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Abstract
It is well accepted in Cryobiology that the temperature history and cooling rates experienced in
biomaterials during freezing procedures correlate strongly with biological outcome. Therefore,
heat transfer measurement and prediction in the cryogenic regime is central to the field. Although
direct measurement of heat transfer can be performed, accuracy is usually achieved only for local
measurements within a given system and cannot be readily generalized to another system without
the aid of predictive models. The accuracy of these models rely upon thermal properties which are
known to be highly dependent on temperature, and in the case of significant cryoprotectant
loading, also on crystallized fraction. In this work we review the available thermal properties of
biomaterials in the cryogenic regime. The review shows a lack of properties for many biomaterials
in the subzero temperature domain, and especially for systems with cryoprotective agents.
Unfortunately, use of values from the limited data available (usually only down to −40 °C) lead to
an underestimation of thermal property change (i.e. conductivity rise and specific heat drop due to
ice crystallization) with lower temperatures. Conversely, use of surrogate values based solely on
ice thermal properties lead to an overestimation of thermal property change for most biomaterials.
Additionally, recent work extending the range of available thermal properties to −150 °C has
shown that the thermal conductivity will drop in both PBS and tissue (liver) due to amorphous/
glassy phases (vs. ice) of biomaterials with the addition of cryoprotective additives such as
glycerol. Thus, we investigated the implications of using approximated or constant property values
versus measured temperature-dependent values for predicting heat transfer in PBS (phosphate
buffered saline) and porcine liver with and without cryoprotectants (glycerol). Using measured
property values (thermal conductivity, specific heat, and latent heat of phase change) of porcine
liver, a standard was created which showed that values based on surrogate ice properties under-
predicted cooling times, while constant properties (i.e. based on limited data reported near the
freezing point) over-predicted cooling times. Additionally, a new iterative numerical method that
accommodates non-equilibrium cooling effects as a function of time and position (i.e.
crystallization vs. amorphous phase) was used to predict heat transfer in glycerol loaded systems.
Results indicate that in addition to the increase in cooling times due to the lowering of thermal
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diffusivity with more glycerol, non-equilibrium effects such as the prevention of maximal
crystallization (i.e. amorphous phases) will further increase required cooling times. These results
affirm the need to use accurate thermal properties that incorporate temperature dependence and
crystallized fraction. Further studies are needed to extract thermal properties of other important
biomaterials in the subzero temperature domain and to develop accurate numerical methods which
take into account non-equilibrium cooling events encountered in cryobiology when partial or total
vitrification occurs.

1. Introduction
Technologies associated with cryobiology focus on two central applications:
cryopreservation, the freeze-banking of cells and tissues for later use; and cryosurgery, the
use of freezing to destroy biological materials including tumors. Several reviews are
available on the engineering aspects of cryopreservation and cryosurgery [1] [2] [3] [4] [5]
[6] along with specific discussions related to heat transfer solution techniques [7] [8] [9]
[10]. The central engineering tasks associated with these applications are related to being
able to measure or calculate the heat (and mass) transfer during freezing-induced phase
change in biosystems and then correlating the observed transport phenomena with the
biological outcome. The direct measurement of heat transfer of biosystems is often difficult
in many situations due to access and/or practical measurement issues. For situations when
direct measurement of transport becomes difficult, analytical or numerical methods [11] [12]
become valuable alternatives in allowing us to predict the outcome of a cryobiological
procedure. Additionally, such predictions also aid in reducing the experimental load required
in optimizing the freezing procedure for a cryobiological objective. The reliability of
predictions depends on employing an appropriate heat transfer model and usage of accurate
thermal properties for the biosystems of interest. Thermal properties needed for performing
numerical predictions of cryobiological applications include specific/latent heats, density,
and thermal conductivity/diffusivity. While analytical predictions may be possible for
certain cases, numerical methods are necessary when the analysis pertains to systems with
thermal properties that are strongly dependent upon temperature, when the change of phase
deviates from equilibrium conditions, and with challenging geometries.

The conditions under which a numerical prediction of a cryobiological procedure can be
performed need to be clearly understood. One such condition which needs to be considered
is the spatial resolution at which calculations will be performed. Fig. 1 shows the dendritic
ice formation and growth with further cooling in isotonic saline due to directional freezing,
where the crystallization of water into ice will expel solutes into the remaining unfrozen
liquid channels between the dendritic “cells” and the bulk liquid further from the cooling
source. Therefore, depending on how the size scale is chosen, the local composition will be
comprised of pure ice, unfrozen freeze-concentrated liquid, or both. If the size scale were to
be chosen sufficiently large, the local composition can be considered a homogenate,
composed of multiple regions of liquids and/or solids. For solutions which can be
considered as simple binary systems such as saline, the change in phase will occur over a
finite temperature range as shown in Fig. 2. At temperatures above the liquidus temperature
Tm, the system remains in liquid form and at its original solute concentration Co. Upon
freezing, primary ice will form and grow with a reduction in temperature while the
concentration of the adjacent unfrozen region will increase until the eutectic concentration
Ceut is reached at the corresponding eutectic temperature Teut. This temperature range in
which both phases exist is often referred to as the mushy zone. At temperatures below Teut
the concentrated liquid will undergo eutectic solidification. It is noted that the temperatures
described here are based on conditions when supercooling does not occur.
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Due to the fact that a solute concentration gradient forms between frozen and unfrozen in a
biosystem it becomes necessary to perform a simultaneous analysis of both heat and mass
transfer in which a higher concentration of solutes than its original value should accumulate
in regions furthest from the cooling source [13] [14]. However, mass transfer can be
neglected for many practical situations in cryobiology where heat diffusivity is orders of
magnitude higher than mass diffusivity. If we consider as an example values for saline
systems at subzero temperatures, thermal diffusivity is in the order of 10−6 m2/s while mass
diffusivity values are in the order of 10−9 m2/s [15] [16] [17]. The difference in diffusivities
becomes greater for solutions with cryoprotective agents (CPA) such as glycerol [18] [19]
[20]. This implies that the ratio of the characteristic thermal versus mass diffusion lengths
over a unit time will be sufficiently large as to assure that observed changes in systems will
be largely dictated due to thermal perturbations (as experimentally confirmed [21] [14]).
This high ratio of diffusivities along with the selection of the scale of analysis to be much
greater than the spacing between crystalline structures (for dendritic ice growth, ~10−5 m
[22]) become the conditions under which an uncoupled heat-transfer-dominated analysis can
be performed, and where the local solute concentration can subsequently be determined with
reasonable accuracy by assuming that the concentration of solutes in the local unfrozen
fraction depends on the temperature based on the equilibrium phase diagram [23] [24] [25]
[8]. Such an assumption implies that all solute movement is solely in the direction
perpendicular to the thermal gradient (and crystal growth) in Fig. 2. Additionally, the
selection of the scale of analysis to be sufficiently large allows for the assumption that the
thermal properties of the local region can be represented as the weight averaged values of
the individual constituents which do not depend on the adjacent compositions and are a
function only of the local temperature. These are the assumptions which were applied to the
subsequent numerical predictions performed in this paper.

While freezing events and the ensuing phase change are often correlated to the equilibrium
phase diagram (based on the assumption that a quasi-equilibrium cooling occurs), there are
many situations in cryobiology where the cooling protocol will result in deviations due to
the existence of non-equilibrium cooling (and heating) events manifested in the form of
supercooled nucleation, the absence of eutectic formation, and devitrification, to name a
few. Fig. 3 shows the cooling and heating history of 1×PBS (phosphate buffered saline) +
6M glycerol as observed with a DSC (Differential Scanning Calorimeter) employing a 5 °C/
min scanning rate. Under pre-nucleated conditions (Fig. 3a) where small amounts of ice
exist just below the melting temperature (Tm), there is good correlation between the
exothermic cooling and endothermic heating thermograms. Cryomicroscopy images under
similar conditions show that crystal growth is rapid during cooling while the individual
crystals are numerous but small in size. These results show that under pre-nucleated
conditions, the cooling history can be predicted using quasi-equilibrium and homogeneous
assumptions. However, during non-pre-nucleated cooling (Fig. 3b) the crystallization of ice
begins at a supercooled heterogeneous nucleation temperature (Tn) far below the melting
point (Tm) and only a fraction of the maximal amount of ice crystallization which is possible
occurs prior to reaching the glass transition temperature (Tg). Subsequent heating results in
the crystallization of water which did not freeze during cooling and appears in the DSC
thermogram in the form of a devitrification peak (Td). It is only beyond the end of
devitrification when the system can be considered to approach any resemblance of a quasi-
equilibrium state. Cryomicroscopy images confirm the trends shown with the DSC that
crystal growth slows and is limited during cooling and that the individual crystals are few
but are relatively larger in size compared to pre-nucleated conditions.

This example with PBS with a high concentration of glycerol (Fig. 3b) shows the level of
non-equilibrium conditions that may exist in relevant systems and the need to address these
effects in heat transfer analyses in order to obtain more accurate predictions for
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cryobiological procedures. The fact that thermal properties are usually measured under
quasi-equilibrium states further hinders analyses in which non-equilibrium effects need to be
accounted for.

Cryobiological analysis using heat transfer models will often require the accounting of the
change of phase experienced by the biosystem and the corresponding latent heat effects.
While the latent heat of pure substances such as water will be released at a constant
temperature (isothermal freezing), biological aqueous solutions and tissues will undergo
phase change over a range of temperatures (mushy zone, Fig. 2). Several models have been
used to account for the effect of this latent heat release on thermal modeling and reviewed
elsewhere [10] (Table 1).

The front tracking (or moving boundary) method makes use of an interface separating the
frozen and unfrozen regions and tracking its location with the passage of time [26] [27] [11]
[28] [29] [30] [10]. The enthalpy method uses enthalpy to represent the energy stored in the
region of interest and is more applicable for use with systems having a mushy zone [11] [12]
[31]. The apparent heat capacity method uses an equivalent heat capacity which takes into
account the effects of both sensible and latent heat in a single term applicable for use with
standard heat transfer numerical codes [32] [33] [34] [35] [25] [7] [36]. The source term
method represents the latent heat during phase change as a source term and is advantageous
when implementing time-dependent biophysical events into the thermal model [35] [37] [38]
[39] including the conditions of non-equilibrium phase transitions.

While not the focus of this paper, for cooling analysis of in vivo biosystems the roles of
blood flow and metabolic heat generation need to be taken into account in addition to the
phase change formulations shown above [8] [40]. The Pennes bioheat equation [41] is often
used for its simplicity and applicability to a wide range of biosystems and conditions.
Subsequent investigators have introduced equations which address some of its limitations
including the assumption of thermal equilibrium between perfused blood and local tissue in
smaller vessels[42], and those which take into account the countercurrent nature of tissue
vasculature [43] [44]. A summary of perfusion models developed by investigators is
available in [45] [9].

The current paper will focus on reviewing the methods used to measure thermal properties
of biological materials and the availability of thermal properties in the subzero temperature
domain. The results of a series of cooling predictions of biosystems based on the enthalpy
method previously described will be shown, and the implications of the changes in outcome
due to differences in scale (size of the system), material (solution vs. tissue, with/without
glycerol), and state (equilibrium vs. non-equilibrium) will be discussed.

2. Thermal Properties of Biomaterials
Methods for measuring thermal properties of biomaterials have been reviewed previously
[46] [47] [48] [9]. Specific and latent heats are measured using calorimetric methods, often
utilizing a Differential Scanning Calorimeter. Density measurements are obtained through
displacement methods or other indirect methods when displacement methods cannot be
applied. For instance, X-ray computer tomography can be used to map crystalline and
amorphous phases in frozen biomaterials in which the local density is correlated to
Hounsfield unit measurements [49]. Thermal conductivity and diffusivity have been
measured using a large variety of methods, and we discuss the most representative methods
here.

Representative methods to measure thermal conductivity with their advantages and
disadvantages are summarized in Table 2. The steady state longitudinal heat flow (guarded
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hot plate) method [50] determines thermal conductivity at steady state using a 1-D heat flow
model and knowledge of the heat flow and temperature gradient. The thermal comparator
method [51] [52] [53] uses two different materials at different initial temperatures and
analyzes the temperature changes when they are brought together. In the heated
thermocouple method [54], the thermocouple is used both to measure the sample
temperature and to apply heat to the sample by applying a prescribed current. A spherical
source of heat dissipating a constant amount of heat into an infinite medium is assumed. The
self heated thermistor technique has been used in several configurations to determine
thermal conductivity/diffusivity [55] [56] [46] [47] [57] [58]. For the configuration in which
a step change in temperature is brought about by controlling the heating, the decreasing
power input required to maintain temperature can be correlated to the thermal diffusivity of
the sample [57]. If the thermal conductivity of the sample is not significantly lower than that
of the thermistor probe, the thermistor cannot be considered as a lumped mass and the
coupled thermal response of both the thermistor and the sample must be solved [56] [58]
[47]. The pulse decay method utilizes a pulsed heat input which is assumed as a spherical
point heat source and monitors the subsequent temperature decay in order to determine the
sample thermal diffusivity [55]. Measurement errors are reduced compared to step change
configurations due to the fact that the region of the steepest thermal gradient is not adjacent
to the probe (i.e. the probe lies in a region of relatively uniform temperature) and allows the
effect of finite probe radius to be negligible when a sufficient amount of time has expired
since the end of pulsing. A cylindrical model of the pulse decay method was also explored in
[59]. In addition to the above-described methods various other methods exist, including hot
wire methods (similar to the heated thermocouple method, but cylindrical in assumed
geometry) [60] [47], Differential Scanning Calorimetry (DSC) operational methods [61]
[62] [63], surface measurement techniques [64] [65] [66], and MRI thermometry methods
[67].

Selection of a measurement method would depend on numerous factors, including
considerations for the sample size, temperature range to be measured, whether an in vivo
measurement would be possible, and whether time constraints need to considered (transient
vs. steady). The steady state longitudinal heat flow method has its advantages in the fact that
thermal conductivity is directly measured without the need to know heat capacity. However,
the necessary guarding to assure 1-D heat flow may be challenging and in vivo
measurements would not be feasible. The thermal comparator method is relatively easy to
devise and does not require any heating mechanisms. The requirement of a sufficiently large
temperature difference that can be measured is a disadvantage and will render the measured
property as a temperature averaged value. Problems are also foreseeable when it is used to
measure solid (frozen) materials since plunging the probe would be difficult. Although the
heated thermocouple method employs a simple probe design and can directly measure
thermal conductivity it also requires an elaborate heating mechanism and the 1-D spherical
assumption may not be valid for certain situations. The thermistor method with a step
temperature change also allows direct measurement of thermal conductivity, but an
equivalent radius needs to be determined for analysis and there is also a heat control
component. The pulse decay thermistor method requires minimal calibration and requires a
simple heating mechanism, but the volumetric heat capacity needs to be separately
determined in order to find thermal conductivity and thermistor response can become an
issue.

Thermal property data of biomaterials have been reviewed and summarized previously [9]
[68] [69] [46] [70] [71], but there is a lack of available values in the subzero temperature
domain. In the absence of available property data, values are often estimated based upon
known values for pure ice [72] [73] [74]. An estimation based upon the thermal property
models of a material’s major constituents (water/ice, protein, fat, carbohydrate, fiber, and
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ash) [75] and the averaging of the thermal properties of the constituents based on weight
percentage [68] is also employed. The available thermal properties of biomaterials in the
subzero temperature domain are summarized in the Appendix. Of the reported thermal
properties in the literature, thermal conductivity and diffusivity have been measured most
extensively with the methods described above. However, it is evident from Fig. 4 that other
than for a few types of biomaterials little is known at temperatures below −40 °C. The
general trend for thermal conductivity shows that higher values are obtained with lower
temperatures presumably due to the ice composition within the biomaterial, and that this
effect decreases when there is less ice composition.

Due to the lack of available property values in the literature, we have recently measured and
reported on the properties of phosphate buffered saline with glycerol [20] and porcine liver
with glycerol [76]. The studies were focused on extending the knowledge of biomaterial
properties (thermal conductivity, melting point, latent heat, and specific heat) down to very
low temperatures (−150 °C) and additionally on understanding the effects of the formation
of glass on the trend of the property values. The measured results for thermal conductivity k
(Fig. 4) indicate that the drastic increase in k at low temperatures observed in H2O and PBS
systems become less pronounced with the addition of glycerol, and that the formation of
glass due to glycerol counteracts the rise in k values. Therefore it was evident that an
approximation using H2O values would be largely inappropriate, and that a weight
averaging of H2O and glycerol properties would fail to identify the downward inflection in k
values that was observed from measured data. Based on such findings, it became clear that
substantial differences would exist in cooling predictions based on assumed versus measured
property values. The following sections will discuss the cooling analyses which were
performed to confirm such differences.

Despite the relative simplicity and ease with which specific/latent heats can be measured
compared to thermal conductivity/diffusivity, a search in the literature for biologically
relevant materials in the subzero temperature range revealed very little available data (Fig.
5). It should be noted that although the specific and latent heats are considered separately in
this paper, investigators often tabulate specific heat values in which the latent heat related to
phase change is not separated. Additionally, for heat transfer calculations it is often more
advantageous to use enthalpic tabulations, as discussed further in subsequent sections. The
latent heat values of biologically relevant solutions and materials associated with primary
ice formation/melting have been found to be less than that of pure water (~334 J/g, Fig. 5b)
and have been correlated with the material’s overall water content [69]. The latent heat of
foods has been calculated by multiplying the food’s water content by the latent heat of water
in [68]. A recent study with saline solutions has shown that the latent heats of both water/ice
and eutectic phase change do not correlate with the overall water content, but correlate with
the amounts of water and solute that participate in either of the phase changes (i.e. water/ice
or eutectic) respectively [77].

3. Numerical predictions of cryobiological applications
It is evident from Figure 4 and Figure 5 and tabulated thermal property data in the Appendix
that a substantial difference exists between the thermal properties of water/ice versus actual
solutions/tissues. Furthermore, the deviation of thermal properties from that of water/ice due
to the non-water component as well as the formation of eutectics or glassy amorphous
phases is expected to bring about a change in the thermal history of biomaterials during
cooling. In this section, the results of using the enthalpy method in predicting the 1-D
thermal history of bulk systems while applying different thermal property data is discussed.
Nonequilibrium phase change events and their effect on cooling outcome are also discussed.
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Of the methods described in Table 1, the enthalpy method was used due to the simplicity of
the governing equation and its applicability to systems which undergo phase change over a
range of temperatures (termed the “mushy zone”). The governing equation in one-
dimensional in vitro form is:

(1)

where ρ is density, H is enthalpy, t is time, k is thermal conductivity, T is temperature, and x
is length. Discretization and reorganization gives [31]:

(2)

where a central differencing method is employed in the spatial domain. The superscript n
denotes time steps while the subscript i indicates node steps. Eq. (2) allows the
determination of enthalpy at the next time step based on an explicit Forward Euler analysis
in the temporal domain. Due to the fact that thermal properties can experience an abrupt
change in value with phase change, half-node values based on harmonic averaging of
adjacent true nodes were employed and the discretized governing equation was further
modified as:

(3)

Although time steps and spatial resolution were initially chosen satisfying the stability
(convergence) criteria (eq. 4) of the enthalpy equation [31], Δx needed to be reduced further
in order to remove oscillatory instabilities with their source in the nodes corresponding to
the mushy zone [78].

(4)

The node spacing (Δx) was also chosen so that the diffusion of solutes due to the formation
of ice would be limited to be within a single node spacing in order to justify the decoupling
of the heat and mass transfer analysis, as discussed previously. That is, in the time frame
during which a node space is in a mushy state, the solute would not diffuse into adjacent
nodes if the characteristic diffusion length was less than the node spacing. As an example,
for the analysis of the system PBS + 2M glycerol, by assuming Dglycerol ~ 10−7 cm2/s [18]
[79] in the mushy temperature range the diffusion length would be less than 10−3 cm over 1
second. Therefore, by setting the node spacing to be greater than 10−2 cm mass transport to
adjacent nodes would become significant only after accumulated times of ~ 103 s, which is
well beyond the time frame in which the local composition remains in a mushy state. Heat
absorption ratios of melting (HR) over the mushy temperature range were determined from
percent area curves of DSC thermograms [77] [20] [76], multiplied with the overall latent
heat value, and added to sensible heat values in defining enthalpy values (e.g. Fig. 6a).
Enthalpy values were tabulated at 5 °C intervals and linear interpolation was used for
determining temperature values from enthalpy values which existed between two defined
enthalpy points. The finite difference scheme was prepared using a FORTRAN 77 compiler
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under Sun Microsystems UNIX environments. A one-dimensional Cartesian geometry
(infinite slab) was employed in which the thickness of the slab was varied from 1 ~ 100 mm.
These dimensions were chosen to represent actual sizes of bulk cryobiological systems
which range from freezing tubes to organs. Additionally, difference in system size was
expected to bring about large differences in the predicted local cooling rate, and overall
crystallized fractions under non-equilibrium cooling conditions due to high glycerol
concentrations. It was assumed that the systems were initially at 20 °C, and then subject to
constant temperature conditions of −150 °C at the outer boundaries.

3.1 Effects of varying thermal properties
Thermal properties of biomaterials in the subzero temperature range have a large
dependence on temperature and/or concentration. In order to assess the effects of applying
different thermal property values in the outcome of thermal history the properties of H2O,
PBS + 2M glycerol, and pig liver were chosen for comparison. Latent heat, specific heat,
heat absorption ratio, and thermal conductivity values reported previously in [20] [76] were
used. Density values were derived based on the results of X-ray tomography studies at low
temperatures from [49]. Values for thermal conductivity, density, and enthalpy used with the
enthalpy code are shown in Fig. 6.

When the thermal property values of a material of interest are not known H2O values are
often substituted. Here we consider the implications of substituting thermal property values
by comparing the predicted cooling histories for PBS + 2M glycerol (our system of interest
with “unknown” properties) versus H2O (our “surrogate” system). As shown in Fig. 7 the
cooling history of both materials can be divided into two sections; an initial cooling curve
which slows down in rate with the passage of time, followed by a secondary rapid drop in
temperature when the centerline (0 mm) location (and thus the entire system) completes
phase change. The cooling rates also varied greatly depending on the location within the
sample, as was observed previously in studies which focused on understanding the spatial
distribution of thermal histories and the range of cooling rates experienced during the
freezing of biological solutions [37] [23] [80] [35] [25] [24] [7]. It is apparent from these
results that predictions based on using thermal properties of water/ice will result in a more
rapid cooling to the end temperature. A comparison of the cooling histories at specific
spatial locations reveal that the effect of differences in thermal property values is minor near
the outer boundary while there are larger time differences in reaching the final end
temperature further inward. That is, the effect of differences in thermal property values on
the cooling history will accumulate with the increase in distance from the cooling source
(surface). It is clear that the temperature histories for all thicknesses exhibit the same trend
and will collapse into a single curve by normalizing the elapsed time with respect to the
squared value of the characteristic length. What is important in practical terms is that for
cooling analyses the errors associated with the predicted time to reach a milestone
temperature or traverse a critical temperature region for a given cryobiological application
will be amplified for larger (or radial) systems if the correct thermal property values are not
applied [20] [76].

Another situation which often occurs when performing cooling predictions of biomaterials is
when the thermal properties for the material of interest are known only over a limited
temperature range or at a single point. In order to understand the implications of performing
predictions when only a limited amount of thermal property values are known for a
biomaterial, the cooling history of pig liver using constant property values (one each for
suprazero and subzero temperatures) was compared to results for pig liver using known
thermal property values in the entire temperature range of interest as well as to results for
H2O. From Fig. 8 it is clear that while predictions based on H2O properties will
underestimate cooling times for pig liver the use of constant property values will result in
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the opposite effect, an overestimation of cooling times which has a larger magnitude of error
in reaching end temperatures compared to the surrogate use of H2O properties.

It should be noted that all of the numerical predictions discussed until now used thermal
properties measured under quasi-equilibrium states and assumed equilibrium freezing
conditions including the assumption that the onset of crystallization correlates with the
melting temperature (Tm) of the system. Moreover, the maximum amount of ice
crystallization possible was assumed to occur during the freezing process for systems
containing glycerol. For PBS + 2M glycerol, this was indirectly confirmed by using the DSC
(as shown in Fig. 3a) to compare the latent heat during cooling at various rates (5 ~ 50 °C/
min) and finding little difference in the calculated value. Additionally, some of the samples
for DSC analysis (~10 mL) were initially plunged into liquid nitrogen (−196 °C) and then
quickly placed in the DSC preset at −180 °C (transient temperatures never went above −50
°C) to see if devitrification would occur†. However, peaks indicative of the occurrence of
devitrification were never observed. Although the maximum amount of crystallization
possibly does occur during cooling, the amount of crystal formed at a given temperature
may slightly differ, depending on the cooling rate. However, the impact of these differences
on the temperature history is expected to be minimal.

3.2 Effects of non-equilibrium processes
While many cryobiological applications can be modeled as undergoing a quasi-equilibrium
cooling process, there are situations when non-equilibrium effects need to be considered. An
example would be when a system undergoes supercooled nucleation during the freezing
process. The addition of cryoprotective agents such as glycerol may also bring about
deviations from equilibrium cooling conditions [20]. Unlike systems with low glycerol
content, the numerical prediction of cooling systems with high glycerol content cannot
directly utilize thermal property values which were measured under quasi-equilibrium states.
This is due to the fact that the amount of crystallization which occurs may not be maximal,
but reduces as a function of the cooling rate. The crystallization kinetics of CPA solutions
have been studied by numerous investigators and parameters related to the formation of ice
in high concentration glycerol solutions are available [81] [82] [83] [84] [85] [86] [87].
Theoretical models based on the findings are also available [88] [89]. Therefore, under such
non-equilibrium conditions the thermal properties need to be modified from a function of
temperature to a function of temperature and cooling rate (or crystallized fraction). Here we
present results of employing the modified enthalpy method to two systems with high
glycerol content; a solution system comprised of PBS + 6M glycerol and a tissue system
comprised of pig liver + 6M glycerol.

Based on their DSC measurements of high concentration glycerol solutions during freeze-
thaw [90] [91] [92] Boutron et al. formulated an empirical equation which predicts the rate
of ice crystallization for high concentration aqueous glycerol (>5M glycerol) [82]:

(5)

where fc (from Table 1) is the crystallized fraction (i.e. the amount of water which has
crystallized over the maximum amount of water which can possibly crystallize), t is time, k1
is the crystallization rate constant (dependent on sample and concentration), Tm is the

†The occurrence of devitrification would be an indicator that the maximum possible amount of ice crystallization had not occurred
during the cooling process.
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melting point (or liquidus) temperature, T is temperature, QA is the activation energy
(dependent on sample and concentration), and R is the gas constant. For 50% w/w (= 6M)
aqueous glycerol the values are: k1 = 5.783 × 108 [1/sK] and QA = 11.6 [kcal/mol].
Discretization of the above equation was done as:

(6)

where CR is the cooling rate. The discretization of equation 5.6 is expected to bring about
errors which depend on the time step. The time steps chosen (4 ms or less) were found to
provide a stable value for calculated values of Δx, which did not change with smaller time
steps. It is noted that the current nonequilibrium method of analysis assumes the
heterogeneous nucleation and subsequent crystal growth in a given node is not affected by
adjacent nodes due to impingement, and by defining the node spacing to be sufficiently
larger than the characteristic diffusion length of glycerol (as discussed earlier in Section 3)
the change in concentration brought about by crystal growth is localized and does not affect
the original glycerol concentration of adjacent nodes.

The original enthalpy code used in the previous section for analysis under equilibrium
cooling conditions was modified (Fig. 9) so that the cooling rate per node location would be
monitored and the crystallized fraction per node location would be updated accordingly.
Based on the crystallized fractions, local thermal property values needed to be modified due
to the difference in the water/ice ratio at a given temperature compared to quasi-equilibrium
values. Thermal conductivity was redefined as a function of both temperature and cooling
rate (or crystallized fraction):

(7)

where wH20 is the weight fraction of water, kice is the thermal conductivity of ice, kwat is the
thermal conductivity of water, wgly is the weight fraction of glycerol, kgly is the thermal
conductivity of glycerol, wNW is the weight fraction of the non-water tissue components, and
kNW is the thermal conductivity of the non-water tissue components. kgly values were
obtained from [93] [94] while kNW for pig liver was determined from the relationship:

(8)

which implies that the thermal conductivity of pig liver treated with 6M glycerol [76], k(T),
is a weight averaged value of the PBS + 6M glycerol solution [20], k6MG(T), and the non-
solution tissue component, kNW. Fig. 10 shows the range of k values (using eqn. 7) possible
for porcine liver treated with PBS + 6M glycerol bracketed by cases when no crystallization
occurs due to a sufficiently high cooling rate and when maximal crystallization occurs under
slow (quasi-equilibrium) cooling conditions. The local regions in the system of analysis will
experience a cooling condition in between these two extremes. The change in k value if a
region experiences a constant cooling rate of 10 °C/min and undergoes heterogeneous
nucleation at −50 °C is also shown as an example. Definitions similar to those used for
thermal conductivity were also used to define density and specific heat as a function of
temperature and cooling rate (or crystallized fraction). The change in enthalpy values due to
the change in crystallized fraction values was determined as (Table 1):
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(9)

where h is the specific enthalpy, c is the specific heat, and Λ is the latent heat. As an
example that illustrates how the modified enthalpy method determines the thermal history of
a system of interest, observe the changes at the node corresponding to the location 10 mm
from the cooling surface of a 10 cm-thick sample of porcine liver treated with PBS + 6M
glycerol as shown in Fig. 11. The thermal history is the result of continuously updating the
local cooling rate to determine the crystallized fraction as a function of temperature, and
subsequently updating the enthalpy vs. temperature table as well as the thermal properties. It
is seen based on the temperature profile (Fig. 11a) that the local area experiencing fast
cooling rates at early times reduced with the passage of time. The crystallized fraction is
then defined as a function of temperature (eqn. 6) and continuously updated with the passage
of time. Fig. 11b plots show predicted fc values based on cooling information (i.e. rates)
available up to designated times. Later times show slower cooling rates and the values
consequently increase dramatically. Since it was assumed (based on experimental
observations [82] [20]) that heterogeneous nucleation occurs at −50 °C crystallized fraction
values above this temperature were not updated. Additionally, fc values only below the
current temperature were updated (since higher temperatures were already traversed based
on the fc values at earlier times), and further crystal growth was assumed not to occur below
Tg (~ −100 °C). It is noted that an fc value of unity does not imply that the entire volume
element has crystallized, but rather that the maximum possible amount of crystallization has
occurred (which is assumed to be ~ 11% of the entire volume for porcine liver treated with
1×PBS + 6M glycerol).

Enthalpy versus temperature tables were updated (using eqn. 9) based on the local cooling
rates (which changes with time) as shown in Fig. 11d. Enthalpic values above Tn (−50 °C)
will not change depending on the cooling rate since crystals are assumed not to occur. With
lower cooling rates (more crystallization) there was a larger change in enthalpic values
between −50 and −100 °C due to latent heat effects. However, the overall change in
enthalpy (difference between −50 and −150 °C) was less compared to faster cooling rates
due to the reduction in specific heat with more crystallization which leads to a reduction in
the change in the sensible heat. The opposite effect was noticed when the cooling rates were
high, where enthalpic changes due to crystallization/latent heats was minimized while
enthalpic changes associated with the change in sensible heat became large.

Fig. 12 shows the cooling history of PBS + 6M glycerol and pig liver treated with PBS +
6M glycerol under varied thickness conditions. The solid lines are the result of an analysis in
which the thermal properties are allowed to change based on the local cooling rate and take
into account non-equilibrium crystallization effects. The dotted lines are based on measured
(quasi-equilibrium) thermal property values and do not take into account non-equilibrium
effects. The onset of crystallization for the quasi-equilibrium case is −26 °C (Tm) while the
cooling rate-dependent case nucleates at a heterogeneous nucleation point of −50 °C. The
edges of the bands surrounding the solid lines indicate cases when the crystallized fraction
was forced to be either zero (right edge of shaded region) or unity (left edge of shaded
region) and bracket the expected temperature distribution for the system at that location.

It can be seen from Fig. 12 that a consideration of cooling rate dependency is not necessary
near the outer boundary (solid and dotted lines show similar history) but becomes critical as
locations closer to the centerline are interrogated. It is also evident from the 100 mm-thick
samples that the cooling rate dependent (solid) lines near the outer boundary are offset to the
right edge of their shaded bands, which indicates that a minimal amount of crystallization
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occurs. However, the solid lines start moving leftward within their shaded bands at locations
deeper into the sample, which indicates that more and more crystallization occurs at these
locations due to a drop in cooling rates experienced in these regions. These shifts are
minimally observed for the 10 and 1 mm-thick samples, indicating that they experienced
high cooling rates throughout and that crystallization was minimal. It is also clear from the
thermal history of different thicknesses that normalization with respect to the characteristic
length of the system will not allow the temperature curves to collapse into a single line due
to the amplified effect of non-equilibrium cooling and crystallization on the outcome of
larger (i.e. in thickness) systems.

Based on the above results further analyses were performed by varying the sample thickness
in order to gauge the size under which significant crystallization would occur. Fig 13 shows
the crystallized fraction distribution of PBS + 6M glycerol and pig liver treated with PBS +
6M glycerol post-cooling based on 1-D Cartesian and cylindrical geometries. It can be seen
that for the largest thickness investigated (100 mm) a majority of the system achieves
maximum crystallization (fc = 1). The centerline achieves maximum crystallization for
Cartesian systems, but a reduction in fc values is observed in cylindrical systems due to more
rapid cooling near the core brought about from geometric differences. As the system size
becomes less, the system overall achieves less crystallization and fc becomes negligible for
widths less than 10 mm. It is interesting to note that even for Cartesian geometries, the peak
location corresponding to a maximum amount of crystallization at a given width is not at the
center but located somewhere between the center and outer surface. This can be attributed to
the fact that these mid-locations experienced slower cooling rates overall compared to center
locations, and is similar to findings from [23] in which it was shown that for a 2 cm slab of
pure water the cooling rates close to the center of the slab are higher than those midway
between the outer cooling surface and the center of the slab. Additionally, current findings
concerning the peak location of crystallization is in agreement with the results from [95] in
which it was shown that there is a smaller probability of crystallization in the center
compared to the regions nearer to the outer surface of a rectangular slab of water.

It should be noted that the current numerical study focused on understanding the thermal
history of biomaterials using a heat transfer analysis which is essentially decoupled from the
mass transfer of the system. That is, the solute flux associated with crystal growth and
microstructure formation was neglected based on the fact that mass diffusivity is several
orders of magnitude less than the heat diffusivity of the system. Therefore, although the
numerical predictions are based on thermal properties of relevant biomaterials, the results
should be treated as an ‘idealized state’ in which the mass transfer of solutes will be
confined to the dimensions of the nodes used and crystal growth is solitary and without
impingement.

4. Summary
An important engineering task in cryobiology is to measure or calculate the heat transfer
during freezing-induced phase change in biosystems and then correlate this with the
biological outcome. For situations when direct measurement of thermal transport becomes
difficult and simplified analytical approaches are inadequate, numerical calculation becomes
a valuable alternative in allowing us to predict the outcome of a cryobiological procedure. A
survey of thermal properties of biomaterials available in the literature has shown that while
there is a large database available in the suprazero temperature domain there is a lack of data
in the subzero temperature domain. The fact that reliable numerical predictions depend on
the use of appropriate thermal properties (as shown here for two cases; PBS + glycerol and
liver + glycerol) advocates the need for the further tabulation of thermal properties in the
subzero temperature domain. The implications of using approximated (as H2O) or limited
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(assumed constant over a wide temperature range) property values versus actual values were
gauged by performing cooling predictions. The use of H2O properties resulted in the
significant underestimation of required cooling times while the use of constant properties for
biomaterials resulted in the significant overestimation of cooling times. The addition of
glycerol to biological solutions or tissue resulted in thermal histories which required
significantly greater times to cool compared with those for H2O. A modified numerical
scheme was developed for systems with high glycerol content to accommodate non-
equilibrium cooling effects in which an empirical crystallization model was employed and
thermal properties were dependent on both temperature and cooling rate. Temperature-vs.-
time predictions based on non-equilibrium properties showed large differences compared
with results using quasi-equilibrium properties (which are generally reported in the
literature) for systems with large dimensions. Additionally, the region between the center
and the outer surface experienced the lowest cooling rates, and correspondingly had the
largest amount of crystallization.

References
1. Coger, R.; Toner, M. Bioengineering handbook. Boca Raton, FL: CRC Press; 1995. Preservation

techniques for biomaterials; p. 1567-1577.
2. Karlsson JOM, Toner M. Long-term storage of tissue by cryopreservation: critical issues.

Biomaterials 1996;17:243–256. [PubMed: 8745321]
3. Karlsson, JOM.; Toner, M. Principles of tissue engineering. Academic Press; 2000.

Cryopreservation; p. 293-307.
4. Rubinsky B. Cryosurgery. Annual Reviews of Biomedical Engineering 2000;2:157–187.
5. Han B, Bischof JC. Engineering challenges in tissue preservation. Cell Preservation Technology

2004;2:91–112.
6. Bischof JC. Micro and nanoscale phenomenon in bioheat transfer. Heat and Mass Transfer

2006;42:955–966.
7. Diller, K. Modeling of bioheat transfer processes at high and low temperatures. In: Choi, YI., editor.

Bioengineering heat transfer. Academic Press; 1992. p. 157-358.
8. Rabin Y, Shitzer A. Numerical solution of the multidimensional freezing problem during

cryosurgery. Journal of Biomechanical Engineering 1998;120:32–37. [PubMed: 9675678]
9. Diller, KR.; Valvano, JW.; Pearce, JA. Bioheat transfer. Kreith, F., editor. The CRC handbook of

thermal engineering; 1999. p. 4114-4187.
10. He X, Bischof JC. Quantification of temperature and injury response in thermal therapy and

cryosurgery. Critical reviews in biomedical engineering 2003;31:355–421. [PubMed: 15139301]
11. Lunardini, VJ. Heat Transfer in COld Climates. New York: Van Nostrand Reinhold Company;

1981.
12. Alexiades, V.; Solomon, AD. Mathematical modeling of melting and freezing processes.

Washington: Hemisphere Publishing Corp; 1993.
13. O'Callaghan MG, Cravalho EG, Huggins CE. An analysis of the heat and solute transport during

solidification of an aqueous binary solution--I. basal plane region. International Journal of Heat
and Mass Transfer 1982;25:553–561.

14. Jochem M, Körber C. A numerical solution of the coupled heat and mass transfer problem of non-
planar solidification and melting of aqueous solutions. Heat and Mass Transfer 1993;28:195–204.

15. Tanaka K. Self-diffusion coefficients of water in pure water and in aqueous solutions of several
electrolytes with 18O and 2H as tracers. Journal of the Chemical Society, Faraday Transactions 1
1978;74:1879–1881.

16. Rard JA, Miller DG. The mutual diffusion coefficients of NaCI-H2O and CaCI2-H2O at 25oC
from Rayleigh Interferometry. Journal of Solution Chemistry 1979;8:701–716.

17. CRC. Handbook of Chemistry and Physics. Boca Raton: Taylor and Francis; 2006. Properties of
Ice and Supercooled Water; p. 6-5.

Choi and Bischof Page 13

Cryobiology. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



18. Nishijima Y, Oster G. Diffusion in glycerol-water mixture. Bulletin of the Chemical Society of
Japan 1960;33:1649–1651.

19. Newman, AA. Glycerol. London: Leonard Hill; 1968. Physical properties of glycerol; p. 21-22.
20. Choi JH, Bischof JC. A quantitative analysis on the thermal properties of phosphate buffered saline

with glycerol at subzero temperatures. International Journal of Heat and Mass Transfer
2008;51:640–649.

21. Körber C, Scheiwe MW. Observations of the non-planar freezing of aqueous salt solutions. Journal
of Crystal Growth 1983;61:307–316.

22. Kourosh S, Diller KR, Crawford ME. Microscopic study of coupled heat and mass transport during
unidirectional solidification of binary solutions--II. Mass transfer analysis. International Journal of
Heat and Mass Transfer 1990;33:39–53.

23. Rubinsky B, Cravalho EG. An analytical method to evaluate cooling rates during cryopreservation
protocols for organs. Cryobiology 1984;21:303–320. [PubMed: 6734241]

24. Hartmann U, Nunner B, Korber C, Rau G. Where should the cooling rate be determined in an
extended freezing sample? Cryobiology 1991;28:115–130. [PubMed: 2070614]

25. Hayes LJ, Diller KR, Chang H, Lee HS. Prediction of local cooling rates and cell survival during
the freezing of a cylindrical specimen. Cryobiology 1988;25:67–82. [PubMed: 3349813]

26. Gori, F. Proceedings of the First Mediterranean Conference on Medical and Biological
Engineering. Italy: Sorrento (Napoli); 1977. Cryosurgical probe: a theoretical prediction of the
freezing front penetration; p. 3-11.

27. Rubinsky B, Cravalho EG. A finite element method for the solution of one-dimensional phase
change problems. International Journal of Heat and Mass Transfer 1981;24:1987–1989.

28. Bischof JC, Bastacky J, Rubinsky B. An analytical study of cryosurgery in the lung. Journal of
Biomechanical Engineering 1992;114:467–472. [PubMed: 1487898]

29. Bischof JC, Rubinsky B. Microscale heat and mass transfer of vascular and intracellular freezing in
the liver. ASME Journal of Heat Transfer 1993;115:1029–1035.

30. Bischof JC, Smith D, Pazhayannur PV, Manivel C, Hulbert J, Roberts KP. Cryosurgery of
Dunning AT-1 rat prostate tumor: thermal, biophysical, and viability response at the cellular and
tissue level. Cryobiology 1997;34:42–69. [PubMed: 9028916]

31. Ozisik, MN. Finite difference methods in heat transfer. Boca Raton: CRC Press; 1994.
32. Comini G, Giudice SD. Finite element solutions of non-linear heat conduction problems with

special reference to phase change. Int. J. Num. Meth. Eng 1974;8:613–624.
33. Comini G, Giudice SD. Thermal aspect of cryosurgery. Journal of Heat Transfer 1976:543–549.
34. Budman H, Shitzer A, Giudice SD. Investigation of temperature fields around embedded

cryoprobes. Journal of Biomechanical Engineering 1986;108:42–48. [PubMed: 3959551]
35. Hayes, LJ.; Diller, KR.; Chang, H. A robust numerical method for latent heat release during phase

change. In: Chen, JLS.; Vafai, K., editors. Numerical methods in heat transfer. New York: ASME;
1986. p. 63-70.

36. Rewcastle JC, Sandison GA, Muldrew K, Saliken JC, Donnelly BJ. A model for the time
dependent three-dimensional thermal distribution within iceballs surrounding multiple cryoprobes.
Med Phys 2001;28:1125–1137. [PubMed: 11439482]

37. Hayes LJ, Diller KR. Implementation of phase change in numerical models of heat transfer.
Journal of Energy Resources Technology 1983;105:431–435.

38. Smith, DJ.; Devireddy, RV.; Bischof, JC. Prediction of thermal history and interface propagation
during freezing in biological systems - Latent heat and temperature-dependent property effects; 5th
ASME/JSME Joint Thermal Engineering Conference; 1999.

39. Devireddy RV, Smith DJ, Bischof JC. Effect of microscale mass transport and phase change on
numerical prediction of freezing in biological tissues. Journal of Heat Transfer 2002;124:365–374.

40. Rupp CC, Hoffmann NE, Schmidlin FR, Swanlund DJ, Bischof JC, Coad JE. Cryosurgical changes
in the porcine kidney: histologic analysis with thermal history correlation. Cryobiology
2002;45:167–182. [PubMed: 12482382]

41. Pennes HH. Analysis of tissue and arterial blood temperatures in the resting human forearm.
Journal of Applied Physiology 1948;1:93–122. [PubMed: 18887578]

Choi and Bischof Page 14

Cryobiology. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



42. Chen MM, Holmes KR. Microvascular contributions in tissue heat transfer. Annals of the New
York Adademy of Sciences 1980;335:137–150.

43. Weinbaum S, Jiji L, Lemons DE. Theory and experiment for the effect of vascular temperature on
surface tissue heat transfer. I. Anatomical foundation and model conceptualization. Journal of
Biomechanical Engineering 1984;106:246–251.

44. Jiji LM, Weinbaum S, Lemons DE. Theory and Experiment for the Effect of Vascular
Microstructure on Surface Tissue Heat Transfer---Part II: Model Formulation and Solution.
Journal of Biomechanical Engineering 1984;106:331–341. [PubMed: 6513528]

45. Charny CK. Mathematical models of bioheat transfer. Advances in Heat Transfer 1992;22:19–155.
46. Bowman HF, Cravalho EG, Woods M. Theory, measurement and application of thermal properties

of biomaterials. Annual Review of Biophysics and Bioengineering 1975;4:43–82.
47. Chato, JC. Measurement of thermal properties of biological materials. Shitzer, A.; Eberhart, RC.,

editors. Heat Transfer in Medicine and Biology; 1985. p. 167-192.
48. Valvano, JW. Low temperature tissue thermal properties. In: McGrath, JJ.; Diller, KR., editors.

Low temperature biotechnology: emerging applications and engineering contributions. New York:
1988. p. 331-345.

49. Bischof JC, Mahr B, Choi JH, Behling M, Mewes D. Use of X-ray tomography to map crystalline
and amorphous phases in frozen biomaterials. Annals of Biomedical Engineering 2007;35:292–
304. [PubMed: 17136446]

50. Hill JE, Leitman JD, Sunderland JE. Thermal Conductivity of Various Meats. Food Technology
1967;21:91–96.

51. Vendrik AJH, Vos JJ. A method for the measurement of the thermal conductivity of human skin.
Journal of Applied Physiology 1957;11:211–215. [PubMed: 13475167]

52. Vachon, RI.; Walker, FJ.; Walker, DF.; Nix, GH. In vivo determination of thermal conductivity of
bone using the thermal comparator technique. 7th International Conference on Medical and
Biological Engineering; Stockholm. 1967. p. 502

53. Cooper TE, Trezek GJ. A probe technique for determining the thermal conductivity of tissue.
Journal of Heat Transfer 1972:133–140.

54. Grayson J. Internal Calorimetry in the Determination of Thermal Conductivity and Blood Flow.
Journal of Physiology 1952;118:54–72. [PubMed: 13000690]

55. Chen MM, Holmes KR, Rupinskas V. Pulse-decay method for measuring the thermal conductivity
of living tissues. Journal of Biomechanical Engineering 1981;103:253–260. [PubMed: 7311491]

56. Balasubramaniam TA, Bowman HF. Temperature Field Due to a Time Dependent Heat Source of
Spherical Geometry in an Infinite Medium. Journal of Heat Transfer 1974;96:296–299.

57. Chato, JC. A Method for the Measurement of the Thermal Properties of Biological Materials.
Symposium on Thermal Problems in Biotechnology; The American Society of Mechanical
Engineers; New York. 1968. p. 16-25.

58. Balasubramaniam, TA.; Bowman, HF. Thermal conductivity and thermal diffusivity of
biomaterials: A simultaneous measurement technique. 1976.

59. Chen, MM.; Rupinskas, V. A simple method for measuring and monitoring thermal properties in
tissues. ASME Paper No. 77-WA/HT-42. 1977.

60. Sweat, VE. Thermal properties of foods. In: Rao, MA.; Rizvi, SSH., editors. Engineering
properties of foods. Boca Raton: Dekker/CRC Press; 1994. p. 99-138.

61. Chiu J, Fair PG. Determination of thermal conductivity by differential scanning calorimetry.
Thermochimica Acta 1979;34:267–273.

62. Khanna YP, Taylor TJ, Chomyn G. A new differential scanning calorimetry based approach for the
estimation of thermal conductivity of polymer solids and melts. Polymer Engineering and Science
1988;28:1034–1041.

63. Keating MY, McLaren CS. Thermal conductivity of polymer melts. Thermochimica Acta
1990;166:69–76.

64. Cook HF. A physical investigation of heat production in human tissues when exposed to
microwaves. British Journal of Applied Physics 1952;3:1–6.

Choi and Bischof Page 15

Cryobiology. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



65. Henriques FC. Studies of thermal injury VIII. Automatic recording caloric applicator and skin-
tissue and skin-surface thermocouples. Review of Scientific Instruments 1947;18:673–680.
[PubMed: 20265575]

66. Benzinger, TH.; Kitzinger, C.; Pratt, AW. Temperature : its measurement and control in science
and industry. Huntington: Krieger; 1972.

67. Cheng HM, Plewes DB. Tissue thermal conductivity by magnetic resonance thermometry and
focused ultrsound heating. Journal of Magnetic Resonance Imaging 2002;16:598–609. [PubMed:
12412038]

68. ASHRAE. ASHRAE Handbook - Refrigeration. New York: ASHRAE; 2002. Thermal properties
of foods; p. 81-830.

69. Fennema, OR.; Powrie, WD.; Marth, EH. Low-temperature preservation of foods and living
matter. New York: Marcel Dekker, Inc; 1973.

70. Bald WB, Fraser J. Cryogenic surgery. Reports on Progress in Physics 1982;45:1381–1434.
71. Duck, FA. Physical properties of tissue: a comprehensive reference book. London: Academic

Press; 1990.
72. Klinger, J. Thermal Conductivity of Ice Single Crystals at Low Temperatures. In: Whalley, E.;

Jones, SJ.; Gold, LW., editors. Physics and chemistry of ice: papers presented at the Symposium
on the Physics and Chemistry of Ice; 14–18 August 1972; Ottawa, Canada. Ottawa: Royal Society
of Canada; 1973. p. 114-116.held in

73. Ashworth, T. Measurement of the thermal properties of ice. C.A.o.t.I.I.o.R. International
Cryogenic Engineering Committee, and the Eindhoven University of Technology; Proceedings of
the Fourth International Cryogenic Engineering Conference; 24–26 May 1972; Eindhoven.
Guildford: IPC Science and Technology Press Ltd; 1972.

74. Hobbs, PV. Ice Physics. Oxford: Clarendon Press; 1974.
75. Choi, Y.; Okos, MR. Effects of temperature and composition on the thermal properties of foods.

In: LeMaguer, M.; Jelen, P., editors. Food Engineering and Process Applications. London:
Elsevier Applied Science; 1986. p. 93-101.

76. Choi JH, Bischof JC. A quantitative analysis of the thermal properties of porcine liver with
glycerol at subzero and cryogenic temperatures. Cryobiology 2008;57:79–83. [PubMed:
18656857]

77. Han B, Choi JH, Dantzig JA, Bischof JC. A quantitative analysis on latent heat of an aqueous
binary mixture. Cryobiology 2005;52:146–151. [PubMed: 16337621]

78. Voller V, Cross M. Accurate solutions of moving boundary problems using the enthalpy method.
International Journal of Heat and Mass Transfer 1981;24:545–556.

79. Bird, RB.; Stewart, WE.; Lightfoot, EN. Transport phenomena. New York: Wiley; 2002.
80. Diller, KR.; Crawford, ME.; Hayes, LJ. Variation in thermal history during freezing due to the

pattern of latent heat evolution. AIChe Symposium Series; AIChE; New York, NY. Denver, CO:
1985. p. 234-239.

81. Franks, F. The properties of aqueous solutions at subzero temperatures. In: Franks, F., editor.
Water A Comprehensive Treatise. New York: Plenum Press; 1982. p. 215-338.

82. Boutron P. Comparison with the theory of kinetics and extent of ice crystallization and of the
glass-forming tendency in aqueous cryoprotective solutions. Cryobiology 1986;23:88–102.
[PubMed: 3956232]

83. Vigier G, Vassoille R. Ice nucleation and crystallization in water-glycerol mixtures. Cryobiology
1987;24:345–354.

84. MacFarlane, DR.; Forsyth, M.; Barton, CA. Vitrification and devitrification in cryopreservation.
In: Steponkus, PL., editor. Advances in Low-Temperature Biology. JAI Press; 1992. p. 221-278.

85. Mehl, PM. Crystallization and vitrification in aqueous glass-forming solutions. In: Steponkus, PL.,
editor. Advances in Low-Temperature Biology. JAI Press; 1996. p. 185-255.

86. Hey JM, MacFarlane DR. Kinetic analyses of crystallization and devitrification: Comparison of
activation energies in aqueous solutions of glycerol and dimethyl sulphoxide. Journal of Non-
Crystalline Solids 1997;211:262–270.

Choi and Bischof Page 16

Cryobiology. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



87. Hey JM, MacFarlane DR. Crystallization of ice in aqueous solutions of glycerol and dimethly
sulfoxide 2: Ice crystal growth kinetics. Cryobiology 1998;37:119–130. [PubMed: 9769162]

88. Karlsson JOM, Cravalho EG, Toner M. A model of diffusion-limited ice growth inside biological
cells during freezing. Journal of Applied Physics 1994;75:4442–4455.

89. Karlsson JOM. A Theoretical Model of Intracellular Devitrification. Cryobiology 2001;42:154–
169. [PubMed: 11578115]

90. Boutron P, Kaufmann A. Stability of the amorphous state in the system water-glycerol-
dimethylsulfoxide. Cryobiology 1978;12:93–108. [PubMed: 624223]

91. Boutron P, Kaufmann A. Stability of the amorphous state in the system water-glycerol-ethylene
glycol. Cryobiology 1979;16:83–89. [PubMed: 436443]

92. Boutron P, Kaufmann A, Dang NV. Maximum in the stability of the amorphous state in the system
water-glycerol-ethanol. Cryobiology 1979;16:372–389. [PubMed: 487853]

93. Cahill DG, Pohl RO. Thermal conductivity of amorphous solids above the plateau. Physical
Review B 1987;35:4067–4073.

94. Birge NO. Specific-heat spectroscopy of glycerol and propylene glycol near the glass transition.
Physical Review B 1986;34:1631–1642.

95. Coger R, Rubinsky B, Pegg DE. Dependence of probability of vitrification on time and volume.
Cryo-Letters 1990;11:359–372.

96. Rinfret AP. Factors affecting the erythrocyte during rapid freezing and thawing. Annals of the New
York Adademy of Sciences 1960;85:576–594.

97. Zhang A, Cheng S, He L, Luo D, Gao D. Determination of Thermal Conductivity of
Cryoprotectant Solutions and Cell Suspensions. Cell Preservation Technology 2004;2:157–162.

98. Bai X, Pegg DE. Thermal property measurements on biological materials at subzero temperatures.
Journal of Biomechanical Engineering 1991;113:423–429. [PubMed: 1762440]

99. Boutron P, Delage D, Roustit B, Körber C. Ternary systems with 1,2-propanediol - A new gain in
the stability of the amorphous state in the system water-1,2-propanediol-1-propanol. Cryobiology
1982;19:550–564. [PubMed: 7172707]

100. Boutron P, Kaufmann A. Stability of the amorphous state in the system water-1,2-propanediol.
Cryobiology 1979;16:557–568. [PubMed: 544180]

101. Moline SW, Sawdye JA, Short AJ, Rinfret AP. Thermal properties of foods at low temperatures.
Food Technology 1961;15:228–231.

102. Cherneeva, LI. Report of VNIKHI. Gostorgisdat, Moscow: Scientific Research Institute of the
Refrigeration Industry; 1956. Study of thermal properties of foods.

103. Riedel L. Kalorimetrische Untersuchungen über das Gefrieren von Fleisch. Kältetechnik
1957;9:38–40.

104. Lentz CP. Thermal conductivity of meats, fats, gelatin gels and ice. Food Technology
1961;15:243–247.

105. Miller HL, Sunderland JE. Thermal conductivity of beef. Food Technology 1963;17:490–492.
106. Morley MJ. Thermal conductivities of muscles, fats and bones. International Journal of Food

Science and Technology 1966;1:303–311.
107. Woodams EE, Nowrey JE. Literature values of thermal conductivities of foods. Food Technology

1968;22:150.
108. Fleming AK. Calorimetric properties of lamb and other meats. International Journal of Food

Science and Technology 1969;4:199–215.
109. Poppendiek, HF.; Greene, ND.; Randall, R. U.S. Dept. of Defense. 1966. Whole organ freezing

and thawing; heat transfer and thermal properties.

Choi and Bischof Page 17

Cryobiology. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 1.
Microscope image of the advancing ice front due to the directional freezing of isotonic
saline.
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Fig. 2.
Schematic representation of directional freezing in a saline system. The system is divided
into three regions depending on temperature as 1) liquid above the liquidus temperature Tm,
2) mushy below Tm and above the eutectic temperature Teut, and 3) solid below Teut.
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Fig. 3.
DSC (Differential Scanning Calorimeter) thermogram for cooling and heating of PBS
(phosphate buffered saline) + 6M glycerol at a scanning rate of 5 °C/min under a)
prenucleated quasiequilibrium and b) supercooled nonequilibrium conditions. Tm: melting
peak temperature, Tg: glass transition, Tn: onset of supercooled heterogeneous nucleation,
Td: devitrification peak. Inset slides are cryomicroscpoy images under the same conditions
(dark unfocused spots are lens artefacts).
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Fig. 4.
Thermal conductivity of biologically relevant a) solutions and liquids b) tissues and solid
materials in the subzero temperature domain. Data sources are described in the Appendix.
Dashed line indicates lack of available data below −40 °C.
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Fig. 5.
Available literature values of a) specific heat and b) latent heat of phase change for
biologically relevant materials in the subzero temperature domain. Data sources are
described in the Appendix.
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Fig. 6.
Thermal properties of H2O, Phosphate buffered saline + 2M glycerol, and porcine liver used
for cooling predictions using the enthalpy method: a) enthalpy, b) thermal conductivity, c)
density.
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Fig. 7.
Comparison of the predicted cooling history of PBS + 2M glycerol (filled symbols) versus
H2O (lines). Samples are assumed to be initially at 20 °C and cooled with a constant outer
surface temperature of −150 °C. Geometry is a 1-D Cartesian infinite slab with a thickness
of a) 100, b) 10, and c) 1 mm. Length descriptors indicate the node distance from the
centerline.
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Fig. 8.
Comparison of the predicted cooling history of pig liver using thermal properties as a
function of temperature (filled symbols) versus liver with a constant property value per
phase (unfilled symbols). Results using property values of H2O are also shown (lines).
Samples are assumed to be initially at 20 °C and cooled with a constant outer surface
temperature of −150 °C. Geometry is a 1-D Cartesian infinite slab with a thickness of L.
Length descriptors indicate the node distance from the centerline. Elapsed time is non-
dimensionalized using Fo* = αo ⋅ t/L2, where αo is the thermal diffusivity of ice at 0 °C.
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Fig. 9.
Flowchart of the enthalpy method used in the current study to determine the cooling history
of various biomaterials. The dashed box is the additional modification step applied in
solving non-equilibrium cooling problems.
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Fig. 10.
Predicted thermal conductivity of a) PBS + 6M glycerol and b) porcine liver treated with
PBS + 6M glycerol under various cooling conditions. Values will depend upon the
crystallized fraction which is determined from the cooling rate and nucleation temperature.
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Fig. 11.
Predicted a) thermal history/property of cooling pig liver treated with PBS + 6M glycerol at
the location 10 mm from the cooling surface (1-D Cartesian, thickness = 10 cm, initially at
20 °C, subject to boundary temperatures of −150 °C). b) Crystallized fraction fc (as a
function of temperature) is continuously updated based on the current local cooling rate. c)
Thermal conductivity, density (not shown), specific heat (not shown), and d) enthalpy are
also continuously updated (as a function of temperature) due to the change in cooling rate
(and thus fc) with the passage of time.
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Fig. 12.
Thermal history of PBS + 6M glycerol and porcine liver treated with PBS + 6M glycerol at
the indicated distances from the centerline. Solid lines represent non-equilibrium cooling
conditions with supercooled nucleation at −50 °C (as measured in [82] [20]) where thermal
properties are dependent on temperature and cooling rate (or crystallized fraction). Dotted
lines represent quasi-equilibrium cooling conditions with nucleation at the melting point
(−26 °C) where thermal properties are measured values from [20] [76] and depend on
temperature only. Shaded regions around solid lines indicate the extent of temperature
deviation possible if the crystallized fraction is forced to zero or unity at the nucleation point
regardless of the cooling rate. Samples are assumed to be initially at 20 °C and cooled with a
constant outer surface temperature of −150 °C. Geometry is a 1-D Cartesian infinite slab
with a thickness of a) 100, b) 10, and c) 1 mm.
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Fig. 13.
Post-cooling crystallized fraction distribution of PBS + 6M glycerol and porcine liver
treated with PBS + 6M glycerol. Samples are assumed to be initially at 20 °C and cooled
with a constant outer surface temperature of −150 °C. Geometry is a 1-D a) infinite slab or
b) infinite cylinder with varying thickness values (labeled as width or diameter).
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Table 1

Phase change formulations of the heat equation

Method Equation Conditions Comments

Front Tracking
[26] [27] [11] [28] [29] [30]

Intrinsic error in interface tracking

Enthalpy
[11] [12] [31]

h = cT, T < Tph
h = cT + (1 − fc)Λ, T = Tph
h = cT + Λ, T > Tph

Most used, need a priori
knowledge of h

Apparent Heat Capacity
[32] [33] [34] [35] [25] [7]
[36]

Can link Λ to phase diagram

Source Term
[35] [37] [38] [39]

Most general, can link S to any
release pattern

ρ: density, c: specific heat, T: temperature, t: time, k: thermal conductivity, r: length, Λ: latent heat, h: enthalpy, fc: fractional release of latent heat
(crystallized fraction), S: source term, subscripts: i: solid(s) or liquid(l), int: interface, ph: phase change region (temperature range)
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Table 2

Summary of representative methods used to measure thermal conductivity of biomaterials

Method Pros Cons Schematics and Model

Steady state
longitudinal heat
flow method
(Guarded hot
plate)
[50]

• k is directly
measured

• Other properties
not Required

Guarding necessary
for 1-D heat flow
Long measurement
times (steady)
Requires
temperature
controller

Thermal
comparator
method
(Cooper &
Trezek’s probe)
[53]

• No heating
mechanism

• Transient
Measurement

High length-to-
diameter ratio
necessary
Extensive data
processing required
Large ΔTinit results
in an averaged k
value
Inapplicable with
hard materials

Heated
thermocouple
method
(Grayson’s
probe)
[54]

• Simple probe and
analysis

• k is directly
measured

• Simple data
processing

Sensor geometry
may not satisfy 1-D
assumption
Long measurement
times (steady)
Requires heat
controller

Thermistor w/
step
temperature
change
(Chato’s probe)
[47]

• Simple probe

• k is directly
measured

• Simple data
processing

Equivalent probe
radius used
Temperature
control at probe
interface
difficult
Requires heat
controller

Thermistor w/
pulse heat input
(Pulse decay
method)
[55]

• Simple probe &
heating method

• Simple data
processing

Volumetric heat
capacity required to
determine k
Thermistor
response /
sensitivity issues
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