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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 Scc 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 fuuction 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 -799C, the sample volume can be
controlled from +40°C to -60°C at rates from steady state to
t 650C/min., Steady-state temperature precision is better than
0.29C 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
red 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 tiat viability is maintained upon thawing. 1In 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, ard (5) 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 convsnience of having rare blood types available when needed. The
fact that frozen blood is not even more widespread in its use can be
atcributed to its relatively high cost in relation to the unfrozen
product. The high cost is largely because large quantities of
glyceroi 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 coantrol of instrument
temperature avoard 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 i
adopted which allowed the red blood cell container to also serve as 4
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 3
summarized in Figure 1. The desired freezing and/or thawing protocol 3
is established in the computer. The computer measures the heat ,
dissipation in the heater and adjusts it by sensing the temperature of 3
the cell mass or other control point and referencing this against the
desired temperature for a particular protocol. The heat of phase 4
change as well as the thermal conductivity and specific heat of the 4
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

D Py

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

P I

a. Temperature Controller. The controller sets tne
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. Frceze/Thaw container - Model I1II, The configuration of
the container used for the final experiments in this report is
described in detail in Section TI-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 thc total thermodynamic information for the system,

to
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d.  Digital Voltmeter. Any digital voltmeter (DVM) with an
input impedance greater than 100 ki and a resolution of a. least 1 uV
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 dc 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 ir the alcohol-frozen CO; heatsink.
The dc supply provides dc 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 sigrals desired. The plotters
provide real-time demonstrations of the performance of che system.

g8 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 resgl-time test data., These are
discussed in detail in the IDAC section of the report.

B. FREEZER DESCRIPTION
1. Early Development

Two concepts wer: 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 initiallv required. 1In the second cencept, 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
sink 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 1
shown in Figure 3, was built for the primary purpose of exercising the
temperature control circuit. Model 1 consisted of a pair of plane
parallel 3 x 6~in. walls held apart bty 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 vu:e bonded together by RTV 60
cement.

The temperatures for Model 1 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 heater. The interior volume of 31 cc was
used to contain distilled water for the initial experiments.

e
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The &ctual thermal performance of Model I, although inadequate for
blood freezing studies, provided data which suggested design modificatiors
for the control electronics and the subsequent containe: 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 experianced even though the bonded materials had
considerably different thermal coefficients of expausion.

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
beiween 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 gsensor 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 Il over Model I,
Model 11 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 Il 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 I11I.

Although Model IITA would have required some additional development
work, it would have had other impo-tant advantages. 1Its basic construction
would simulate the presence of a plastic bag by the inner Kapton sheet. This
simulation could be important in a developmental sewse in that the use of a
plastic blood bag for freezing and storage is commercially attractive.

i
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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°C when used with a
heat sink of -799C. 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 wl of cell volume with 11% expansion allowable for volume
change during freezing. The Model I1II 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. The positioning of the aluminum plates
between the heaters and sensors provides the necessary electrostatic
shielding to prevent the pulsed heater power 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, Rsy and Rsg, are
0.080 in. thick.

Sensors Sja and S|p measure the surface temperature of the
sample mass. The temperature differential across a portion of the
wall is made from the Spp - S3a and the Sgp - S3p 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.
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Figure 8 shows anotber view of the container walls and
associates each sensor and heater with its appropriate temperature or
heater symbol used in this text. For example, the temperature
measured by sensor Syp is Tap and the power generiated by heater
Hp is Py,

Figure 9 is a photograph illustrvating a side view of the
parallel plate comstruction of one half of the container and showing
the Vespel frame on top. t 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 anuulus.  The heater
and sensor element wirving 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 mouunted in the lower half of the
tustrumentation frame.

Figure 12 shows the instrumentation fixture and illustrates the
expandex spring material which exerts iacreasing pressuce on the two
halves of the container stack as the tewperature is lowered.  This
photograph also shows the screw means tor joining the two halves of
the instrumentation fixture and illustrates the coolant flow apertures.

G Typical Model 111 Test bBata, Figure 13 shows a typical
temperature-time history tor tfreezing and thawing of distilled water.

Two cooldown vates were used: Rate 1, 10 9C/min, and Rate 2, 5

OC/min. Curves AA and B8 are thie corvesponding power curves ftor
heater Pa.o As the sample (distilled water) is cooled, it initiates

a phase change at a temperatwre below {ts normal freezing point
(supercooling),  The exothewmic treeoving process causes the
temperature to increase ta the divection of the theoretical freezing
point, 0%, After the exothermic freese process has been completed,
continned heat removal trow the sample causes the temperature to drop
‘ rapidly to the rawmp level (End ot Phase ChangedY,  Further cooling

' continues at the ramp vate to either the uext phase chaunge point or to
the termination ot the cooliug raamp,

1t should be noted that the curves A and B oare seased by the
thermocouple, T,, 2t the conter of the sample wass,  Had the control
sensor 81 been plotted, it would show a straight line through the
phase chanpe indicatiog presisze temperature coatrol of the actual
control point. This characteristic is demonstrated in the test data
to be discussed.

O
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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.

[ IO W B

ARt S

Figures 15 and 16 are front views of the controller chassis with 4
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 1s 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 switch
that provides a dc 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
immediately 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 holds.,

The control system utilizes sets of composite subprograms as
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.

The control system is capable of storing and managing up to 15
of these composite subprograms per test protocol. Should more than
this be required, the system can be placed into a manual hold mode
while a new protocol is set in the computer.
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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 t¢ 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 uatil 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
samnle 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 Counter 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 clock. 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 svstem 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
switching mode power transistor circuit that operates on the ground
end of the heaters and completes the circuit through the heaters from
the dc 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%Z. The power driver
circuits also include
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attenuators that provide conditioning of duty cycle signals and heater
dec power for monitor by the exernal data acquisition system. The dc
power for the heaters is provided by an adjustable, regulated dc power
supply. The power supply must be capable of 150 Vdc at 10 A.

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 dc 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 000000g to 177777g. This allows a
potential control range from +40°C to -80°C.

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.

AR 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 22°C,
is 94 ohms. A photograph of the sensor is shown in Figure 7.

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 dota
output and control capabilities, The analog input subsystem is
typical of many digital systems in that it has 500 channels, l4-bit
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 Standarda
Laboratory for resistance vs temperature. The temperature range of
the calibration was from 22°0C to -60°C 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
00C output from the data system. The system was also checked by
submerging the container in room temperature water. The T,
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 .0l1%Z of the laboratory standard from
229C to —-60°C.

The heater resistances have a nominal value of 24.3 ohms at
0°C. 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 portior of a test. The temperatures
Ta3, Ta2, and Tj) 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 Tg3, Tgy, and Tg) are in similar positions on the
opposite wall of the container. The temperature at the center of the
sample mass is T,. The temperature set as a voltage within the
controller to define the required temperature for a given protocol is
Trgr. The power dissipated in the container wall heaters is given
as Pp and Pg.

Figure 29 presents data characteristic of the system
performance. The term (T,-Tggr) 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 mcasure of the overall
ability of the controller to 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 (T,-Tp1), is the gradient from the
center of the sample mass to the surface of the sample mass on the (A)
side. The term (T,~Tg1) 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 (Tp2-Tp3) and (Tgy-Tg3) 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 thermodynamic properties of the sample
mass. Approximate values of these thermal conductances are calculated
and presented in the columns under the title K, and Kg 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 (Tp)-TRgp) indicates the control system's ability to produce
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.
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Because of the importance of making accurate measurements of the
outer wall conductance, a second indication of the temperature
sradient across the outer wall of the container is available by a
differential measurement. These values are presented as '"Measured"
(Tp2-Ta3) and "Measured" (Tgy-Tg3). 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 is 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 31la but are negligible.

2. Steady-State Operation

Curve (a) of Figure 3la presents the difference between the
steady-state thermocouple temperature as measured in the center of the
sample mass (T,), and that established by the controller (Trgp).

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 3la with the following equation

(Ty ~ TREF)corrected = —9-8271 x 1074 T§ET
+ 1.0654 x 1072 Tggp - 1.344% x 1071
+ (To - TREF)°

With this correction, the maximum error is 0.2°C as shown in Figure
31b. This correction is not applied tc 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 3la shows the difference between the
temperature measured at the B sensor (Tp)) and that set by the
controller (Tggp). This is an indication of the control capability
of the system and does not involve the sensor calibration. The curve
is repeated on a magnified scale as curve (a) of Figure 32 which shows _
that there is less than 0.15°C error in steady state temperature 1
control and this error is greatest at the higher temperatures. 1In the ;
X range below 0°C, a more important area for thermal control, this |
. error 1s less than 0.,10°C.

)
|
)
?

Curve (b) of Figure 32 shows the difference between the temper- ;
ature requested of the control system (Tggr) and lLidal interpreted by
the control system as the desired set point (Tpgp). 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 dc
level around +0.05°C, 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 3la is the net error between the desired

steady-state temperature (Tggr) and that measured at surfaces of the
sample mass (T,)) and (Tg)). The (A) face temperatures are indi-
cated by the open triangles and the (B) face by the solid ones. Curve
(¢) is the maximum expected error of the control system in producing a
repeatable steady state temperature. If a bias of the (Tggp) 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 syrtem uo: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 +0.0059C,

3. Dynamic Operation

In the transient thermal condition, control effectiveness must
be defined by considering the influence of the container and szmple
mass thermal inertia. 1In 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 the 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(1)) 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 (Ty(2)). The curve (To(1)) presents the cooling
history from +20°C to -40°C at 11°C/min and the curve (To(z))
presents the subsequent warming history, returning to the initial
temperature at the same rate., In a similar manner the curves
(Po(1)) and (Pp(2)) present the initial and final histories of the
power dissipation of the (A) face heater Pj. The curves are
qualitative and meant to present the overall view of the test.

Curve (Ty(1)) shows an initial hold at a constant temperature
of 209C followed by a cooling ramp of 20°C/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 the power curves (Pp(1)) and
(Pg(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 Tp) as indicated on the Tp(]) curve. Upon resetting

the time axis of the recorder after the temperature of -40°C is
atcained and held for 120 seconds, the warming history of the sample
mass center is presented as curve (To(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 +20°C.

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 coritrol 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. 1In 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 (T,) is plotted versus the average power of the heaters. Point
one is the starting point of the cycle; the temperature is held at
+20°C. As power 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 0°C, however
supercooling can delay freezing until about -100C. 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 -59C 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
ma3s and its container. This area is a function of the starting end
ending temperatures and, for a given sample mass, the rates of cocling
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 thus far. This includes
distilled water, 0.92 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 0°C. Pure bulk water, in the absence of ice crystals
however hLas to be supercooled to -10°C before freezing occurs,
Ordinary water containing foreign bodies freezes from about -6°C to
-259C.

Once ice begins to form, the latent heat must be removed from
the sample tc insure continued phase ~hange. This is the cause of the
temperature excursions seen in Figuves 33, 34, 35, and 37. This heat
removal may occur from heat traunsfer 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 formation is determined by the temperaturc 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 +20°C

to -60°C as noted on Figures 38a and 38b, and subsequently increased
back to +20°C at a constant rate of +2°C/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 11°C/minute. Two curves are
plotted on Figure 38a. T, is th' temperature at the certer of the
sample mass (water) and T, (1), “'o (2) and T, (3) present a

sequential temperature history ‘' r this point. P, is the power
dissipated in the (A) side heater and is also presented sequentially.
Each point on P5(1) corresponds in time to each point on Tp(1)

with the Pj 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. 1In all
cases, each major unit on the horizontal axis is 50 seconds as
indicated in Figure 38a.

Freezing occurred during the
and -5°C, This is shown in Figure
temperature in the Ty(l) curve and
Ppo(1) curve. Because of the tight
and Tp) sensors, this phase change

cooling between the steps at 0°C
38a by noting the increased

the decreased power in the
temperature control of the T,)
is not apparent in Figure 38b.

This was not the case for the experiment described in Figure 34 where
both Tj) and Tg) 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 -10°C

before freezing.
was too sudden to allow control.

temperature control of Tp] and Tp)

The asgociated change in the sample mass temperature
This is seen by the sudden drop in
heater power ar shown in Figure 33,

In contrast, the apparent
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 Po(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
Nevertheless, allowing this change of phase

heat of phase change.
occur over a longer period of time

the
to
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
supercooling, the control and measurement of the supercooling/phase

change phenomena as just discussed is of considerable importance in
the study of cellular freezing.

Figure 38e presents a plot of the center temperature, T,,
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 ] 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 saits become
concentrated until all the water that can be crystallized as ice
freezes leaving only the solutes and their water of hydration.
Further reduction in temperature vesults on the solidification of the
remaining solution. The lowest t-perature at which the solution
remains liquid is called the eutectic temperature, For NaCl
solutions, this is =21.89C. 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 0.92 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 394 present the time histories of T,, P,,
Tao)l and Tp) for the cooling and heating phases of the test. The
test is similar to that accomplished for distilled water with the
exception that the -60°9C hold point is not included in the plots.
The holl points were for a duration of 120 sec. and the cooling rate
between hold points was 119C/min. As in the water experiments, the
warming rate was at 29C/min.

In Figure 39a the exothermic freezing process is seen to occur
during the -109C hold point. The sample mass center temperature
(To) rise during To(2), occurs simultaneously with the sudden
power decrease shown during Pp(2). After this occurrence, there is
no further indication of sudden phase change activity.

Figure 39b shows the T,) and Tp) 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 samp.: iass
temperature was not held at a constant -109C as may be erroneousiy
concluded from Figure 39d but varied considerably as indicated b+ thna
gradient between T, of Figure 19a and T,) or Tp) of Figuce 39b.

Figure 39c presents the T, and P, time histories for the
warming phase of the experiment. The endcthermic 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 acroas the sample
mass since no apparent temperature deviation appears at the control
sensors T,| and Tg} as seen in Figure 139d.

Figure 39e presents the sample center temperature T, as a
function of the average heater power in a fashion similar to Figure
38c. The freeze phase change occurs at the -10°9C hold point and the
thaw appears us a subtle bend in the warming curve near 0°C.

Figure 39f i: analogous to Pigure 38f, representing the
temperature differential between the sample mass center {emperature
(T,) 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
cryoprotectants is most likely the reason for the lack of use of this
method. 1In an attempt to raduce 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.

oy

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 0.92
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 (Pp) histories of a typical test with packed red blood
cells. The initial temperature hold point was set at 150C. A
cooling ramp at 109C/min. was conducted until a temperature of -5°
was net. The teaperature of -50C was held for nearly 350 sec.
during which the phase change occurred. A second cooling ramp at
10°C/min. was then conducted to a temperature of -409C. This
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temperature was held for 120 sec. after which a warmirg ramp of
10°C/min. was conducted to a temperature of -1°C. Prior to

reaching this point the ice began to melt. This is seen by the slow
change in the T, (3) curve as it approached -1°C and by the slow
return of the power curve Py (3) to a steady state condition.

During the 400 sec. hold at -1°C, the phase change continued.

Finally, a second warming ramp at 10°C/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 +159C.

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 biologica 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 (T,)
and the cuntroller reference temperature (Tpgr) 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). 1In
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 0.92 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 occurrance 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 II1

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 instrument to study the cryogenic behavior of
complex substances of organic or biological nature.
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Basic Design Concept
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Figure 6. Model III Configuration
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