to -400C at 11 0C/min and the curve (To(2))
presents the subsequent warming history, returning to the initial
temperature at the same rate. In a similar manner the curves

(PAW) and (PA(2)) present the initial and final histories of the
power dissipation of the (A) face heater PA . The curves are
qualitative and meant to present the overall view of the test.

Curve (To ( I )) shows an initial hold at a constant temperature
of 200C followed by a cooling ramp of 20oC/min. During the
cooling ramp there is a sudden increase in temperature associated with
a reduction in power. This is caused by the freezing of water, an
exothermic process. Note from the position of the beginning and
ending points of the ramp that tho power curves (PAM) and
(PA(2)) are shifted one unit to the right of the temperature
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curves. Consequently the deviations of temperature and power occur
simultaneously. This is an indication of the excellent response
between the heaters and the sensor within the sample mass even though
direct control of the heaters is by the sample mass surface
temperature TAl as indicated on the TA(l) curve. Upon resetting
the time axis of the recorder aftar the temperature of -40 0C is
at^ained and held for 120 seconds, the warming history of the sample
mass center is presented as curve (T o(2 )). Once again the change of
phase is noted for both the temperature and power curves. This occurs
during the melting process which is endothermic, therefore requiring
additional heat to maintain a steady temperature rise. Finally the
temperature is held at the starting value of +200C.

Figure 34 presents the temperatures on either side of the sample
mass for the same experiment presented in Figure 33. These are the
temperatures under the direct control of the heaters. The temperature
and power curves are shifted one horizontal unit from each other on
the graph. Note the excellent linearity of the temperature ramp
during cooling, and the elimination of the phase change temperature
deviation from this ramp during the warming process. In the freezing
process a small control loss becomes apparent because of the
suddenness of the phase change from the supercooled state. In some
tests where supercooling is minimal the freezing perturbation as seen
here is not evident from the curve. Some investigators have claimed
that the temperature of a finite mass can be controlled during the
phase change. As is shown in Figures 33 and 34, this may be apparent
for a portion of the mass, e.g., the surface in this case, but because
of the finite thermal conductivity of the mass, it can not be true in
general.

Figure 35 presents a thermodynamic cycle of the same test given
in Figures 33 and 34. The temperature at the center of the sample
mass (To) is plotted versus the average power of the heaters. Point
one is the starting point of the cycle; the temperature is held at
+200C. As tower is decreased the temperature is reduced in a
non-linear manner until the thermal inertia of the system and mass is
overcome. When this has occurred, there is a linear reduction of

temperature with power until freezing of the sample mass begins. The
actual freezing point of distilled water is O oC, however
supercooling can delay freezing until about -10 0C. At this point
there is a rapid decrease in power with an associated increase in

temperature. As the phase change reaches completion, there is an
increase in power to drive the sample mass temperature back to the
controlled ramp followed by a second nearly linear ramp. Point two is
the second hold point in the test and is obtained by an increase in

power with little change in temperature again associated with the
system thermal inertia. After holding for two minutes at point 2, the
warming cycle was started. There is a nearly linear increase in
temperature with power until about -5 0C where thawing becomes
evident and an increased power is required to provide the additional

heat for melting. Finally, the system returns to the starting point
and the test is concluded.
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The area within the primary envelope of the cycle presented in

Figure 35 is the hysteresis loss due to thermal inertia of the sample
mans and its container. This area is a function of the starting and
ending temperatures and, for a given sample mass, the rates of cooling
and warming. This loss is described by measuring the lag between the

control system's reference temperature and the response of the point
in the sample mass of least sensitivity to temperature control, i,e.,

the sample mass center. To describe this dimension of the envelope
the thermal inertia power (TIP) is defined as the average power
measured at constant temperature for a given cooling or warming
protocol. This measurement disregards deviations of the envelope due
to phase changes. Figure 36 presents the relationship of TIP as a
function of cooling or warming rate for distilled water. At present,
the only significance for the TIP is that of a performance
characteristic of the entire system. For detailed analysis, however,
it may be a significant parameter in dealing with the sample mass
performance during phase change. The relationship of the TIP to the
temperature rate appears, within the accuracy of existing data, to be
the same for all sample masses considered taus far. This includes
distilled water, 0.9% saline solutions, and packed red blood cells.

Figure 37 shows a method for describing the performance of the

control cycle for the same test discussed in Figures 33 to 36. It

describes a "worst case" condition, since it presents the difference
between the reference temperature of the controller and the
temperature of the center of the sample mass. Deviations from the
primary envelope are due to phenomena resulting in maximum loss of
control, i.e., phase changes. The general shape of the primary
envelope is an indicator of the thermal inertia of the system.
Because the data in the figure are not corrected as shown in Figure
31b, the value of the function does not remain at zero but varies to
positive and negative values. This plot is interesting because it
tends to amplify the phase change as an event in the cycle and may be
useful for the determination of other events during the detailed
analysis of red blood cells or other biological media.

F.	 WATER TEST RESULTS

1.	 Freezing Water

The freezing of water is an exothermic (heat release) process

that theoretically occurs slightly below the ice/water equilibrium

temperature of O oC. Pure bulk water, in the absence of ice crystals
however has to be supercooled to -100C before freezing occurs.

Ordinary water containing foreign bodies freezes from about -6 0C to

-25oC.

Once ice begins to form, the latent heat must be removed from

the sample to insure continued phase ^hange. This is the cause of the
temperature excursions seen in Figures 33, 34, 35, and 37. This heat
removal may occur from heat tram;fer a) through the supercooled liquid

phase under a temperature gradient directed toward the freezing
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interface or b) through the solid phase under a temperature gradient
in the ice. Any motion of the ice/water front is conditioned by
thermal conduction of the system to a heat sink. Cooling rate and
rate of ice fo-mation is determined by the temperature gradient in the
water or the ice. Both cases mentioned above are seen to occur in the
experiments presented in the following figures.

2.	 Test Data For Distilled Water

Freezing and thawing tests were conducted with pure distilled
water to arrive at a better understanding of the behavior of the
system during temperature control and the sample mass during phase
change. Figures 38a to 38d show data recorded during an experiment in
which the temperature of the water was reduced in steps from +200C
to -600C as noted on Figures 38a and 38b, and subsequently increased
back to +200C at a constant rate of +20C/min. as shown in Figures
38c and 38d. Each step was held for a period of 2 minutes and cooling
occurred between steps at a rate of li oC/minute. Two curves are
plotted on Figure 38a. To is th temperature at the center of the
sample mass (water) and To (1), ''o (2) and To (3) present a
sequential temperature history C)r this point. PA is the power
dissipated in the (A) side heater and is also presented sequentially.
Each point on PA(1) corresponds in time to each point on TA(1)
with the PA curves shifted one unit to the right. Since these
curves are for qualitative study, the vertical axis is not calibrated,
although temperature can be inferred from the hold points. In all
cases, each major unit on the horizontal axis is 50 seconds as
indicated in Figure 38a.

Freezing occurred during the cooling between the steps at OoC
and -50C. This is shown in Figure 38a by noting the increased
temperature in the To(1) curve and the decreased power in the
PAO) curve. Because of the tight temperature control of the TAI
and TBI sensors, this phase change is not apparent in Figure 38b.
This was not the case for the experiment described in Figure 34 where
both TAl and TBI indicated phase change at the same cooling rate
for the curve of Figure 38a. This difference is attributed to the
fact that the Figure 34 test allowed the water to supercool to -100C
before freezing. The associated change in the sample mass temperature
was too sudden to allow control. This is seen by the sudden drop in
heater power as shown in Figure 33. In contrast, the apparent
temperature control of TAI and T B I as indicated in Figure 38b and
the small deviation in the value of To(1) in Figure 38a resulted
from less of a demand on the heater as indicated by the more gradual
changes in the heater power PA(1) as shown during the phase change
in Figure 38a. Consequently the intuitively predictable result is
that the lesser the degree of supercooling prior to phase change, the
greater is the apparent temperature control of the sample mass. The
term "apparent temperature control" is used because a temperature
gradient must always exist in the sample mass in order to exchange the
heat of phase change. Nevertheless, allowing this change of phase to
occur over a longer period of time as was the case shown in Figure
38a, appears to reduce the temperature gradients within the sample
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mass and consequently allows the appearance of being under better
thermal control. Because of published evidence that indicates reduced
freezing damage to cells undergoing phase change under :ainimal

	 1

supercooling, the control and measurement of the supercooling/phase
change phenomena as just discussed is of considerable importance in

	
i

the study of cellular freezing.

Figure 38e presents a plot of the center temperature, To,
versus the average heater power. Points 2-11 indicate points where a
constant temperature/power setting was held for a period of 120 sec as
indicated in Figure 38a. Point 1 is the start of the test and point
12 is the end. The hold points do not fall on the cooling curve due
to the thermal mass of the container and the sample (water). The
freezing process occurs between points 3 and 4. Thawing occurs in
nearly the same temperature range on the warming curve.

It has already been mentioned that the test of Figures 38a-38d
showed freezing under a reduced supercooling condition compared to
that of Figure 33. This is shown more clearly by considering the same
two tests as indicated by the comparison of Figure 35 with 38c and
Figure 37 with 38f. It is readily apparent from the temperature
excursions during freezing indicated in Figures 38e and 38f, that this
case experienced a reduced gradient within the sample mass. This
condition is easier to note by comparison of the temperature/power
cycles than by the temperature or power time histories, and presents a
valid agrument for consideration of the cyclic process plots.

The remaining water test experimental data are presented in
Appendix D. There is no discussion of this data but they are included
for the purpose of completeness of this report. They add no new
concepts to those already presented but they do support the
conclusions obtained on the performance of the system.

G.	 SALINE TEST RESULTS

1. Freezing, Saline

When ice forms in a salt solution, the crystals are pure water.
As the temperature is lowered below this, the dissolved salts become
concentrated until all the water that can he crystallized a:, ice
freezes leaving only the solutes and their water of hydration.
Further reduction in temperature r:-cults on the solidification of the
remaining solution. The lowest t--ijerature at which the solution
remains liquid is called the eutectic temperature. For NaCl
solutions, this is -21.8 0C. The concentration of solute necessary
to achieve this minimum temperature is the eutectic concentration.

2. Test Data For Saline

Figures 39a through 39f present data typical of the freeze/thaw
tests conducted with 0.9% NaCl solution (physiological saline). As in
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the discussion of the distilled water experiments, the data are
presented in plots of actual test data and thermodynamic cycle of
temperature versus power.

Figures 39a to 39d present the time histories of T o , PA,
TAI and Tgl for the cooling and heating phases of the test. The
test is similar to that accomplished for distilled water with the
exception that the -6000 hold point is not included in the plots.
The hol.: points were for a duration of 120 sec. and the cooling rate
between hold points was 11oC /min. As in the water experiments, the
warming rate was at 20C/min.

In Figure 39a the exothermic freezing process is seen to occur
during the -100C hold point. The sample mass center temperature
(To) rise during To(2), occurs simultaneously with the sudden
power decrease shown during PA(2). After this occurrence, there is
no further indication of sudden phase change activity.

Figure 39b shows the TAI and Tgl temperatures during the
cooling phase of the experiment. The phase change waa not app: 	 on
this plot. It is obvious from Figure 39a however that the same:.-., uss
temperature was not held at a constant -100C as may be erroneously
concluded from Figure 39d but varied considerably as indicated b- tn*
gradient between To of Figure 39a and TAI or Tgl of Figure 39b.

Figure 39c presents the To and PA time histories for the
warming phase of the experiment. The endothermic phase change occurs
slowly over a period of about 200 sec. During this time the
temperature is seen to drop below the desired control ramp indicated
by the dashed line, and the power is seen to slightly increase above
its nominal ramp for the given warming rate. The temperature decrease
below the desired ramp is a measure of the gradient across the sample
mass since no apparent temperature deviation appears at the control
sensors TAI and Tgl as seen in Figure 39d.

Figure 39e presents the sample center temperature To as a
function of the average heater power in a fashion similar to Figure
38c. The freeze phase change occurs at the -100C hold point and the
thaw appears as a subtle bend in the warming curve near OoC.

Figure 39f is analogous to Figure 38f, representing the
temperature differential between the sample mass center temperature
(To) and the reference temperature which the system is attempting to
reach. The large difference in this value during the non phase change
process is because the data calibration is approximate and the
corrective equation (Figure 31b) was not applied. The important point
of the plot is the large excursions which occur during the freeze and
thaw phase changes, once again indicating that this correlation may be
an excellent method to analyze the phase changes of a complex
biological media.
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The remainder of the saline test data are presented in Appendix E.

H.	 RED BLOOD CELL TEST RESULTS

1. Freezing Red Blood Cells

The quality of freeze-preserved blood products has improved
significantly over the past 10 years. The increasing use of these
products in medicine has been encouraging but still falls short of
their full potential. The high cost of processing red blood cells
through the freeze preservation protocol and with the use of 	 r
cryoprotectants is most likely the reason for the lack of use of this 	 i
method. In an attempt to reduce this cost, a system has been built
for the conduct of research on red blood cells without the use of
cryoprotectives.

The literature on the freezing of red blood cells is quite
complex and, in some cases, contradictory. Consequently, no attempt
is made in this study to describe the biochemical and mechanical
changes associated with the cells but to show that an effective device
has been produced to accurately control the temperature-time history
of the cells and to yield certain thermodynamic properties of the
cells as a function of temperature.

2. Test Data For Red Blood Cells

Fresh blood was drawn in 10 cc vaccutainers containing 1 cc of
acid citrate dextrose (ACD). The blood was centrifuged in the
vaccutainers at 3000 rpm for 3 minutes to separate the red cells.
Cells to be used in each test were aspirated from the center 5 cc of
each vaccutainer. The cells were transferred to the test apparatus by
syringe. The container and transfer apparatus were flushed with 0.9%
saline solution and finally with ACD prior to cell transfer.

Potential cell damage due to the transfer of packed cells with
this method was studied by aspirating the cells from the
freezer/container after allowing the cells to rest in the container
for 30 minutes at room temperature. After aspiration. the cells were
placed in a vaccutainer rinsed with ACD and containing 5 cc of 0.9%
saline. After mild agitation, the sample was centrifuged at 3000 rpm
for 3 minutes. No noticeable hemolysis was indicated, thereby
assuring minimal cell mechanical damage due to the transfer protocol.

Figure 40a presents the center temperature (To) and the A
surface power (PA) histories of a typical test with packed red blood
cells. The initial temperature hold point was set at 15 0C. A
cooling ramp at 10 0C/min. was conducted until a temperature of -50
was net. The temperature of -5 0C was held for nearly 350 sec.
during which the phase change occurred. A second cooling ramp at
10 00/min. was then conducted to a temperature of -40 0C. This
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temperature was held for 120 sec. after which a warmirg ramp Of
100C/min, was conducted to a temperature of -l oC. Prior to
reaching this point the ice began to melt. This is seen by the slow
change in the To (3) curve as it approached -1 0C and by the slow
return of the power curve PA (3) to a steady state condition.
During the 400 sec. hold at -l oC, the phase change continued.
Finally, a second warming ramp at 10 OC/min. was established. This
stimulated the final melting as indicated by the nonlinear temperature
curve and the increased heater power. The test concluded at the
temperature of +150C.

The response of the sample volume center temperature to control
and the obvious occurrences of phase change during freeze and thaw are
excellent examples of the application of the control system to the
thermodynamic study of freeze preservation of biological media.

Figure 40b presents the sample volume center temperature versus
the heater average power in a thermodynamic cycle for the entire test
presented in Figure 40a. Note that the phase change occurs at the
hold point (2). Cooling then continued to the second hold point at
(3). The thawing of ice begins to appear during the warming phase
prior to reaching the hold point (4) as shown by the nonlinear
behavior of the curve. After leaving hold point (4), the non-linear
behavior continues to show a phase change. The test ends at the
starting point, (1).

Figure 40c is a thermodynamic cycle for the same test but
presenting the difference between the sample center temperature (To)
and the controller reference temperature (TREF) as a function of the
average heater power. This differential temperature is an indication
of the dynamic temperature control of the system and is exaggerated
during any phase change. Again note the excursions which occur during
the hold at (2), and immediately before and after the hold at (4). In
this case the excursion prior to the hold at (4) is even more obvious
than the preceding graphs. This cycle analysis approach as applied to
the identification and location of phase changes, may prove to be
quite useful for future research in freeze preservation techniques.

Similar plots for the remainder of the red blood cell tests are
presented in Appendix F.

Approximate tests for the presence of hemolysis were conducted
on some of the experiments. These were accomplished by mixing the
aspirate from the test apparatus with an equal volume of 0.9% saline,
centrifugation at 3000 rpm for 3 min., and visually checking the
supernatant for discoloration. The results were categorized into 3
qualitative descriptions of severe, moderate and slight as indicated
in Figure 41. The intent of these tests was not to prove or disprove
the efficacy of a particular protocol but to show differentiation for
the tests where freezing damage was obviously present. Note from
Figure 41, cases 7, 13, 14 and 15, that the mere occurrence of a phase
change was not sufficient to result in severe hemolysis. In cases
where no phase change occurred, however, as in 1-6, 8, and 11, slight
or no hemolysis was always indicated.
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SECTION III

CONCLUSIONS

Considerable effort has been made to understand the performance
of the system. This has been done in order to produce a precise
method for the study of freeze / thaw protocols of biological tissues.
These tissues exhibit complex and in many cases, unknown changes with
temperature. The ability to make accurate and precise measurements of
the heats of phase changes as well as of the thermal conductivities
and specific heats will relate directly to the understanding of these
changes. The system that presently exists is not just a blood
freezer. It is an instrtmnent to study the cryogenic behavior of
complex substances of organic or biological nature.
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Figure 1. Basic Design Concept
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bb	 bb	 bb

b = BOND
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= SPRING FORCE

V =	 VESPEL SP21

R 1_5 = ALUMINUM PLATES, HARD ANODIZED

S 1 _ 3 = NICKEL TEMPERATURE SENSORS WITH KAPTON BACKING

H = NICHROME HEATER WITH KAPTON BACKING

X = LOCATION OF THERMOCOUPLE AT CENTER OF MASS TO BE FROZEN

5 1 = CONTROL SENSORS

S 2_3 = HEAT FLUX SENSORS

Figure 6. Modol III Configuration
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Fi;ure 18a. Composite Subprogram Element for

Temperature Control Protocol

40



.^ o n

^ N
i

W^

r
o
i
•1

Si

SS

S4

R
ll

Y tf
N

f
s

n

u ivn r

1 S it n
W

_

I

I

I

^

(

I	 r	 W	 1
^	 ^	 I	 Q P t I^

r	

fl	 Il

o	 ?I	 ^	 11

Om
wW

r
f ..

L	 ^ ^	 L —^^ — - —I^ y viii +^F --c^	 r

_	
2	

^ ^	 ^^ ^	
n 

_	 { 1 Ptt l

S	 7 i	 1	 e1

I ^i
'D

Q)

r.
a
L
C

fr

r•1

v
w

00

c+.

I

41



7 ^f

a

i

w

v

y
L

H

0N
QI

HD
rl
{a.

i

AI,

O A 
♦
^	

^Ay
N J1 N N ^

1^̂^

' 00

'	 fir,

a O

r

'!	 ^	 ^ ^	 ^
q

f	 ,A	 '^ x w x ^

r ,
K^

s	 X

Lr

i1,	
r	 ^

i
T

T ^ ^
	 ^ ,;id

42



1m

n
J
1
i

^	 Q O

A	 .1^
w	 ^

r.
5	 •	 :

O	 n	
n	

~	 (<f

Y	 h	 r	 Q	 ^

S

—u—^^—n v r
	 —^	 r

1• •1	 •'	 f	 I/	 I_

 

rg

R N O	 •^ ^ ^ N A

I N n

_	 Y n	 _ SINN ,
I	 `'r	 ^1	 r	 y

N•	 n
_ ^	 E

N	 r;	 .	 Y7

t	 , ^^ , w	 l 1?.

Q wI	 ^^ ^^ 1	 ^	 :	 SI ^r

w	
un ^i	 f	 vp . ^	 .1 u

1e

y
Ol

uu
N
F+

O7

•P^

v
z0
a

^v
C
tC

0L

pdF

N

^o
W

43



HM	 „ 
M r	

m	 ti ,^,	 J M i- r n 3
f t N 4

	

♦ N 1	 r O
	 J^	

J W gg +^ (^	 J
•	 ^ ^+	 ri $ 1	 Y'1 ^ h

	

t	 r	 Y

	

nn	 ..l
h.	 _

44

	 _- TI

•	 Q ^1	

V.A_y_

a	 n

•	 /	 •/	 _._

	

 tit	
TwYY^J• +wyr`

^ ^••,.	 nLl	 -L^	 F
71	 W	 ^^	 ]t ^' V

y{

f —_

r	 ^	
f

r	 1	
IS.	 1	 11	 I	 _	 1\	 J YI	 ^ (1

E-- •^	 I	 Y	 i	 L	 I	
^lI J

1	
If	 ' _	

IIIi

	

'r

yJ wJ	 IY

r

^r

• •

Qa
.n

C0
YI

ux
W

0

'O

1+
a^
a.^
+.1

•

U

E
1
O

'C7

N
N
:J

00

t^

4'

...A



r
h

t
h^

RAN

Y
^
f

^ ID^c. RtN$
A

^	 ^

I

' IDNC SMLE^D

n RTN

$ Y SEN {, p
N O

o RTN u

4 r^ SEN. S •+
Ji 1•u

VTN
y
w

A- A
Q z SEN 4 C

O

3 R^►d u
tv

$ SEN. j u

f CTN
W

rU ~
O

Y h ^^^ zn ^ ^
a,

W SEN.2 N

Q
r N, RTN r

$	 r `I4 1
&W

SEN.

`►^ ' - Rif R-TN `N̂

C, sib. z a
A.

m SI^.1

5
ta.

M	 REf.
n

h°b >	 ,,w^^ Goo

I

45



j T
A i

• i

S ^ V

W

6

n
f •^

^ 1

J

y^^	 n

Y	 I^

V N

s s	 h	
l'

Q	
I	 I

np^	 I •	 '^	 I
b	 I	 ^

i^ !^	 I w	 I
I	 I
^	 .	 I

w	 n	 ^ •1

—0^---^I^	 ^ t	 I •	 r'	 ^-	 Ir	 I	 ^	 I

1	 I 
s	

I ' ' ^

T'
[
	 M
•

r Yom'
M w wi	 •1	 ^

a^

OC
C

F.F
y
.n
^o
u
y

1

s

a,
w

to
M
IL

46



1

J ^ 1 1.1

r r

S ! S

YXA

"
A n	 F

^! _ ° n	 <&f	 O !` J „

O 

f

^^^ f- l N	 7 N^^, _^ Q 7
In

m ^p nl T

^.
41
0
U

N

b
N

N
Al

N
7
QD

4a.

	

n	 r

	

f	 1	 r	 ^ 4	 f

\JI n n
r N

r . ^
1

v	 ^'u

	

O P-	 Y M N- ^ 11

!1	 ^	 J	 ^ 4	 7 7 [1 U
rl

[S `t

w

47

9
^ n r	 ^pp,, -	 nn

9 9 3 4	 ^ ki	 9 3 '1 `f

4

4



G
•.1

^i

n.
a

r^

;t

O
A.

b

:n

• al

I

^`^	 4)
r1	 '

`^
1	 11\

4i•Il 11 1

2

Y1

I_

I	 ^

W
• Y^

f^	 YI

X

`11

N
-^ 1'.	

7
M
t,,

:4 ti



40



w ^ w. o •
•i

•
n t
r r
. o r
s

•••..•-•..-.... rw•.. -w..•rw.N..w•eJO^n+•-.•wnn-NN•....••.N.•	 aw.•Nw-ww. •w..N	 ..•+ ► -•wNww.••^	 ..•. N•. •w^ o.w..N. w-• .	 ..ham. - .w. w -.. -. + .-. - r. w N• -r ^
• •	 .- ♦. . nn n..	 w.y N -	 er.. r.^ •^.^ • • . nwn ..... w wrw•w ^

.. 1•. .. rN rNN.-..I _.. • . s ► a •+n -Nw Nn^n. n! s	 •- •Nw n •. w N
• r r. nN :r .N•e-N.. N	 n	 wr.	 . w. •h.. .+	 ••... a N.	 -.

e. r. .•	 w .../•...	 r NN-	 o./•	 A.1 nn.	 . 1 Nw

w1w	 wnN •.w..n.	 -.o ► -^N1..	 e.w -.•• wM.•w•V. ••.
N	 w 1 w w N~ 1 w•	 . N h o• w• N N 1.	 . I f w J r N. I w .. N o. wU -N. ••.h. nw. - .1...N.1w . -..•w 1. sN. w •-. -^. n w. oh. 1 . o /. 1: 1 -

J N N N V h w	 .. w M. w w 1. 1 1. •-	 ..•	 • I.. u

C

. yM1^ •. .r I o n: ► -w -- .r ^Nw w w ^nw. o-. ^. nn eJ aw	 rNrNw	 .. ► I . ► o	 •..	 w 1 •' •.. ► .... •w • •u . w 1 •.. o	 . M.• .I o	 . nw w	 -NM1.•. n w .1 0 ^Nr . n..^ .	 -N.•^
.	 .	 _ M1 N M1 N h M1 NNN w 	 . n n n n w •

.• h M1 M1 M1 M1 M1 N V N N M1 N h N h h N M1 N M1 M1 N M1 N M1 N M1 N M1 h N N N N N M1 N h h N h N

n w

e. -	 e h1•N• o -a.	 M1w0. ••e we . o. r	 r . w	 o. n
V ..' M1: r ^ I J N w..^. u N r J :. :- ^V . f w I. _ 4 .• . w r u .. . .... ., N r p n M ti.
J . O	 _ - - - _. - - NNN N V h	 ^.	 . w w w N I. N M . . a • •

-	 -...wry.. •-. a	 . ► .w	 ••. wwh	 • nsr	 .... •, -I w ^.•^w wrh. i	 _.... ^. N•	 -.wwr
1	 N NNN N ^	 J. .../.	 . . O .. I . .. u . o .. ►

h	 •- 1 Mh. o -./• O. n aI Nw -_1lhw w.O. wa Nr wn o -. .,ww Nw.. w.w - •^ n N

w	 J	 • •

^N•	 NO ^.	 ONn a	 J.--	 P .r	 ► • ry I	 wMN .n •^ N.	 .O./•r _O.	 .-.• --.w •V .fi r . wN-	 o..C.	 +•iNy	 • • •	 • • .	 -	 -	 a O • .	 +	 --
•	 u N ,.NNM1N ..^--. a. s . .wr.••w.•^r. > .. ♦+.-^•-.-•- •o ... >. .i n P.. ^.. ei

r a ..	 . w •. .	 v .. a . P ^ a w •. . c	 •- • u	 . I w . -

.	 ........... ..........................-...•.........

. _. .. .. _.__>..n-h-uo .r^,•..•w^.aNN -.,•-n.wrw ^.• s ^.rte

J	 NM1	 . wr nr,r .` .. ww y. ..•	 N V M1 N V V N	 N V NNN V ". 	 N N M1

1 J _ N^• w • .. o -h^. r • w..• -Nr.I I n	 In. •. O• _Nw . M._	 .	 - _ - -^	 _ _NhNN hM1N N V Nrr^• ^ 	 .+	 . . . 1 . . I w wn /• w.' ww /.
f

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

O	 {
------------------

 M w w w w w	 w w w w w w w w w- ----- -- 3• --- w 3 •

.0.

F
lb

iJ

a
J
S
Oa
b

LI

N

CQI•:y

u
Ui

co
oll

N
Y
L
7

l..



....wwr..-•N-.•w.•.w •M1..w^...ww^w• wM1.w.. ^.. ..•-ew-w.•A-wwe..w •••..A.1I.wM1Nww ew-N-N1.__Ilw/nwNN	 e. .1_ _. .•.^	 - • A . . . n ... e / ^ .. e 1 M1 e ^ ♦ ^ . A . I N • e _ w w . A _ w . ► I M1 e I. e . M1 . A A .. Au n s: . . .. . .... . ... ... ..	 . ... . ... .. . . .. . ... .... . ... ... . .
•	 .I I I-^ .. w w w_- .. a .... w w 1.. A A. .. ^- N M1 N -- 1. e.• I e. w n w ea^	 e...•eeeeee...wwww www..wwwwwwww w.. .. .. ..w ww....e..^.^^--.. a

u .••wwe._A..w..N.._-..M1.^in..o^.. N.^wro.-.ein ..N^e .inln_ wr^N.	 • 10 -. M1• ew M1 .. O eA-. ANh -•	 n AN ► _O..-n00 O / • 11 • IOw . IO 1 _-s
Y 1 1•• h 0 .I. w• -^ I w 1 e-. .. e h. I w•_ M1 r n• O N .. e. N ^ A w 0-- N n 1- M1••

_M1M1NN wN- •.	 w. • ...A A.• .. /•M111.1.• www we. a ee.. • • • •.N - _

w
w

UM
o a

H_	 _•.....wwwww..._	 -.w	 e.-_. ....e-I..1.w ..e	 -.An_1 ^.•w••_ ^.
'--e•.• .e .Af 11. •. -	 -..	 nN.•---	 010• a • ► I.

. I	 - M1 M1 N N M1 M1 N M1 h N h h M1 h N M1 M1 M1- N- 	 - .. • ►-
\•	 w w w w w w w w w w w w w w w w w ► 	 w w w w w w w w w w w w /. w w www w w w w w w w w w 1. w-w	 . N y

e a
' y

.. I e e N. O M1NM1 -	 e 0e• ..Aw .• 0-01 w. .-A. N	 - Nw.A.w _ I I U•	 . 1 I M1-M1-M1N V •.. M1N--.. 	 . 00. •wn . N1 .'- . J• IA N 1. NJ^A.--h V M1.. f w.	 A.• N. N NM N NN wNN N. • N A.

	

It AN. It . .	 . . • • I	 .. • ... • ro
. •	 wn wnwn.. .. .. .-.. ..w w.. ..nn 	 wnwwnnn.. .. n.-n .. .. .-.-nwnn..^.. .. .. .. .. iN-s

W
w ^-• e-NI.N.-w	 .. .e.	 e. - ... • nr.... -	 -Ne .N• w	 n.^n •...•e -.. U-	 _,n'. _ NM1 . M1	 ^•..O •.	 o. w	 ... M1n-• M.N O r-w-.w w-	 a .... n ., .. N N.	 .. M1 M1	 e.• ..	 . N. A.

p,
-	 vo.	 o:.	 e	 ................ E
s	 v	 - Un N

• N

-	 NAP 1 NNl^ NNN N/. J. NJ• . J^ NAI• N. . N NNN N	 • • .	 -.. •
n 	 u U

. a. O J 0 0 0 7 O O O O O O O O J O J J J O J J J O J i 0 a J a^ 0 0 0 0 0 a J e e^ a O. I n• ""^^	 O y
o N

n y
.I•	 . J	 o . ♦ N O w	 ^ N - . ^ N I	 . 1 N u	 - . • . O 1 •	 ^ N . .V	 P n	 •.	 w 1•	 M1 h-	 J 1 1 1.	 n I N N.	 e•.	 - U

cu
_	 _ _	 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _. _ _ - _ _

•.•-	 JN-N •- N. ^ I e	 .^h-N.•^ h-	 ^ . - N wn .. .  N. o t M1•-	 .. . h 1 n	 • N .	 w N J• I -	 O . I A O
	

. N . -- - . -	 h ^•
NNN • NNr r• .nr	 ^N Nr N ^nrr NA.. NnnN^ r• . N .	 -. e

`T. c e i. o o c	 c. e o e e o ... o 0 0 o c. o. o a s o c c. o o e a .. e_ e c .. s	 N_	
o	

y

• • N 11 • 4t1. /. •. N •N .NNN NrNr NNrr.. NN	 .N/ 	 • N' JO O O O c o o u .............. u 0 0 0 0 ♦ O Oo0000eo.00•ooe00c0 N••

v w

s• o-w-... ..•e. o- M1-.N.	 .^. .• a	 .r . e. o	 .r •

O	 i M r N N M - N N N N N A A N N N N N N N A N r M N N A N N I^ - N N --^ .• N- A N -- N N N N N N N

51



ew•M1wwo•-ew-wwtl•w Iry w w•+r•nw wn e.-wlwt•ww•w_•.• wwr-w•• O wry Iw•f w I I1 IwNhw•. •N ^ry -rI Iw..• n • w wNM1 - •. 01 I • - -• w•
.I	 ^• ^ ► .	 e 1 w/.•• w O w •^ f w s 1 Y n ! te n Yew - t T • Y e w•• r• r w• e wY l ••	 J• • I w whM1h-	 011 •e	 • 1 • wr a	 M1Y-	 •1 / ► • en •	 •e •e• •e• •eee • •nw •. .. .. ^.. ww w•• nwn w n wn•. •. •. •. •.n • 111 • •1Iw ^..^. O

w ► wry • p -r.eeJ../ w	 - I a ..wee ow •hw w weI - er wwr •• crew	 www^	 1 I o	 M1 ► ewN IP 0 om-.wry ry -.^ ••• wNS -o I.-.-e cane e1I o..• . e ^Y e 1 f oN. wr • -	 .^ P o . I e	 • •nI -M1.• .•- ► Ow. 10OM1 wrn e w r ^f -N ► .
0	 - N Y N N w ry w	 . t• I I w w r w w w 1 I• I I w	 n 1 e e e• ► I ►► i 1 0 r-
O	 •

w

O

e

O

o woo
O O J	 > J J	 J> J	 O J J J O J

C	 U O c	 O O O C C O O G O O	 O G J O O	 J O O
• O O o O- o O J J O J O O J 0 0 ............ 0 00Jo000u J O O ........ 0

1 I^. o

-	 NM1 -os •^.- •r r ry ry -o s!	 o ► !.^ •, Ir . r h ti-o 1 n n Iw. I w •. i	 r^I•r.r.	 -
n h N N M1 N	 M1 h 0 w h N h w N w N h N w N N N n M1 h 1 A h 	 h w w N

[ r !	 J J J
ry .ry-	 I 1 M1 N ry ry ry h N r N Y 4 ry w ry ry M1 ry o I. ry ry w ry N  N h ry ry h Y M1 N Y w M1 N N ry N w Y Y ry ry M w w-	 Z

I 1

N

	

	 w 1• ♦ o t n w w w w I r w w O w w.•. n J O O n n V n•;. N.. N;• M1 N; P.• ... O O M1 NNN N = ^.^o uJ• a 00r0 oD O ^.n r ► TMD • JO a .> JJO • s J i> ww- I ^..	 O .I. /. N N •• J• ! O. O. ^ /. e e! J e e ry N w .+ V M1 O Y J. w N w J. J. . J• .. .. n J. . .1.I .. O r o
r i	 w N N N N - V w w •. r r N •..+ ^. J . •. r 1 O w M J. O I N I w w w O^^ O r w t 0 O^ n ."^ ! w r w JO ^ J	 J. J.MrN.'. wrMrNf /. J.rr w.n ww Nl. w r. nw.n .wrwJ.N w J.Nr /. .I. r• r J. /. I. I. I. I • Iw.r 0	 • O +	 0 0> P I O D O O D> 1 1 P f P 0 1> 1• P P ► P	 0 0> P O P	 • f P
t o ^. >>> P> T i T T>>> D f T T D f f O P O D 1> i ► > O ► P D> O•> D> O > O P>> O f>> 1

o Jn r,I. oo wwo wwhro ^•	 -r-	 . I^r •as ••	 .ro
u onr• r.	 rr-	 c o o>!	 ^r.r s - .	 -  	 * D c c •-	 ^.
v	 >P^ ^P o ^aosoo^o ^ sv ^ ss a sec cis ^^^ .i.-•-.-

i -

If ! I	 ..ND -	 . hh.1 D Mw M1Q ^(.O	 -O n	 ..rI1 rw-t -/^ ^w	 ^•P,n Nw^ ^•• •u	 wso r• J	 .'. ID .	 sr•^ o
u	 s o i	 r w.	 w r M1

-• Y h M1 h h--	 -	 _ -	 --	 ^ O J I P J O e t c

O

i	 e e N	 ! reN ..+> O•	 NOI C ho0 .'^10	 w r N I I IO N! i r r•Pw hhr^/.r	 wN O wr.	 . wry r ry w. J /. • i M1r J J a 	 • • . e hO	 U..............._ T
O o o c 0 0 0 0 0 0 0 0 0 0 o O G 0 0 .'. O G p O o 0 0 0 0 0 7 0 0 0 J o u C O C C O O O u a_

•	 J
J -

O
Y

s	 • o-	 .eI	 -hr. oI e• ^	 e • o-w^• .r •ne s

O	 I - ------ - - - ---- - - - --- - ----------------- - -- - --- - -- - - w

l\

V
Q

ro
Q

C

C

^r

{-1
y
C
y
C)

O
M

1+

JO

W

52



6.

-4

0 2
oc

w

w
oc

0
dw

F-

-2

E

b

4
	

• (T0 - TREF)

X (Tgl - TREF)

TAPE V461--1(1) 10-23-78

-6
	

STEADY STATE DATA

-60	 -40	 -20	 0	 20	 40

SET TEMPERATURE, °C

t
	 F 1 f,uro 31a.	 Tt`itlporaturt, FCror ee`l's sot 1t`I111h'1':i( U1'^`

(1111cor rected)

51



U
t`	 to. 10

w

U
w
nc
Oc

0U
l

w
ac

t

O
r-

-ll , ll^

U.20c

to. 30
	 1 -- 	 ---T  -- - T	 --T—

-0. 20

-0. hO

-60	 -40	 -20	 0	 20	 40

Cl T TUMPI RATLIRI , °C

I' l);ltl''	 III , .	 lt'm)'t'1 .11 lll 4'	 VI I, , v	 \, I • . II..	 St'1	 l ' t'lllj t t'l.11111 0	 1 1 OVI %','I C.1)



. 30
r

. 20

TI 	 VALUE
1  OF 1 S.D.

X (T B1 - TREF)

O (T SET - TREF)

A (T SET - TB1)
A (T SET - TAl)

.40

v°
.10

oc

O
cc
nc
w
ww
Z)

Q 0
acw
d

W

-.10 n^

-.20

TAPE V461-1(1) 10-29-78
7E	 A

-60	 -40	 -20	 0	 20	 40

SET TEMPERATURE, °C

Firtirc 32. syst rm f c Lit ivr Tvnillo rat ui c Frrur

-.30

55



'

•

T E	 •

-r

--

ro
u
i
F

y
u
ro
3

b
v

u
u,

A
w
O
w

v

a.

v
O

14
rr

x

56



^a
u

^.r
a
F

v

F

y
1.

v
O
u
4.

C1

E
61

F

b3
O

ti
y
C
I.r

J
Pl

d

00
M

I+.

57



30

20

10

0

u
-10

0
w
oc

Q -20
w
w
d

w

-30

-40

I	 I	 I	 I	 i	 i	 i	 i	 i

1

-,

U 151 1 L U U 112u

TAPE V461, FILE 3 (4)

-50
	

1. +20° C T O -40' C ^a2 1 1° C/m i n
2. HOLD 120 sec
3. -400C TO +20°C. : 11•C/min

-60

0	 40	 80	 120	 160	 200	 240	 280

AVERAGE POWER, 0.5 (PA + P B ), Watts

Figure 35.	 T^ \'Plus . VCI*slgt' I'Owt • t• for Distilled W,ttor ('I'vhit. ► 11

,ti



14(

12(

N IOC

0

nc
LLJ

O 80CL

a
►_
ce
W

z

J

60
ce
LL,

40

20

0
zu	 40	 60	 80	 100

TEMPERATURE RATE OF CHANGE, °C/min

Figure 36. Thermal Interia Power Versus Temperature Rata of C'h:inge

59



DISTILLED H O

TAPE V	 FILELE 3 (4)

I. +20°C TO -40 °C 	11•C/min
2. HOLD 120 sec
3. -40°C TO +20°C	 : 1°C/min

40	 80	 120	 b3 1 2w 1	 40
24U

AVERAGE POWER, 0,.5 t pA t P8), ^datts

Figur y 37.	 Masti Center t^ Ft^ f^r^ar^ '1'rmprt,ltur 	 U1 f	 [.,l

	

Versus Average ! 'rwer ! Iyp t r 	
,rent

; r 1 )

280

bU



-	
- -

--	 _
CIO

G

—	

--

_

-

ov

lob

'14

r`--- -	 --- — - to

rL

-- _- _ co

-	 -- O 0--	 - -- -- -	 --	 - -	 _ F

00

61



- - - —- - +—

-- Its, - _4-D -

-

b -^---

— --
-----.J __ ---- '---

00
q

Q

b
d
r-I
r-1

i-!
y

v
E
E-

Ui
«7

v u
> .^

G

CG F^
F

b DC
G C

d GH U

oc
c^

6J

OD
.F
W

62



ro
u

H

G

F+
ro

01^
G

Ld

.7 7T;;7 7

--

v
y

.-i

1+
O
w

0
F-

um
c^

u

k



n •-	 .

t-•1
ro
:J

F
ao
c

ro

c

w

^J

Li

Q
l..
CW
y
"i

f
1+y

ro

x

r~

h4



30

20

10

0

u
°	 -10
0

w

-20
w
CL

w

-30

-40

-50

-60

2

3

4

5

6

7

8

DISTILLED H.O

9	 TAPE 461, FILE 1 (1)

- COOL	 11°C/min
- THAW v: 20C/min
- 120 sec HOLD AT: 20, 10, 0, -5,

10	
-10, -15, -20,

-30, -40, -50,

-60

11

I	 I	 I

40	 60	 120	 160	 200

AVERAGE POWER, 0.5 lPA 4 P B 1, Watts

240	 280

'I'	 VVI'SUS -WOrat-c Power fur Itist i I Ic f 1^;it cr l VvpiraI
0

6')



20

16

12

8

3	 1

\ '4	 I	 12
-	 6 5	 2

\ 9 8

X10
11

4u
u

..
u_
w

^-	 0

0

-4

-8

-12

-16

DISTILLED H2O

TAPE V461, FILE 1 (1)

• COOL : 110C/min
• THAW 20C/min
• 120 sec HOLD AT: +20, +10, 0, -5,

-10, -15, -20, -30,
-40, -50, -60

0	 40	 80	 120	 160	 200	 240	 280

AVERAGE POWER, 0.5 IP A f P B ), Watts

Figure 38f. "f0 to Reference Temperature Differential Verstis Average

Power for Distilled ldater (Tvilical )

66



i

U

s

v

Ta  

I

V	 N	 V
^	

1

(1



- .^	 f. .. .-- --• - J . T .. _	 . _ —.-• -- --^ _.._

Ttl

- -d F.-

i

-

-

-- -

--,-

--'

-- ki•

ro
u
a

00
G

O
O
V

eD
C

C
Q

C

c;
cn

G
O
w

^n
7
U
v

PO
F-

E4

aM
O1
1.
7
OC

L-,

68



A	
<

F FC	 "	 - 	 I	 I

	

. 	 1

x

	• 	 !	 # 	 fit-	 {-	 - 	 ---	
``

^+	 +	 I	 I 1 --- j	 i -__. E

el

	

-	

-	 _

69



.:

t I

ro
u

^E
1+
ct1

iu

0

v
E
H

r~

Gcl
.4

s
L

70



12
20

	

10
	

2

0

-10

V
0

O

uj -20

F--
Q
oG
w
CL

LL, -30

-40

0.9°'o N aC
T jViE 0341, FILE 1

	

-50
	

10	 1 . +20°C TO -60°C 0 11°C/min*
2. HOLD 120 sec
3. -60°C TO +20°C : L± 20C/min

* STEPS AT: 20 ; 10, 0, -5, -10,

	

-60
	 -15, -20, -30, -40,

11	
-50, -60°C

-70 L
0
	

40	 80	 120	 160	 200	 240	 280

AVERAGE POWER, 0,5 (P A + P B ), Watts

Figure 39c. To Versus Average Power for Saline (Typical)

71



20

16

12

8

4
U
0

3U-
LU

	

0
	

^^	 1

0	
5 4	

2 X12

7 6

	-4
	

9 8

11	 10

-6

-12

-16

0.9°0 NoCI
TAPE 0341, FILE 1

1 . +20°C TO -60 0 0 Q. ' 11°Cimin*
2. HOLD 120 sec
3. -60°C TO 4-200 C ;tt 2°C/min

*STEPS AT: 20, 10, 0, -5, -10,
-15, -20, -30, -40
-50, -600C

0	 40	 80	 120	 160	 200	 240	 280

AVERAGE PO^'rER, 0.5 (PA f P B 1, Watts

Figure 'Of. T
0 

to Reference Temperature M  fvrent inl Versus Avt 1.1ge

Power Saline (Trpical)

72



G

tC

M

C

O
O

v
U
.D
O

O.-4

v

0w

E
F-
^n

r u

a, a

a
x

•v c

^o m

ro
c

Cl
1.
7
6C

I I	 -

:i
INC

IE -^
hf

_.

77,

-------------

If

V ^

1

73



30

20

10

u 0
O

0

w
oc

Q

°w` -10
a

w

-20

RBC
TAPE K356R, FILE 2

1 . +15°C TO -5°C (al 10°C/'min
2. HOLD FOR PHASE CHANGE
3. -5°C TO -400 C L' 100C/min
4. HOLD 120 sec
5. -400 C TO -1 0 C AT 10-C//min
6. HOLD FOR PHASE CHANGE
7. -1°C TO +15°C AT 10°C, m;n

-30

-40

0	 40	 80	 120	 160	 200

AVERAGE POWER, 0.5 (PA + PB ), Watts

Figure 40b. T Versus Average Power for Red Blood	 (Ty I,icaI

74



16

12

8

4

V
0

U-
w

F--

1	 0
O

I-

-8

-12

0

RBC
TAPE K356R, FILE 2

1. +15'C TO -50 C (a-2, 10°C
2. HOLD FOR PHASE CHA
3. -50 C TO -400 C @ 10°C
4. HOLv 120 sec
5. -400 C TO -5°C @ 10°C
6. HOLD 120 sec
7. -50 C TO -1 0 C @ 10°Ci
8. HOLD FOR PHASE CHA
9. -1°C TO +150 C @ 100C

40	 80	 120	 160	 200

AVERAGE POWER, 0.5 (PA 4 PB ), Watts

Figure 40c.	 T
u 

to ReferrllCe "Ol})L'1'Z1t111- 0 Differential Vcr-' us Average

Power for RL, d Blood Cells ('typical)

75



•^ I I
r __ t

M J

I
ti I I

I

v I } ^ 1
dx A

d̂

I I I ^ I	 SK

I

y ^ ^ I I ,I

I

^ I I I II^

,

^ y
I ^

e I I
A .. \ K I N,

x	

^•

I ^ \^^I { I I	 I I
L I	 I I I	 I I r ^	 ^

I^ I ^^ I 1 I I I 1	 ^	 ^	 1

G

I
,]: N	

ti I
1 S ,V	 ,n N a^^	 I A .V

c

I

r
^{^ t r

1^+
11

i

i
C

I	 c ...^	 I ... , ^ .n ,	 w, .,	 I I . ♦ ,^ ^	 ^^	 . ^	 an	 ^ a^ aw^

!. 1 f if
]:̂
	 ^

• V i	 N N I .n	 ^
`c

N

	

C-4 N .V	 I N I .V	 I ^	 I	 .^^	 ..	 n	 ^ NIN I

I

v?	 Y,	 .1' --.

/I
I I

1I 1 1I

^ 14^
I

I
1^	 ..

I
1

^	 I	 N !`1	 I r,	 , ,",	 I	 ..., . , , ^ . 1n	 I	 ,-.	 .t .r .y	 I

r - - ^ tY.f	 ( ,^ }^	 I ^ 4.,	 ^
1 l•	 r ^ -	 - ^ - f j

1.	
l	 ^^

(r7
N
r1

11;

iJ

(r

u'

•P
J
O

1?

a,

V

l^(

7(1



APPFNDIX A

PATENT DESCRIPTION

A-1

l.__ a



United States Patent ttal

	 1j .	 rk	
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1541 TEMPFRATURE CONTROL SYMM
WITH A MUSE WIDTH MODULATED
BRIDGE
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(581	 Field of Search _ .............. 219104. 497, 44J9,

19/501, 317142; 323175 H. 75 K
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I S71	 ABSTRACT

A temperature control s)stcm is disclosed which in-
cludes a m."fificcl whcatsionc bridge with a resistive
capactUvc (RC) cacunt in one leg of the bridge the
RC circuit includes a resistor which provides in ef7ec-
uve resistance is a function of its absolute resistance
and the on-time to off time ratio r.f ruises supplied to
.i switch connected thcreacross A &a%hlooth \oli.ig,: nG

pr oduced across the RC citcuit, the voltage hcing
compared with the mirage across a trmperatute sen-
sor, with heat bring applied during each pulse period
Portion whin the sawtooth toltlge cxceet'.s the %oitage
across the te:nperatuic sensor.
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In acooniance with the tea:htngs of the present in-
venuon, a capacitor is connected wrote the two rescs-
tors. During each switching cycle the voltage across the
capacitor which is in the form of a sawtooth is com-

5 pared with the voltage acrLm the temperature sensor in
the bridge. During each cycle, lvwcr is applied to a
heater only if the capacitor voltage exceeds the temper-
ature sensor in the bridge,

The novel features of the Invention are set forth with
10 particulwity in the .appended claims. The invention will

be hest undcrstcsrl from the following description
when read in conjunction %i;h the aic companying draw-
ings.

is	 BRIEF DFSCRIPTION OF Ti-TE DRAN INGS

FiG 1 is a diagram of a basic embodiment of the
present invention; ano

FIG. 2 is a multdine o:iagram useful in explaining the
embodiment shown in FIG. 1.

20
DESCRIPTION OF THE PREFFRRFD

EMBODIMENTS

Attention is now called to FiG. 1 wh^zh is a combina-
tion block and schematic diagram of the present to%cn-

2-1 tion. Therein, numeral 10 represents a wheat-tone
budge circuit, connected across a source of potential,
such as a DC bartery 12. The bridge 10 includes a resis-
tor RI which is coimectcd in series with a temperature
sensitise resistor or simply a temperature sensor Pt

30 :across the battery 12. it Is sensor Pt which is located in
the environment or o%en whose temperature is to be
controiled, and whose resistance varies as a function of
temperature. The junction poin' X between R1 and N
is connected to one input of an operauon.al amplifier

35 1 5. ilie bridge :dw includes another resistor R2 which
is semi% connected with %actable resistors PI and 112
across battery 12. A capacitor C is connected in paral-
lel wniss PI and P2 and the junction point Y between
R2 and P1 and C is connected to the other Input of am-

40 phtier 15.
The latter is operated as a comparator to provide a:.

output at point 7_ of a preselected le%rl which close- a
switch t7 when the %oltage at point Y is greater
than that at point X. Wikr. t he s....ch 17, LLhich is

° s represerited in FiG. 1 by a transistor Q1, is cloned it
connects an oven heater element 20 across a source of
potential, shown in FiG. 1 at +2FV. Thus, only when
switch 17 is cloud is heat suppiied to the o%en by cle-

-0 meat 20.
As shown to FIG 1, connected across the resistor P2

is a switch "I in the form of a umnsistor Q2, which is
acti%ated by pulses such as pulses 26 and 27, from a

lure.	 source i.,S, which are %upphed at a selected rate. Each
These and other objects of the present invention are 53 pulse, such as pulse 2h, has an on time :hv dwing

achieved in one embodiment by incorporating in one 	 which the switch is closed so that P2 is shorted out, a•nd
hg of a wheatrone bridge circuit fitst and second son- 	 all off-time 26b, during w hick the switch is open so that
ally connected resistors, with the second resistor being	 P2 is not affected. llte ratio of on-time to off-time u as-
connected across a switching •iamistor. The tran.;tstor	 sunned to be controlled by source 2S, which rtay in turn
is successively switched between on and off sLitet, dur- 

60 be controlled by a programmed computer ( not shown).
ing which the second icsistor is either shorted out or is	 The control of tt,e on-time to off-time ratio may he
in series with the first resistor. During each switching 	 thought of as controlling or nitldulawig the pulse width
cycle the effective resistance of the second resistor 	 of fah pulse. Therefore, source 25 taut be thought of
which is in series with the first resutor depends on the	 as a source of pulse-width-merlulated (PWM) pulses.
ratio of the tninustors on-time to off-time By varying 63 lit effect, during the on - tutu of each pulse P2 i•
this ratio, narr.ely by pulse width rnod :ulating the	 shined out, thus its resuitxnce is erro, neglecting the
switchtng of the :rartsistor, the effecuse resistance can 	 eellecttrx to emitter resistance of 02. On the other
be changed	 hand. duniii pulse off-tine the full resistance of P2 u

A —G

1
TUMPLRATURE CONTROL SYSTEM w IT H A

PULSE WIDTH MODUTATF-D BRIDGE

ORIGIN OF THE INVENTION

The invention described herein was made in the per-
formance of work under a NASA contrast and is sub-
ject to the provisions of Section 305 of the National
Aeronautics and Space Act of 1458, Public Ltw
85-568 (72 Star. 435; 42 USC 2457).

BACKGROUND OF THE INVFNTION

1. Field of the invention
The present invention generdly relates to a tempera-

ture regulator and more pm-ticularly, to a system for ac-
curately controlling the temperature of an emvimnmert
within an oven or the like.

2. Description of the Pnor Art
A typical temperature contro! -%stem such as that de-

scnbed in U S. Pat. No. 3,136,577 consists of a conven-
tional Wheatstone bridge circuit. The bridge circuit in-
cludes a temperature semiuve resistor located In the
envrronmer.t, whoa temperature is to be controlled.
%\ hen the temperature is too low, a first bndSe unbal-
ance condition anses which is detected by a sensor

which cle%cs a switch, thereby enabling power to be
supplied to a heater which heats up the environment.
The environment is heated up until the temperature ex-
ceeds a desired nominal temperature. As a result, a sec-
ond bridge unbalance condition arises, causing the sen-
sor to open the switch and :hereby terminate the supply
of power to the heater.

With such a prior art systcm, the environment tem-
perature can onlv be controlled within a finite signifi-
cant range, since power supply to the ::cater occ.irs
whenever the temperature drops below the nominal
tempera t ure and is terminated whenever the tempera-
ture Is abo%c the nominal temperature, E%en with %enst-
nvc instruments, uric temperature range is quite signifi-
cant, and is often greater th.un that required for %cry
precise studies or applications, such as in space explo-
ration studies. Thus a need exists for an improved sys-
tem for accurate temperature control.

OBJECTS AND SUMMARY OF THE INVENTION

It is a primary object of the present invention to pro-
vide a new reproved temperature control system.

Anothci object of the present un%cntion is to provide
an improved temperature control system which incor-
porates a novel whcatstone bridge circwt

A further object of the present invention is to pro%ide
a new system which is programmable to control the nse
in and the maintenance of an environment tempera-
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in series with P1. Thus, by controlling the on-time to
off-time ratio the effccuve resistance of P2 during the
full pulse duration is controlled. For example, if the on-
time is only 25 percent of the pulse period, the effective
resistance is one-fourth the resistance of P2. On the
other hand, if the on-time is half the pulse period, the
effective resistance is half the P2 resistance. In practice
PI is selected to equal the resistance of Pt at an ambi-
ent temperature, while the effective resistance of i : is
chosen to equal the change ( increase) in the resistance
of Pt due to a change from the ambient temperatuA to
a chosen temperature to be controlled.

The voltage at point Y changes due to the change in
the resistance which P2 provides in series with P1. In
the absence of C the voltage at Y would have a square
wave shape as shown in line a of FIG. 2. The upper volt-
age level 31 would be present when Q2 is off and the
lower voltage level 32 would be present when Q2 is on
and P2 is shorted out. Therein, it is assumed that the
off-time to on-time ratio is about 1:3. That is, during
each pulse period the transistor Q2 is on for about 73
percent of the penod However, wit.5 C in the circuit
due to the time constant of the circuit formed by C. PI
and P2, the voltage at point Y during the period of each
pulse from source 25 does not have the square wave
shape s;sown to line a but rather the saw-tcx>th shapes as
shown in FIG. 2, line b and designated Vx.

From the foregoing description it should thus be ap-
preciated that in the present invention, during each
pulse period, heat is applied to element 20 only during
that portion of the pulse period when the voltage at
point X designated in FIG. 2 by the dashed lute Vx is
less than Vv. Assuming that V .r is less than V r during
an entire pulse period, power is supplied to heater ele-
ment 20 during the entire period, as represented by nu-
meral 35 in line c which is used to diagram the power
profile supplied to heater element 20, and which corre-
sponds to the output of amplifier 15. On the other
hand, if Vx is greater than the masimum value of V,
during an entire pulse period, the heater element is
completely off during the entire period. Thus, the
amount or quantity of heat which is supplied by heater
element 20 to the oven during each pulse period is a
function of the actual even temperature as represented
by Vx and the shape of V,• which is controllable by the
time constant and the pulse width modulation.

From we f:,,sac:: a it ^hnuld be appreciated that, as-
suming a constant pulse fre quency, by wr,uv::::e !tiP
pulse width modulation, the rate at which the oven
temperature is raised to a desired temperature may be
controlled. Furthermore, once this ten -)crature is
reached it may be accurately maintained by controlling
the pulse width modulation so that during each pulse
period only that amount of heat which is necessary to
maintain the oven at the desired temperature is pro-
vided by heater dement 20. Maximum -ace of tempera-
tu re rice may be achieved by making tl h e on-time per
pulse period equal W zero thereby raising the level of
V r to a maximum so that power is supplied to the
heater clement dunng the full period of each pulse. The
rate at which temperature is increased from a first tem-
perature such as t  to r2 may be controlled by the pulse
width modulation of the pulses to produce a desired
rate at which power is supplied to the heater clement
20. Once the desired temperature is reached, the  11—
wi&h  modulation is selected to insure the supply of
power per pulse period which is required to maintain

the oven at the desired temperature. Experience with
the novel invention has demonstrated the ability to
umtrol an oven temperature to within less than 0.01C,
e.g., 0.001 C.

3 Referring again to FIG. 2, let it be anurned that the
final desired temperature is that represented by the line
36 for Vx and that the power or heat per pulse needed
to maintain that temperature is represented by numeral
37. Let it further be assumed that the oven is below the

10 desired temperature. Thus, more power than is re-
quired to maintain the destred temperature is supplied
to the heater per pulse, as represented by lines 35 and
38. In practice, the oven temperature may briefly oscil-
late above and below the desired temperature until the

15 temperature is stabilized. In FIG. 2, lines 39 and 40 rep-
resent Vx when the temperature is above the desired
temperature. In resportse to the level represented by
line 39, less than the rNutred heat is supplied as repre-
sented by line 41. Since level 40 is above the maximum

20 value of V, no power is applied to heater element 20
as represented by Line 42. Line 44 represents an oven
tempe2tut below the desired temperature. Conse-
quently, more power than necessa ry to maintain the de
sued temperature is applied as represented by line 45.

25 L ines a g and 49 respectively, represent Vx at the de-
sired temperature and the power per pulse period
needed to maintain the desired temperature.

Although particular embodiments of the invention
have been described and illustrated herein, it is recog-

30 nized that modifications and variations may readily
.occur to those skilled in the art and, consequently, it is
int, nded that the claims be interpreted to cover such
modifications and equivalents.

What is claimed is:
35	 1. A temperature control system comprising:

a wheautone-like bridge having frst and second par-
allel lefts and including a temperature sensitive ele-
ment, whose resistance vanes as a function of tem-
perature, connected in series with a first bridge re-

40 sistor in said first leg, urd a resistor-capacitor cir-
cuit connected in series with a second bridge resis-
tor in said second leg;

a source of power;
heating means for providing heat when eonnecte i to

♦ S	 said source;

means for applying a voltage across said bridge,
whereby the voltages across said element circuit
are functions of the resistances therea -rocs, respec-
trveiy,

SO means coupled to said ele-ncni a:-.;! !  said circuit for
connecting said heating means to said source when
the voltage across said circuit is greater than the
voltage across said element; and

SS control nieans coupled to said circuit for controlling
the resistance across said circuit to vary in a prese-
lected manner during each of a succession of pulse
periods with the capacitor of said circuit control-
ling the voltage of said circuit to vary to a prem-

60 lected manner from a first level to a second level
during a fist portion of each pulse period and from
said second level to said first level during the rest
of the pulse period following said first portion.

2. The arrangement as recited in claim 1 wherein said
65 circuit consists of first and second resistant connected

in series and said capacitor is connected in parallel
across at least one of said resistors and said control
means is coupled to said secono resistor and irnclud-A

A-5
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first means for shorting out swd second resistor during
said first portion of each pulse period. with said first
portion being se lectively variable.

3. The arrangement as recited in claim 2 wherein said
control means include second mearrs for providing a
succession of equal period pulses, each pulse being of
a first level during stud first portion of each pulse pe-
nod and of a second level during the rest of the pulse
period, and means for applying said pulses to said first
nuarts to short out said second resistor during the first
portion of each pulse ,period.

4. The arrangement as recited in claim 2 wherein said
capacitor U connected in parallel across both said first
and second resistors, whereby when stud second resis-
tor is shored out the voltage across said capacitor,
representing the voltage across s itd circuit, rises gradu-
ally from said first level to said second level and falls
gradually from said second level to said first level dur-
ing the rest of each pulse pencil when said second rews-
tor is net shorted out, with the voltage across the circuit
during each pulse period having the shape of a saw-
t^>oth.

S. The arrangement as recited in claim 4 wherein said
control means include second means for providing a
succession of equal period pulses, each pulse being of
a first level during the first pinion of each pulse pencil
and of a second level during the rest of the pulse pe-
nod, and means for applying said pulses to -cud first
means to short out said second re-wor during the ftrit

portion of each pulse 1wriod.
6. In a temperature control system of the R-rw- ctnn-

pnsing a brid ge with a temperature %ct:s.:t:t :lenicet
whose resistance varies as a funcuen .. f temperature v,
one leg of said bridge, ss:d symcni %vither mcivJ..:1
means for cotnpancl; the vohagc acr. Yv. said c!ercr.t
with the voiLAte across another ! eg of seid bm:!Kc, art

arrangement oompr unV
a resistor having ftrsi and second ter im ps in said

other leg:
Control means for controlling the resistance across

S said terminals to vary from the full resistance of
slid resistor to substantially zero during a selected
pomon of each of a succession of periods, whereby
the effective resistance acrtm said terminals during
each period is less than the resistance of scud resis-

t 1	 tor; and
a capacitor in said other leg connected in parallel

across at least uid resistor whereby the voltage
acrtm said other leg increases toward a peal, vat ie
when the resutance across said terminals is the fuli

15 resistance of said resisto,- and decreases from said
peak value when the resistance across said termi-
nals cs suhstantial!v zero.

7. The an-angement as recited in clam 6 wherein said
20 control means inclluds a switch which is connected

across said first and %c and termirta<s, said switch being
swltchable to an or: state ul u ► hrcn said terminals are ef-
fectively slxinrd out and :An t qT %late doting which the
resistance m uss said Ict-n :naL a chc rt: s:stance of %aid

zS resistor, and amerce nuta,u c cuul yd !o calif switch
means for or. roiling % •.its witch to be in the on state
during a arres • !cd poMon of'ea, h of said : ►ccicds end in
the off state 4ortng !ate rest of cac!t of : r d Peii(4q.

8. the srr.vno ,:n . cnt as rectt^l to ciattn 7 wl:rrrin said
36 Wurce 1nt31ts Is a x^utte of a succcu' ion of c.pcal pe-

nal pulses, rich pulse being of a first level which
swa t:hes c t d ivy rch to it, on state during a vanably se-
lectr(i pe:)od pon :on and of a second level which
tW1',Lhts sa:d ;witch to c ut oflstate during the rest of the

3t pldst tvrrk)j.

40
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CENTRIFUGAL RED BLOOD CELL FREEZE/THAW CONCEPT
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In the initial conceptual design phase of this work a parallel
design effort was established which considered both the flat plate
container as discussed in the bulk of this text and the centrifugal
device which is described in this appendix.

The centrifugal system can be divided into three groups of
components as shown in Figures B-1, B-2 and B-3. Figure B-1 depicts
the gaseous nitrogen (GN,) temperature control s y stem. Liquid
nitrogen (LN 2 ) or gaseous nitrogen (GN 2 ) is passed through an
electrical heater which establishes an environment temperature as
measured by the thermocouple rakes to within about I OC of the
desired blood mass temperature. The mixers are a set of baffles which
produce an isothermal flow cross section. The flow then passes
through a flaw laminator to provide uniform convective heating or
cooling of the c y lindrical rotating tube which contains the red blood
cells. The red blood cell mass is divided into a test volume,
accompanied by adjacent guard volumes, so that maximum control and
information of the test volume dynamics can be obtained. The tube is
rotated by a stepper motor to allow uniform circumferential heat
exchange with the flow. Electrical connections between the electronic
control and monitoring system, and the temperature sensors and heaters
on the tube itself are made through the mercury (Hg) slip rings at
either edge of the tube.

The tube assembly which contains the red blood cells is depicted

in Figure B-2. The test volume of cells is separated from the guard
volumes by spacers which can move in the longitudinal direction to

accommodate freeze expansion. The thickness of the blood annulus
within the tube is less than the spacers; consequently, radial freeze
expansion is also possible. The fine temperature control of the cell

mass is accomplished by a pair of bifilar heater/sensor windings,
separated bv_ a thin hapton film which acts as an electrical
insulator. These are shown in detail in Figure B-3.

Figure B-4 depicts the block diagram for the system. A
temperature profile memor y is fed to the sequencer comparator which in
turn senses the temperature of the cell mass and controls the heater
power so that the input temperature profile is followed by the cell
mass. The sequencer comparator also sets the heat sink (or flow)
temperature by adjusting the GN2/LN2 mixture ratio and by setting
the GN2 heater power.

Y,- 2
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APPENDIX C

INERML ANALYSIS OF I:F:U BLOOD CELL FREEZING SYSTEM

In order to provide an approximate thermal analysis of the freeze/

thaw system, the component structural elements of the container were

reorganized into the heat transfer anal y sis model shown in Figure C-1.

Figure C -1 relates each element of the model with that of the actual

container as described in Figure 7. For the purposes of this analysis

it is not as important to identify the real thermal properties of the

device as it is to dcrm onstrate the procedures b y which the thermodynamic

{ p roperties and characteristics of the sample mass call 	 evaluated.

This is accomplished assumin ); One dimensional heat flow through the

container walls and neglecting the effects of radiation and convection.

An encrgy balance is derived for each clement of the analytical

model accept for the exterior elements. The temperatures of these

elements are used as houndar y conditions for the anal y sis and the ther-

mal coupling of these elements with the cold sink is uninformative for

the purposes of this work.

When tilt, energv balances are described for the general transient

condition, the relationship, for the thermal resistances betwe^rn each

of the model elements are derived in terms of temperatures and powers

monitored b y tilt , existing s ystem.	 Having these ph y sical characteristics

of the container, cyu;ttions ; ry developed for the temperature dependent

thermal conductivi. y and specific ,icat of the sample mass, and for file

samplk • mass heat of phase change

C-1
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LIST Or SYMBOLS

A	 - area of element normal to heat transfer

C 
	 - specific }seat of element x

f (x)	 - correction factor (equation 41)

g (x)	 - correction factor (equation 45)

ho	- instantaneous rate of heat production or absorption

due to phase change

K 
	 - thermal conductivity of element x

M	 - mass of element x
x

P
x	

- power generated in element x

R (X-y. ) - thermal resistance between elements X and Y

t	 - thickness of element in direction of heat transfer

Tx	- temperature of element x

TMN	 - average temperature of elements M and N

6	 - time

0	 - experiment function (equation 40)

O	 - experiment function (equation 44)

- at a steady state condition with uniform temperatures

between heaters

- at a steady state condition with an imposed temperature

gradient between heaters

1.	 Basic Energy Balance

The energy balance for a model element is formed by equating thL-

rate of change of the internal energy of that element to the power

dissipated within the element less the heat conducted from the element.

in general this is written as:

?	 MC 

do = P AT
R 	 (1)

(X-Y)

I

C- 3
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9.	 Element kB3)

Boundary Condition: T B 3 Known as function of time

L.	 SOLUTION FOK 'I'llF.KMA1. Kl?SISI':1NCE VALUES

For a given steady state condition, the derir.itIve of temperature

with respect to Lime is zero, and the electrical power and temperature

differentials are constant

dl = u	 (7)
dO

P = constant = 1'*	 ;S)

constant = AT*	 (9)

Using; these values in Equation (1), there results the relation for

the thermal resistance as a function of temperature.

h
l\-1') =	 I *	 (lU)

If the resistance is not a strong function of temperature, it can

he approximated b y noting; that the temperature ,differential is the

difference of two known temperatures.

AT = '1' i -T ,i
	

01)

Therefore Lhe approximate temperature level of the element is

calculated by

*
'1'	 = O.5(Ti+'I'. 1	 k1.')

I

C-



The resistance is then expressed

temperature level 'I*

h(X-1')

This basic approach, discussed a

resistances ut the analvsis mode

1.	 Thermal hesistan: e: K(A2-A

Under stead y state conditiLl

all elements internal to the hea

so that

*	 *	 *
'1'	 = T	 (14)

:\ 1	 t31

Applying Equation (14) to the steady st.ite form of Equation (3),

- ields

*
	 (T A2-`A1)

h
(A,-:\1)
 

(T1AA )	 IT *	 (
15)

where

1:1A* = 0.S(Tr1_*t1,.11*) 	
(;h)

EkILIAtion (15) states that the •.hernial resistance between elements (Al)

and (AZ) is .m .approximate tunrtion of the average temperature of those

el cments. 1^^,
*

C- h



h.	 I'llermal Resistance: x
(l;2-B1)

f:quation (14) is applied to the steady state

to yield

02-B1) ( BA	 1'B*

where

VBA = o. 5 (^ B1 +.1•B1 )

1'he elements of equ.itions (17) an.l (18) are deft

tO those of e(lualinns (15) and k1o). With the a

hein^; to the "B" wall.

c.	 l'hermal xesist_ince: R

the steady state form of Equation (5) yield,

(A2-A3) (1
, 
Ali ' 1A:1) = K (A2-:V) (TAA )

where

1 Ali * - 
11. 5 (TA2+1A3)	 (20

F.qu.lcion (19) gives the resistance between elements (A2) and 03) in

terms of th.it between (Al) and (A2). Consequently the dependent

variable i:: a function of hoth the average temperature between (A2) and

(A3), given as '1' `h* , and th.it for the (Al) anLl (A2) elements, given as

'l' ` , * . The presence of this unusual dependence is not a real physical

c-1



R = t

KA
(25)

dependence but simply results trom the analysis .ipproach. Inserting

Equation (15) into Equation (19) there results.

	

(A2-A3) (lA6	
a a ►'A*

d. Thermal Resistance: R
t62-63

Using a method analogous to the development of Equation (21),

there results

*

*	 (1,63 16"^)
(22)

	

h (62-63)	 1 66 ) -	 1,B*

where

*	 *

	

1 66 = U.5 (T B 3 +T B2 )	 (23)

e. Thermal Resistance: 
R(o-A1) 

kthvrmsl conductivit y of sample)

The thermal resistance between the sample volume (o) anal the

interior wall (Al) is composed of two elements. One element corresponds

to the sample volume, the ottivr to the interior %,,ill

	

R	 R + 1:

	

(o-A1)	 o	 A1

In gener al an arbitrary therm ll resistance is invt-rsvl y proport ioiLi l to

the thermal conductivit y and the cross sectional area of the mater i.l l

for which it is being applied and directl y proportional to the

thickness of the material in the direct 1011 of the heat Clow.

(24)



'Then Equation ( 24) becomes

R	 = to +	 tAl
(o-A1)	 RuAo	

RA1A	
(2h)

For the device in question

	

(
t`^) 	 t\1)	 t 1 I	 (27)
'\ )	 -	 1^\ 1	

\.\

n=	 and the resistance becomes

R	

_ t	 _ 1 + 1	
(28)

	

ko-A1)	
\ ^ K 	 KAl

Consi d ering that a typical sample mass will liave the con,lurtivit y (h )
•	 u

of water an,i the inner wall is aluminum ^KA l ), theft it is true that

	

R	 R

	

1	 1	
(29)

do that F.quatiom k28) c.m be rewritten totall y in terms. of t-he

-1111p l e mass

t 0

	

R io-A1)	 K A = Ro	
(30)

0 0

Simi larl y for the ( K) ^ ile

t
u

	

V '(o-lil)	 h A	 Ro	
(31)

0 0
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During periods when there is no phase change

	

ho - 0	 (32)

Now a unique capability of the system will be involved. A steady

state gradient is established such that

	

PA > PB 	(33)

and

1	 0	 1	 1	 1

	

TA2 > TAl > To > TB1 > T
B2	 (34)

If the temperature difference across the sample mass is of the

order of a few degrees centigrade, then To is a good representation

of the sample mass temperature. Applying Equations (30), (31), and

(32) to Equation (3) under the conditions of the steady state gradient.

(T -T )^

	

Ro (Ta) _	
(T 

oT 
	 (35)

FP;A2Al

 R(A2-A1)*

The thermal resistance R (e12-Al) * is obtained from Equation (15)

(T -T )'

R0 (To -	 (T A2-2 

Al 
Al 

o^	 (36)

_

PA 
(TA2-TAl)* PA

Solving for the thermal conductivity of the sample mass from

Equation (30)

	

 (t 0
ko	

J 
x 

R	
(37)

o

C-10



Incorporating Equation (3b) into Equation (37)

(TA2-TAl)I

k (T') t°	
A	

(TA2-TA1	

p A
	

(38)
0 o	

A 
	 (TAl-T0)^

A similar equation can be derived for the (B) wall. If this is done,

ko is determined as Lhe average of the two values.

P 
I - 

Cr A2
-'1 A1 ) , P *	 p	 _ (T B2-T B1 ) , p *

	

t	 A	 Cr -1' ) * A	 B	 (T -T ) * B
_	 o	 r12 Al	 +	 S'L B1	 (39)^

ko (I o )	 2A	 (T -T )'	 (T -T )'
	o 	 Al o	 B1 0

Equation (39) presents a valid theoretical prediction for the thermal

conductivity of the sample mass. However, it often is advisable to

reference the calculation to a mass of known conductivity such as

distilled water. Given the same apparatus and the same value for

(To '), Equation (39) can be used to calculate the conductivity for

water. This will involve the relationship given in Equation (39) plus

a correction factor assumed to be a function of (T
o t ). If Equation

(39) is written as

/t
ko l r	 1

2-A
	'Vo

\\\o

where 4) is the experiment function in the brackets of equation (39),U
then the corrected equation for water is

(

t

ZA
kw ( "1'w

0 ^w .f Cr')	 (41)
U

a

(40)

c-11



where f(Tw) is the correction correlation which also accounts for the

presence of Vespel in the sample volume. Applying the correction

factor to the calculation of Equation (40) yields

ko (To ) CORRECTED	 Lw	 kw(Tw)

where (Tw) - (To)

ko (To
o 
) CORRECTED - (

^—O
^w

) k
w
 (T;)(42)

Equation (42) presents the proposed algorithm to be used for the

calculation of the temperature dependent thermal conductivity of the

sample mass.

3.	 SPECIFIC HEAT

Having calculated the thermal conductivity of the sample mass, the

value of R  (equal to 
R(o-Al) 

and 
R(o-Bl)) 

can be obtained from Equa-

tions (30) and (31). For experimental regions without phase change,

Equation (1) can be solved for the thermal mass

M0Co (To) -	 1dT	
Alt TBl - 2T)	 (43)

Ro(dd
0

 ) (T

The application of Equation (43) is theoretically correct as stated.

However the normalization of the relation to water allows the applica-

tion of a correction factor which is assumed a function of (To).

Rewriting Equation (43) as

d

is

r

MoCo (To ) - ^o (To )	 (44)

C-12



Applying Equation (44) to measure the known specific heat of water, the

correction factor g('T0 ) is applied as with the calculation of the thermal

conductivity.

1.1wCw ('1'w ) a S  ('Tw ) - g ('1'w )	 (45)

Salving for the correction factor and applying this to Equation (44) there

results (letting T o = T w )

S Cr )o 0M0C0 ( T0 = MwCw0) O
w

 ^	 (46)
w u

Equation k4O) presents the reconuuended formula for the calculation of

the Specif is heat of the salllple class.

4.	 HEAT OF PILASE C11ANGE

Having; calculated the thermal cunductivitr and :specific heat of

the sample: mass outside the regions of phase change, it is assumed

LhaL during; phase: change. these properties Call he linearly inteY-

polated. It is prul lsed that Equation (?) is directly used to cal-

culaLe the heat of phase Change. Because this heat is evolved over

a finite period of time, i.e., during; the phase change, h
0 

represents

an instantaneous fate of heat dissipation. If this occurs over a

Lime increment of Aq then from Eylation (Z)

d 	 '1' -'1'i 1 C	 ^^-	 +-	 a _11	 o	 li 1	 (, )
Ig o 	 o u^d^	 ( _ It	 _h --)	

v7

	

o	 u

and the total heat of phase change is

(	 )hdl+ =	 l MOCO (dti	
+ (K ^, (. lu 

l Al llil) di
g	w8

c
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I

t
Equation (48) is solved numerically to determine the heat of phase 	 k.

change of the sample media.

S. SUMMARY

It has been shown that important thermodynamic properties of a

sample mass can be determined by comparison with samples of known

thermodynamic properties such as distilled water. This is possible

because of the unique capabilities of the device discussed in this

report. A sensitivity analysis of the proposed equations remains to

be accomplished. This may show that a more optimum approach should be

used. In any case, sufficient data are available for the determination

of the thermodynamic properties of the sample mass. These properties

may well hold an important key in the understanding of changes experi-

enced by biological tissues during freeze, thaw or low temperature

preservation. If such is the case, an understanding of these phenomena

may lead to the development of optimum protocols for the frozen pre-

servation of valuable biological tissues.
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Table D-1. Distilled Water Test Data Summary

Cooling Warming
H2O Phase

Change

Tape
ID

File
No.

Start
°C

End
°C

Rate
C/

Min.

Start
°C

End
°C

Rate

^c^
Min.

Yes No

V461 1 (Multiple Step) 11 -60 +20 2 X

0230 1 +20 -40 1 -40 +2 1 X

A909 1 +20 -40 2 -40 +20 2 X

V461 4 +20 -40 11 -40 +20 11 X

V461 3 +20 -40 22 -40 +20 22 X

V461 2 +20 -40 65 -40 +20 65 X

0336 1 1	
+20 -60 2 (Multiple Step) 11 X

A909 2 1	 +20 -40 4 -40 +20 4 X

0446 1 +20 -40 1	
1 -40 +20 1 X

0375 1 +20 -40 2 (Multiple) 10 X

0375 2 +20 -40 4 -40 +20 4 X
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