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1 Introduction 
Two important applications of bioheat transfer in 

medicine are thermal therapies and cryopreservation, the 
latter more generally termed biopreservation. In thermal 
therapies, various energy source (hyperthermic) or sink 
(cryothermic) technologies are being used to locally 
destroy tissue in the body. Two main targets of thermal 
therapies are cancer and cardiovascular disease. The 
American Cancer Society statistics list the projected 
incidence of various organ cancers in the U.S. in 2005 as 
over 200,000 for each of both prostate and breast, over 
20,000 male kidney cancers, and close to 20,000 primary 
liver cancers and a much higher incidence of colorectal 
cancer (100,000) which often metastasizes to the liver [1]. 
In addition, the American Heart Association lists the 
annual incidence of cardiovascular disease in the U.S. 
population as: 13,000,000 with coronary heart disease 
and over 2,000,000 with atrial fibrillation [3]. Clearly, 
finding adequate therapies for these diseases, and 
non-terminal diseases such as benign prostatic 
hyperplasia (BPH) or benign breast cancers is important 
to the medical field. It is important to note that many 
different potential therapies exist for these diseases 
including surgical resection (or intervention), radiation, 
chemotherapy and, to a growing extent for selected 
patients, thermal therapies. 

The growing importance of thermal therapies can be 
seen in recent reviews published within many of the 
surgical subspecialities including cardiac [9], urologic 
[11], breast [12] and hepatic surgery [13]. Thermal 
therapies are usually accomplished by the use of 
minimally (or non) invasive probes which either act as a 
hyperthermic energy source (microwave, radiofrequency, 
high intensity focused ultrasound and laser) or 
cryothermic energy sink (Argon Joule Thomsen and 
cryogen circulation) probe technologies [14] [4]. In 
urology alone there are now over a dozen companies 
which produce such probes. These probes are used 
predominantly for treatment of prostate and kidney 
disease including cancer and BPH. Interestingly, the 
technology for the probes is typically where the 
emphasis is placed, while it is equally important to 
understand the probe tissue interactions and the ensuing 
injury as discussed in this review. In particular, 
molecular (nanoscale), cellular (microscale) and tissue 
level (nano, micro and macroscopic) events are 
correlated to  the therapeutic outcome.  Reviews which 

begin to address the quantification of temperature, injury 
and the mechanisms which connect them are increasingly 
available [14] [4] [15] [16]. 

While this review will not dwell specifically with 
biopreservation, there can be overlapping micro and 
nanoscale events particularly in the cryothermic regime 
with thermal therapies, which will be referred to and thus 
some mention is warranted here. In particular, molecular 
(lipid and protein - nanoscale) and cellular (dehydration 
and intracellular ice formation - microscale) events 
during biopreservation are typically important in 
defining outcome. The various forms of biopreservation 
include: hypothermic storage (above 0 °C), 
cryopreservation (frozen storage usually below –80 °C), 
vitrification or glass formation usually in the same 
temperature regime as cryopreservation, or freeze drying 
or drying without freezing. One important issue is that a 
cryo or bioprotective agent is often added to the system 
prior to cooling or drying with the intent to preserve 
rather than destroy the cell or tissue system. There are 
many important bioheat and biotransport challenges with 
the introduction of the bioprotective agent. In addition, 
challenges exist in controlling the alteration of the 
temperature and/or moisture content to achieve the 
preserved state followed by thaw (or rehydration) and 
use. Many reviews on this topic are available, some from 
an engineering perspective are listed here: [17] [18] [19]. 

2 Importance of Biophysics 

Initially, researchers involved in the field of bioheat 
transfer were interested only in the measurement, control 
and prediction of temperature as a way to control 
biomedical application outcomes. This has been 
changing over the last several decades as the importance 
of biophysics and biology are increasingly included in 
bioheat transfer assessments. Before discussing these 
recent biophysical developments, a brief mention of the 
importance of thermal properties and heat transfer 
measurement and modeling in this field is warranted. 
Tabulation of existing thermal property data in 
biomaterials are reported in [20] [21] [22] although it 
should be noted that low temperature [23] and cryogenic 
biomaterial property measurement is an evolving area of 
research [24]. The heat transfer processes in biological 
systems, particularly blood perfused tissues has occupied 
a tremendous amount of effort  since the Pennes bioheat 
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Figure 1.  Finite Element model of a multi-probe
cryosurgery within a patient specific prostate model.
Figure reprinted from [4]. 

equation was first introduced [25]. Reviews of heat  
transfer in blood perfused tissues can be found in [26] 
and [27], and some listings of blood perfusion values of 
certain tissues can also be found [22] although it should 
be emphasized that perfusion can vary locally in tissue 
and is temperature dependent as shown in [8] and 
reviewed in [4]. During thermal therapies, there have 
been numerous attempts to match up modeling with 
experimental measurements in both cryosurgery [28] 
[29] [30] as well as hyperthermia [8] which are generally 
reviewed in [31] and [4]. The ultimate goal is to obtain 
and model patient specific thermal information during a 
given intervention as shown for cryosurgery in Figure 1. 

Unfortunately, it has become clear that although 
understanding temperature is critical, it alone is often 
insufficient to explain many injury outcomes (i.e. 
preservation or destruction after a thermal insult). It thus 
has become necessary for engineers to supplement 
traditional principles of heat and mass transfer with the 
physics of the process occurring in the biological system 
by the construction of biophysical models. As the 
importance of biophysics becomes clearer, the necessity 
to measure biophysical properties such as cellular 
dehydration [32], intracellular ice formation [33], and 
protein denaturation and hyperthermic cell killing 
reviewed in [22] are increasingly important in 
understanding bioheat transfer process outcomes. Some 
of these biophysical properties are tabulated from the 
literature in [4] and begin to point the way to a better 
understanding of both temperature and biophysics within 
biological systems especially during thermal therapies 
and biopreservation procedures.   

This review will focus predominantly on 
biophysical and biological aspects which occur at the 
nano and microscale (i.e. molecular, cellular or 

tissue) that are important to bioheat transfer process 
outcomes particularly in thermal therapies. The 
engineering goal is the measurement and prediction 
of these events to understand the relationship 
between temperature change and injury and the 
mechanisms which connect them.   

3 Nanoscale Biophysics

At the molecular level, both lipid and protein events 
occur during cryothermic and hyperthermic temperature 
excursions which are correlated with injury. General 
reviews of lipid phase change with temperature and 
hydration [34] [35] and heat and cold protein 
denaturation [36] [37] are available. These changes can 
be measured and in some cases quantified in individual 
lipid and protein systems with a variety of techniques 
including differential scanning calorimetry (DSC), 
Fourier transform infra-red spectroscopy (FTIR), NMR, 
x-ray, electron microscopy techniques (especially freeze 
fracture) and circular dichroism [35] [38]. However, only 
a few techniques, such as DSC and FTIR, have been 
used for in situ measurement of protein [38] and lipid 
changes [40] within whole cells and tissues.  

3.1 Cryothermic 
It is well known that thermotropic events (phase 

change) in lipids at cryogenic temperatures can change 
the lipid organization and fluidity in lipid systems [34] 
and cells [40]. Phase diagrams for individual lipids can 
be constructed based on temperature and hydration (mole 
H20/mole lipid) [35] [41].  The thermodynamic driving 
forces (i.e. hydration and temperature) which drive bulk 
lipid membranes (composed of many types of lipids) to 
undergo phase separation and phase changes from liquid 
crystal lamellar (hydrated) to gel (less hydrated) and 
even inverted micellar (Hex II) are being actively studied 
[35] [42] [43]. It should be noted that both phase 
separations and the Hex II phase change are thought to 
be highly correlated with membrane lesions which 
ultimately destroy cellular viability upon thawing as 
shown in various plant systems [44] [45]. It is likely that 
lipid phase change and separation are also important in 
defining injury to mammalian cell membranes; however, 
it has not been as clearly demonstrated as in plant 
systems particularly pertaining to cryotherapy. 
Interestingly, one important Hex II forming lipid 
(Phosphatidylethanolamine, a short chain length lipid 
which allows the inverted micelle to form in the plasma 
membrane) is present in high quantities in liver cell 
membranes, a notoriously difficult cell (and tissue) type 
to cryopreserve [46]. 

Injurious events to proteins including denaturation, 
aggregation and “salting out” can also occur during 
cryothermic interventions. Proteins in solution (i.e. 
pharmaceutical products) can experience dramatic pH 
and concentration changes during freeze/drying which 
induce protein aggregation [47] which is of considerable 
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Figure 3. FTIR and DSC kinetics of protein
denaturation in situ in AT-1 cell pellets are
equivalent. Figure reprinted from [8]. 

interest to the pharmaceutical industry as aggregation 
reduces yield. In whole cells, we have shown in 
collaboration with John Crowe’s group (UC Davis), that 
lipid changes are rather mild (release of free fatty acids 
and consequent increased fluidity), but protein 
denaturation or aggregation occurs after cooling slowly 
to –80 ºC vs. –20 ºC in pellets of tumor cells [6].  
Specifically, the alpha helix band near 1650 (1/cm) in 
Figure 2 is greatly reduced after freezing to –80 ºC but 
remains roughly intact in the –20 ºC freeze case.  
Similarly, the beta sheet band at 1620 (1/cm), which 
correlates with protein aggregation, is greatly enhanced 
after freezing to –80 ºC suggesting a significant
denaturation event. Interestingly, cellular viability also 
decreases with the end-temperature [48].      The 
lower temperature in turn increases the osmotic pressure 
in the unfrozen fraction which may affect the 
macromolecular stability due to hydration water in these 
systems [43].   Thus the question of how the lipid and 
protein changes participate in the destruction of the cells 
and whether this can be measured and predicted in a 
reproducible manner is an important question for future 
research in cryotherapy. 

3.2 Hyperthermic 
In hyperthermic injury, lipid and protein events are 

also important in defining cellular viability. There has 
been a wealth of work over the last several decades in 
the field of hyperthermia for treatment of tumors, and the 
debate about whether lipids or proteins are most 
important in defining thermal injury has been ongoing 
[49]. In the case of hyperthermic treatments, the 
activation energies for individual protein phase changes 
which are usually in the 100 – 400 kJ/mole range have 
been well documented in the literature and can be 
predicted on temperature and time basis using an 
Arrhenius or Reaction Rate Theory approach as reviewed 
in [4]. Activation energies for processes which are 
augmented by lipid phase change (i.e. membrane dye 
leakage) are usually in the 10’s of kcal/mole as also 
reviewed in [4]. 

Evaluation of multiple lipid and protein groups 
together in situ is much more difficult although it has 
been attempted [50]. In the case of proteins, Lepock has 
used DSC to measure multiple denaturation peaks 
indicative of protein groups within various cell types in 
situ including fibroblasts [51], hepatocytes [52] and other 
cell types [39]. More recently, both FTIR and DSC have 
been used on AT-1 prostate tumor cells to evaluate 
protein denaturation [38]. This work has shown that both 
direct enthalpic (DSC) and indirect protein structural 
changes (FTIR) normalized peak area changes of protein 
denaturation correlate and can be used to identify an 
activation energy for overall protein denaturation within 
cells in situ (see Figure 3). Future work in this area will 
continue to focus on correlation between individual 
protein group peaks (i.e. cytoskeletal vs. membrane vs. 
cytosolic etc.) and lipid events which can be monitored 
and controlled, perhaps with additives, to obtain specific 
injury outcomes. 

4 Microscale Biophysics

At the cellular level there are numerous well studied 
events which are correlated with cryothermic and 
hyperthermic injury. Cryothermic events include cellular 
dehydration and intracellular ice formation while 
hyperthermic events include cell membrane 
hyperpermeability and blebbing. Biophysical models and 
parameters which correlate to these events have recently 
been reviewed and tabulated for a variety of systems [4]. 

4.1 Cryothermic 
In the cryothermic regime, cell injury has been 

correlated with biophysical changes including cellular 
dehydration and intracellular ice formation. These events 
are inversely dependent on cooling rate and have been 
studied extensively especially since the inception of the 
thermal microprocessor controlled cryomicroscope [53]. 

wavenumber (cm -1)

160016201640166016801700

control
frozen -20 oC
frozen -80 oC

Figure 2. FTIR spectra of prostate cancer (AT-1) cell
pellets after freeze-thaw. Figure reprinted from [6]. 
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Dehydration events, which occur at lower cooling rates, 
induce elevated concentrations both within and outside 
of cells which are believed to participate in the creation 
of the lipid and protein events described in the nanoscale 
section above and generally termed “solution effects” 
injury. In addition, the presence of large stable 
intracellular ice, which occurs at fast rates of cooling, is 
strongly correlated with cell destruction probably by 
disruption of membranes and organelles. This 
dependence on cooling rate (high leading to IIF and slow 
to solution effects injury) has led to the Two-Factor 
hypothesis of Mazur, which is still very much in use 
today for explanation of freezing injury in a variety of 
cell types [54]. 

After induction of freezing within the system, ice 
will reject solute, creating unfrozen fractions with 
concentrations that follow the liquidus of the phase 
diagram (Osm ~ (Tphw – T)/1.86), where Osm is the 
osmolality of the unfrozen fraction, Tphw is the phase 
change temperature of water and T is the temperature of 
the system. This increased concentration leads to an 
osmotic pressure difference across cell membranes 
exposed to the unfrozen fraction thereby setting up a 
driving force for exosmosis of water from the cell, or 
dehydration. This has been modeled originally by Mazur 
[55] and is presented here in a simplified form: 

where V is the cell volume, t is time, Lp is the hydraulic 
permeability (µm/min-atm or m3/N•s), A the surface area 
of the cell, and  is osmotic pressure (atm or N/m2) with 
subscripts i and o indicating intracellular and 
extracellular respectively.  The extracellular osmotic 
pressure can be linked to the liquidus as already noted. 
One can also introduce a constant cooling rate, B (K/s or 
ºC/s) into the equation so that the volume changes are 
calculated with temperature dV/dT = 1/B•dV/dt, which is 
often a more convenient expression to compare with 
experimental data. The permeability in Eqn. 1 was later 
modified to include temperature dependence by Levin 
[32] using an Arrhenius expression. The permeability of 
a variety of cell types is reviewed and documented in [4].  

If the cooling rate is sufficiently rapid, the kinetics 
of water transport will be slower in comparison to the 
supercooling of the intracellular cytoplasm and 
intracellular ice formation (IIF) can occur. The incidence 
of IIF correlates strongly with cell death in many cell 
types (i.e. 50% IIF in many cell populations yields 50% 
survival) [56]. The driving force for nucleation of ice is 
based on cytoplasmic supercooling, T = Tphs – T, where 
Tphs is the equilibrium phase change temperature of the 
cytoplasm. As cells dehydrate, the Tphs will decrease 
thereby also reducing supercooling and the driving force 
for nucleation. Thus, it is necessary to include a model of 
water transport in a model of IIF as originally developed 
using heterogeneous nucleation theory [33].  If cooling 
is sufficiently rapid, water becomes trapped within the 

cell and supercooling increases until ice nucleates and 
grows yielding IIF. This event has also been studied 
extensively in many cell types and related to 
heterogeneous nucleation theory by Toner originally in 
1990 and reviewed in 1993 [33] [56]. The model is given 
in simplified form as: 

In this expression, PIF is the probability for intracellular 
ice formation in a given cell population, B is the cooling 
rate (K/s), Tseed is the temperature of ice seeding in the 
population, T is supercooling as already noted, and T is 
absolute temperature (K). The  and  are 
heterogeneous nucleation parameters, where is called 
the kinetic and the thermodynamic parameter of the 
nucleation model respectively.  is related to the ability 
of water molecules to jump the interface and join the ice 
phase, while is related to the Gibbs Free Energy for 
formation of a critical nucleus of ice. These terms can be 
further broken down into individual biophysical 
parameters much like those of water transport above, and 
are similarly documented recently for a number of cell 
types [4].   One interesting additional effect in 
intracellular ice formation occurs at high salt 
concentrations and seems to be associated with a eutectic 
formation.  There is some evidence suggesting that 
given sufficient supercooling and the presence of the 
eutectic phase, eutectic crystals can propagate from 
extracellular to intracellular compartments and that this 
also correlates with injury[57]. 

Once these changes have been measured and 
biophysical parameters obtained, injury can be predicted 
for any cooling condition, although it is important to 
mention that while large stable IIF appears to be lethal, 
dehydration injury can be more subtle and likely 
involves a number of different molecular events such as 
protein denaturation and lipid changes that contribute to 
injury. Attempts to predict this “solution effects” injury 
due to dehydration is less well developed and remains an 
important area of research in bioheat transfer. 

4.2 Hyperthermic 
An important difference between hyperthermia and 

thermal therapy is the temperature range of interest 
which is usually between 42 - 45 °C for periods up to 
hours vs. above 50 °C for minutes in many thermal 
therapeutic interventions. In the case of hyperthermic 
treatments (lower temperatures, longer times), there are 
biological effects such as the development of 
thermotolerance correlated with Heat Shock Protein 
synthesis which reduce and in some cases can stop the 
kinetics of thermal Injury. Clonogenic survival data for 
tumor cells suggest two different thermal injury kinetic 
regimes. At lower temperatures (below 43°C) 
thermotolerance can develop and hence injury is 
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attenuated and accumulates at a much smaller rate [49]. 
At temperatures of 43 °C and higher, the uniform 
kinetics have led to simplified models of injury 
accumulation such as the “Thermal Dose” equations of 
Sapareto and Dewey [58]. Ultimately, the 
thermotolerance induction at lower temperatures has 
been a major challenge to the treatment of tumors by 
hyperthermia and is likely to have contributed to 
diminished use in the clinic. Recent work focuses on the 
kinetics of the Heat Shock protein synthesis, an 
important variable in the induction of thermotolerance 
[59].   

Thermal therapies on the other hand (higher 
temperatures shorter times), induce an insult with the 
intent to focus on the uniform kinetics of injury above 
43 °C which is similar to “burn injury” studied in skin 
since the 1940s [60] and reviewed in [31] [22]. The 
Arrhenius model can be expressed as shown in Eqn. 3: 

where  is the non-dimensional damage accumulation in 
a given time,  is the time to accumulate injury  (s), t is 
time (s), T = temperature in Kelvin. A = frequency factor 
parameter (1/s) E is the activation energy parameter 
(cal/mole), and R is the Universal gas constant (cal/mole 
K). By realizing that  = 1 when t =  one can 
differentiate both sides, linearize (d /dt = 1/ , and 
take the natural logarithm of both sides to obtain: 

This expression allows an easy comparison of the model 
to experimental data graphed as ln  vs. 1/T where the 
slope will be E/R and the y intercept ln A. This first 
order kinetic expression has been used to describe 
hyperthermic injury to lipids, proteins, cells, and tissues 
as recently reviewed [4]. The assays used to determine 
injury range from macromolecular phase change (see 
section #3.2 nanoscale hyperthermic), to cellular 
hyperpermeability, membrane blebbing (See Figure 4), 
dye uptake, clonogenic survival, or even histological 
assessments. 

An example of the relative kinetics of these injury 
measurements (i.e., cell hyperpermeability to the dye 
Calcein AM, uptake of the dye Propidium Iodide and 
clonogenic survival) is shown in Figure 5 [7]. Here it is 
important to note that the kinetics measured relate to the 
assay and although each is correct, they all have slightly 
different implications to survival. The polyanionic 
Calcein molecules leak out of the cell first and have the 
smallest activation energy (81 kJ/mole), propidium 
iodide uptake takes longer and shows a higher slope (and 
activation energy 244 kJ/mole) and finally clonogenics, 
which requires days to measure, has the highest slope at 
526 kJ/mole. The small activation energy of Calcein 

leakage is consistent with transport across a 
compromised cell membrane. Since the lipid portion of 
the membrane is held together only by hydration forces, 
it melts easily just a few degrees above physiological 
temperature leading many to believe that the lipid bilayer 
is the most vulnerable component of the cell to heat 
damage. On the other hand, protein activation energies 
(typically ranging above 100 kJ/mole) are much higher 
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and correlate partially with propidium iodide uptake, but 
almost certainly with cell viability and reproduction by 
clonogenics where the activation energy is the highest. 
This has led many others to believe that protein 
denaturation is the most important event in cell killing 
[49]. It is still not entirely clear which event (and thus 
measurement) is rate limiting in the injury process and 
hence injury is still suggested to be multifactorial in cells 
and tissues and is an active area of research in bioheat 
transfer. 

Interestingly, an exhaustive look at the literature 
suggests that the two biophysical parameters which 
define injury during hyperthermia (E and A) are not 
independent. In fact, a simple expression has been found 
which relates them for all systems (macromolecular, cell 
and tissue):  ln A = -9.2639 + 1.591 E [4]. It has been 
previously suggested by Eyring for proteins that this 
relationship between the parameters is actually a 
reflection of the relatively stable G change during 
denaturation. This becomes more evident when one 
considers that G = H – T S and H is related to 
activation energy E, and T S to frequency factor A. 
Hence while the activation enthalpy for the process may 
drop, the relative entropy change also decreases thereby 
maintaining G relatively unchanged. This insensitivity 
of G to temperature has also been suggested for lipid 
system phase change [35]. 

5 Tissue Biophysics (in vitro)

The biophysical changes that occur in cellular 
systems are also present in tissues. These have been 
investigated in many in vitro systems. However, the 
existence of cell-cell, cell-extracellular matrix (ECM) 
(cell-interstitial), and cell-vascular space interactions can 
lead to important differences from isolated cell behavior. 

5.1 Cryothermic 
In explanted or model (artificial) tissues, both 

molecular and cellular events continue to occur as 
already described, but with additional complexities due 
to cell-cell contact and cell-extracellular matrix contact. 
In addition, when one also considers the freezing of 
tissue in situ (see section #6.1), there are additional 
blood flow and inflammatory changes after the freezing 
event which are important to the outcome. 

While molecular changes in whole tissues have 
been reported routinely in plant systems, especially lipid 
phase changes which create membrane lesions [44] [45], 
the same level of scrutiny at the molecular level has not 
been applied to mammalian systems. There is, however, 
indirect data suggesting that molecular changes are 
important in native (and artificial) tissues after freezing. 
In particular, freezing has been shown to dramatically 
affect the biomechanical properties (modulus) in both 
native and artificial tissues, and it dramatically affects 
ultimate tensile strength (UTS), strength to failure (STF) 
in artificial tissues [61]. The presence of a cryoprotective 
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Figure 6. Light micrographs of rat liver tissue 
cooled at 5 C/min to various subzero temperatures 
(A – 0, B –4, C –8 and D –20 C) and immediately 
slam frozen. Arrows show vascular extracelluar
space and stars the cellular space which shrinks. 
Figure reprinted from [5]. 
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solution greatly reduces these effects in both artificial 
[62] and native tissues [24]. We hypothesize that freezing 
can move bulk water in the absence of either serum or 
cryoprotective agent (CPA) thereby yielding bulk 
biomechanical property changes. However, there may be 
further changes due to freezing induced injury/changes 
to the ECM which require further study. 

The study of microscale biophysical changes in 
explanted or model tissues has been a topic of some 
effort in the last decades. In artificial tissues and 
pancreatic islets these measurements can be made 
directly by bright field microscopy [63] [64]. In optically 
thick tissue slices, other techniques are necessary.  Our 
lab has developed two new methods for this approach 
including direct microscopic freeze substitution (FS) 
technique as well as an indirect DSC technique as 
reviewed in [65]. These are shown in Figures 6 - 8. 

While dehydration is still governed in principle by 
Eqn. 1, there is a new geometric relationship between 
cells and extracellular space in tissues vs isolated cells 
which shows up predominantly in a reduced surface area 
term. This can alter the biophysical changes of cellular 
dehydration and intracellular ice formation as reviewed 
in [65]. In simple terms, the cell is embedded in 
interstitial space, while blood vessels are also present 
throughout the tissue. By at first neglecting the 
interstitial space, this leads to a simple two-compartment 
system based on cell and extracellular/vascular space 
which can be modeled with a Krogh cylinder approach 
first suggested by Rubinsky for tissue freezing 
applications [66]. This can also be approached in a more 
realistic but complex way by using network 
thermodynamics. Using this approach Diller has 
modeled deydration during freezing in a tissue [67], as 
well as mass transport in kidney and pancreatic islets 
prior to freezing [68] [69]. Cell-cell water transport 
communication has been addressed by coupled transport 
between cells as first suggested by Levin for packed cell 
systems [70]. This approach has been modified to model 
cell-cell water transport in hepatocyte spheroids [71] and 
Rana sylvatica frog liver [72]. This phenomenon has also 
been suggested/observed to occur in tumors as there can 
be differential dehydration in tumor cell nests [73]. In 
general, the individual cells of a tissue tend to transport 
water more quickly than the cells within the tissue. A 
review of the work of our group on both measurement 
and modeling of water transport in a variety of tissues 
during freezing is available [65]. 

Biophysical response within artificial tissues 
suggests that cells form intracellular ice more readily in 
tissues due to enhanced water trapping as already 
mentioned, but also due to cell-ECM as well as cell-cell 
contact issues. Toner’s group showed that IIF in 
hepatocytes was enhanced after placing them in a 
collagen sandwich over suspension [63]. Our initial 
studies with fibroblasts and smooth muscle cells in fibrin 
vs. collagen show the fastest rates of IIF in fibrin, then 
collagen, monolayer and finally cells in suspension 

(unpublished result 2005). In addition, to cell-ECM 
enhancement, several studies now show that cell – cell 
propagation of ice in tissues can greatly enhance the 
kinetics of IIF. Acker and McGann have worked 
extensively with monolayers to show cell-cell IIF 
propagation, while Karlsson’s group has performed 
similar, but more controlled experiments in cells grown 
on micropatterned surfaces [74] [75]. Based on 
Karlsson’s work, a modified model of IIF which 
accounts for the additional cell-cell propagation 
pathways in addition to the traditional extracellular to 
intracellular propagation has been proposed [75] and was 
recently used in a simulation of intracellular ice 
formation within a cryosurgical iceball albeit in the 
absence of cellular dehydration [76]. Other models of 
both dehydration and intracellular ice formation within 
whole tissues already exist [77] [29], however they do 
not incorporate cell-cell ice formation. An important area 
of research is to measure and model intracellular ice 
formation by both extracellular and cell-cell mechanisms 
in tissue. 

5.2 Hyperthermic 
While “burn injury” studies in vivo in skin have 

been reported since the 1940’s by Henriques and Mortiz 
[60], kinetic measurements of molecular and cellular 
changes in vitro especially from tissues and organs that 
might be thermal therapeutic targets have only rarely 
been reported [22]. One important exception is 
information with regard to tissues which are high in 
collagen (rat tail, joint capsule, myocardium, skin etc.) 
where injury is inferred to be tied to collagen 
denaturation which can be measured by a variety of 
techniques including DSC birefringence loss, loss of 
transparency, shrinkage and other approaches [78] [79] 
[4].  

There is thus a need to measure the kinetics of 
injury at the cellular (or molecular level) in tissues that 
are thermal therapeutic targets. Our group has worked 
with several assays to allow effective measurement of 
injury kinetics in both normal and malignant tissues, 
particularly urologic tissues (prostate and kidney). We 
have been able to use a combination of dye uptake 
(propidium iodide or Ethidium homodimer) and 
histology to assess injury after thermal insult using a 
novel tissue culture protocol. In short, we take the tissue 
directly from the donor animal, slice it and heat it 
asceptically and then culture it for 48 – 72 hours at 20 – 
37 °C depending on the tissue in order to see degradative 
changes. We have published a series of articles which 
document thermal thresholds of injury in human BPH, 
rat prostate tissue, kidney tissues, and others as reviewed 
in [4]. One example of this approach is the new 
thresholds that have been reported for human BPH and 
prostate cancer[80] [81]. One  manufacturer originally 
designed their microwave probe to operate at 45 °C for 1 
hour and now based in part on this evidence have shifted 
to higher temperature shorter times (i.e. 60 °C for 
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Figure 9. Perfusion defects as imaged by FITC
labeled Dextran exclusion from cryolesions in
AT-1 Dunning prostate cancer after 3 and 7 days
vs. control day 0 (see left hand label). Figure
reprinted and redrawn from [2]. 

minutes) with equal expectance of tissue necrosis.   

6 Tissue Biophysics (in vivo)

In vivo tissue biophysics include all aspects of 
biophysics already discussed with the important addition 
of blood flow and the biological sequelae of 
inflammation and ensuing wound healing. It is important 
to understand how blood flow changes with temperature 
and when and if permanent stasis will occur after a 
thermal insult thereby delimiting the maximum extent of 
the thermal lesion. Blood flow, inflammation and wound 
healing are all interrelated and require monitoring at the 
wound site over time to best understand the outcome of 
the thermal therapy. 

6.1 Cryothermic 
While there are many changes that can be measured 

at the molecular, cellular or explanted tissue level, it is 
important clinically to also have endpoints that can be 
measured within in vivo tissues after a thermal 
intervention to assess the efficacy of the treatment.  One 
such endpoint is the perfusion defect, or absence of 
blood flow in a particular region of tissue, which can be 
measured clinically by MR contrast agent (gadolinium) 
exclusion or by fluorescence contrast in animal models 
as shown in Figure 9. We have recently verified that 
perfusion defect corresponds quantitatively with 
histological necrosis in both rat AT-1 Dunning prostate 
cancer, LNCaP Pro 5 human prostate cancer (grown in a 
dorsal skin fold of a nude mouse), and in the skin of both 
Copenhagen rats and nude mice [2] [82]. We have also 
shown that cryothermic injury thresholds in vivo are in 
general much higher (i.e. easier to reach) than in vitro in 
both AT-1 and LNCaP cells lines as reviewed in [19]. We 
interpret this as evidence that vascular injury as assessed 
by permanent vascular stasis is important in defining the 
ultimate lesion in vivo. We have been able to augment 
these in vivo lesions even further using an inflammatory 
molecule (TNF-alpha) which we hypothesize to be 

acting at the level of the endothelium [82]. Lastly, we 
have shown that cryolesions tend to reperfuse after 
freezing. This means that there is a stasis due to the 
freezing event, followed by a reperfusion of the iceball 
after thawing and then an ultimate stasis event some 
hours thereafter. This is consistent with the literature on 
frostbite injury as recently reviewed [16] [83]. 

Furthermore, the extent and rate at which an injury 
heals is important clinically and can be measured. We 
have measured wound healing within porcine kidney 
tissue after a cryosurgical treatment [84]. This work has 
shown that wound healing is already quite apparent at 1 
week post cryoinjury within the porcine kidney, which is 
in contrast to hyperthermic lesions [8] and reviewed in 
[85].  These results are in agreement with the clinical 
literature. Would healing after thermal injury is an active 
area of research particularly as new drugs and molecules 
are being used to accentuate the lesion with unknown 
would healing effects. 

6.2 Hyperthermic  
Quantification of injury kinetics as well as the 

extent of injury are also important to in vivo 
hyperthermic thermal injury outcomes. Diller’s group 
has worked for many years in showing the effects of 
hyperperermeability at the level of the microcirculation 
as a measure of burn injury kinetics in vivo [86]. The 
extent of the thermal lesion can also be measured by 
perfusion defect which at 3 days correlates with 
histological necrosis within prostate cancer and skin after 
a heat injury in vivo [87]. We have also shown that 
hyperthermic lesions of a sufficient temperature and time 
(thermal therapy) in porcine kidney do not reperfuse as 
cryothermic lesions do [8].  

The extent of the hyperthermic injury in vivo is 
greater than would be expected within the same tissue 
using our in vitro tissue culture method (and/or cell 
culture methods) [87]. This can be interpreted to mean 
that microvascular shut down and stasis is important in 
defining the ultimate lesion after a heating event in vivo, 
or more simply it is easier to destroy the 
microvasculature than it is the cells of the tissue or tumor. 
Interestingly, we have found that first order kinetics 
(temperature and time dependence) describes many 
molecular and cellular thermal injury processes but not 
blood flow alterations during thermal injury. Blood flow 
is a complicated biophysical process which requires a 
non-linear fitting to temperature and time as outlined in 
[8]. 

We have also found that the ability of the tissue to 
heal or regenerate in hyperthermic lesions can be 
different than in cryothermic lesions. We feel this is in 
part a reflection of the large amount of thermally fixed 
tissue (molecularly denatured) in the center of the lesion 
which is difficult for the body to break down. Further 
work is necessary in this important area [8] [85].   
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7 Conclusion 

Ultimately, temperature change drives biophysics 
and results in a biological outcome in the system of 
interest. Thus, it continues to be important to accurately 
measure and predict temperature during biomedical 
applications in any system of interest.   Temperature 
measurements are improving for some applications such 
as using MR thermometry during thermal therapy in the 
clinic [88]. Prediction and therefore treatment planning 
for complicated thermal surgeries such as shown in 
Figure 1, however, can only be accomplished with 
accurate information for thermal properties, blood flow 
and system (or patient) specific geometry which often 
are not available. Finally, continuing to improve the 
mechanistic connections between temperature and the 
biophysics and the ultimate outcome (injury, 
inflammation and wound healing) remains important and 
often not well understood in thermal therapy applications. 
One exciting emerging area within this context is the use 
of mechanistic and vascular based thermal therapeutic 
adjuvants which can greatly augment thermal lesions in 
vivo [82] [89] [90].  In conclusion, the quantification of 
thermally induced biophysics and biological outcomes 
are important goals for the future of the field of bioheat 
transfer. 
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1. Introduction 

The energy crisis occured in 1973 affected the 
brazilian economy and demanded the substitution of 
fuels derived from petroleum by alternative fuels 
because at that time about 80% of the petroleum was 
imported. 

Considering the extent of the brazilian territory, a 
good product for the intended substitution is obviously 
the biomass fuel. 

Some alternatives were considered at that time: 
substitution of gasoline by ethyl alcohol, diesel oil by 
ethanol and vegetable oils, and fuel oil by ethanol or 
coal. In 1975 the brazilian government established a 
National Alcohol Program to produce ethanol for 
energetic purpose. 

Whereas the substitution of gasoline by ethanol in 
Otto cycle engines was very successful, there were 
serious problems in the tentative of substitution of 
diesel oil by ethanol or vegetable oil in Diesel cycle 
engines and also in the substitution of fuel oil by 
ethanol in existing boilers and ordinary furnaces. 

2. Fuel substitution in Otto cycle engines  

Brazil is essentially a tropical country. Many 
agricultural products can be used to produce ethanol: 
sugar cane, manioc, sorghum, corn, wood, etc. At 
present, the ethanol is made from sugar cane. 

For the production of 1 liter of ethanol, it is 
produced also about 12 liters of vinasse which is a 
residual liquid with a pH of 3.5. How to dispose this 
vinasse is a serious problem. One form to use this 
residual liquid is as a fertilizer. 
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Fig. 1 Comparison of power and fuel consumption 
between ethanol and gasoline engines 

The ethanol presents a smaller heating value when 
compared with gasoline. The lower heating value of 
ethanol is 26790 kJ/kg, which is only 60% of the value 
of gasoline. So, it is expected that the comsuption of 
ethanol shall be higher than gasoline. But the octane 
number of ethanol is higher than gasoline; then, it is 
possible to use higher compression ratio in ethanol 
engines, up to 12, without knocking problems. In this 
manner, the efficiency of alcohol engines is higher 
than ordinary gasoline engines. 

From the data of reference [1], Figure 1 can be 
drawn. This Figure shows curves representing a 
comparison between Otto cycle alcohol engine and 
gasoline engine. The gasoline engine taken as 
reference has a compression ratio of 7 and same piston 
displacement as the alcohol engines. These curves are 
theoretical, following the model of Taylor [2] and the 
abscissa is the ethanol engine compression ratio. The 
curve 1 represents the ratio between the power of 
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Fig. 2 Photo of service station fuel nozzles for 
gasoline and alcohol, showing a densimeter, above the 
alcohol nozzle at right side, to guarantee the alcohol 
purity. 

ethanol engines and the power of the gasoline engine; 
the curve 2 represents the ratio between the mass 
specific fuel comsuption of ethanol engines and the 
specific fuel comsuption of the gasoline engine; the 
curve 3 represents the ratio of volumetric specific fuel 
comsuption of ethanol engines and the correspondent 
comsuption of gasoline engine; the curve 4 represents 
the ratio of mass specific fuel comsuption of both 
engines for same power delivered. 

Thus, using higher compression ratio, ethanol 
engines can have an increase of power of about 10% 
when compared with correspondent gasoline engine 
with same piston displacement. On the other hand, the 
fuel comsuption of ethanol engines can reach a figure 
of more 25%, in volume, when compared with 
gasoline engine. However, considering that the ethanol 
can be utilized in lean mixtures, as usually is done, a 
reduction in the increase of fuel comsuption can be 
obtained, but with a sacrifice of power increase in 
alcohol engines. 

The ethanol has a high octane value; so, the 
alcohol engines do not need additives to the fuel for 
knocking supression. Additionally, considering also 
the alcohol combustion characteristics, these engines 
pollute less than gasoline engines. The production of 
carbon monoxide by ethanol engines is negligible 
when compares with gasoline engines. 

In the 1980 decade the ethanol fuelled automobiles 
reached a peak of around 95% of the cars 
manufactured in Brazil (Fig. 2). But this figure 
decreased to about 5% in the 1990 decade due to 
problems related to alcohol availability, mainly 
because there was a competition with sugar, which is 
produced from the same sugar cane, with a price that 
was favourable in international market. 

3. Fuel substitution in Diesel cycle engines. 

There was also a brazilian tentative to substitute 
the diesel oil by ethanol in Diesel cycle engines. 

But unfortunately this idea was proved to be 
unsuccessful. Considering the problem of ignition of 
the fuel-air mixture at the conditions existing in the 
engine cylinder, the cetane number of ethanol was 
increased adding some additives. However the 
researches involving this matter did not solve 
satisfactorily this problem.  

Since the compression ratio in Diesel cycle 
engines is already high, the substitution of diesel oil 
by ethanol does not have the same effect obtained in 
Otto cycle engines concerning the increase of thermal 
efficiency of the cycle by raising the compression 
ratio. 

Therefore, considering the small heating value of 
ethanol when compared with diesel oil and the above 
mentioned problem of ignition of the ethanol-air 
mixture in the cylinder, the tentative of substitution of 
diesel oil by ethanol in existing Diesel cycle engines 
was not successful. 

4. Fuel substitution in steam generators and 

furnaces

At the time of the 1973 petroleum crisis, the steam 
generators and heating furnaces in the brazilian 
industry were using petroleum derived fuel oil. 

For a given steam generator, or a heating furnace, 
designed and manufactured to use fuel oil, the 
tentative of substitution of this oil by ethanol also 
failed. 

In the case of steam generators, for example, the 
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mass flow rate of ethanol burned must be higher than 
the mass flow rate of oil because the heating value of 
ethanol is much lower than the value of the fuel oil, 
for the production of same heat generated in the boiler 
furnace.

For this condition, that is, for same heat generation 
in the furnace of the boiler, the comsuption of ethanol 
shall related to the ratio of the heating value of both 
fuels that is, in this case, 1.64 times the comsuption of 
fuel oil. 

However, for the stoichiometric reaction, the 
air-fuel ratio in the case of ethanol is approximately 9 
kg of air for each kg of ethanol and for the case of fuel 
oil (as bunker-C type) the ratio is around 14.5. 
Considering these figures, even burning 1.6 times, in 
weight, more ethanol, the mass flow rate of flue gas 
produced in both cases, differs less than about 7% for 
same value of heat generated in the furnace. 

Thus, it seems that the fuel substitution does not 
change the heat transfered by convection to the fluid 
in the boiler. 

But there is a great effect in the value of radiation 
heat transfer between the flame and the evaporation 
tubes of the boiler because the flame formed in the 
combustion process of ethanol, at the condition 
existing in the furnace, is a nonluminous bluish flame 
presenting a very low emissivity. This flame is well 
different from the yellowish luminous flame with high 
emissivity observed in the case of combustion of fuel 
oil. Thus, while in the case of combustion of fuel oil, 
the boiler section of the steam generator receives more 
radiative heat transfer from the flame than convective 
heat transfer for the vaporization process, in the case 
of combustion of ethanol the radiant heat transfer 
becomes very small. 

Consequently the mass flow rate of saturated 
steam produced in the boiler decreases when it is used 
ethanol in substitution of fuel oil in existing boilers, 
for same heat generated by combustion in the furnace 
of the boiler. 

When compared with the case of fuel oil, the 
ethanol flue gas then leaves the boiler section at higher 
temperature because it rejected less heat to the boiler 
tubes and reaches the superheater where the saturated 

steam entering this section has a smaller mass flow 
rate than before. The result is a significant increase of 
the temperature of the superheated steam leaving the 
superheater, when compared with oil fired boiler case, 
and introduces a serious problem in the superheated 
steam temperature control. 

Summarizing, the overall effect that can be 
observed when it is used ethanol in substitution of fuel 
oil in existing steam generators, for same heat 
generated in the boiler furnace, is: 
a- smaller mass flow rate of steam produced;  
b- higher temperature of the superheated steam in the 
outlet of steam generator, not compatible with the 
requirement of the steam conditions in the inlet of 
steam turbines or in other thermal equipments. 

Thus, the tentative of substitution of fuel oil by 
ethanol, in existing steam generators designed 
originally to use fuel oil, was not also well succeeded 
at that moment   

5. Present situation regarding substitution by 

biomass fuel in engines and conclusion 

Recently it was unveiled a new brazilian 
government plan to produce the so called biodiesel, 
following the examples of Germany and USA. 
According to this plan, it is programmed to use, as 
later as 2008, at least 2% in volume of biodiesel mixed 
with diesel oil for Diesel cycle engines. Four years 
later, the plan will impose a mixture of at least 5% 
biodiesel. 

The biodiesel shall be made through a reaction of 
transesterification between ethanol and a vegetable oil 
using a catalyzer. Many vegetable oil can be produced 
in Brazil to obtain the biodiesel, as for example: palm 
oil, castor oil, soy bean oil, peanut oil, sun flower oil. 

To fulfill the 2% target, it is needed to produce 
800.10³ m³ per year of biodiesel. At present, the 
biodiesel is produced in a batch process but there are 
researches aiming to produce in a continuous process. 
At this moment, the production cost of biodiesel is up 
to 30% higher than the cost of diesel oil. 

The use of biodiesel in Brazil has the objective of: 
a- reduction of production of air pollutants;  
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b- reduction of the dependence of imported petroleum; 
c- stimulate the production growth of vegetable for 
energetic use in different regions of the country. 
Concerning Otto cycle engines, recently manufactured 
automobiles are designed to use: 
a- gashol: a mixture of gasoline and 25% in volume of 
anhydrous ethanol;  
b- only hydrated ethanol;  
c- compressed natural gas;  
d- a mixture of different fuels. 
In this last case d, the automobile is equipped with a 
Otto cycle multi-fuel, also called flex-fuel, engine 
which uses a mixed fuel in any proportion of gasoline 
and ethanol. At present, more than 50% of the 
automobiles manufactured in Brazil is equipped with 
this type of engine. The fuel tank of these automobiles 
is filled, in any proportion, with ethanol and gasoline. 

Basically, a lambda sensor measures the oxygen 
content in exhaust gas and a electrical signal is 
delivered to the control system of the engine to adapt 
automatically to the conditions needed for the fuel 
mixture entering the cylinder. 

Illustrativelly, according to actual tests, a car 
equipped with a multi-fuel engine that can use ethanol, 
gashol, or any mixture of these two fuels, attain, when 
it uses only ethanol,a power 5% higher and a 
comsuption of about 40% higher for same distance 
driven, compared with the same engine using only 
gashol. 

Some multi-fuel engines can use other different 
fuels. Besides ethanol and gasoline, the tank can be 
filled with naphtha; and the same car can have a 
compressed natural gas tank. But for using the CNG  

the driver must activate a switch in the car panel. 
Concluding, it can be observed that a effort is 

being taken in this country to substitute petroleum 
derived fuels by biomass fuel. The multi-fuel engine, 
mentioned above, offers a flexibility toward the use of 
different type of fuels in the same car. The driver can 
fill the fuel tank with any choice, and in any 
proportion, of fuels, according to the price (at present 
the price of ethanol is about half the price of gasoline) 
or the availability of the fuel at that moment.This is 
particularly a good alternative for a country as Brazil 
which is in a process of economic development and is 
preoccupied with ambient pollution and energy 
availability. 
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1. Introduction 

The 16th International Symposium on Transport 
Phenomena (ISTP-16) was held from August 29th to 
September 1st in Prague, Czech Republic. According 
to the organizers, the purpose of the ISTP series is to 
offer a platform for multidisciplinary meeting of 
researchers, scientists and practitioners for exchange 
of information and discussion in the area of transport 
phenomena.  

The choice of the Pacific Center of Thermal-Fluids 
Engineering (PCTFE) to situate the most recent 
assembly of its ISTP series to Prague appears 
somewhat paradoxical from geographical point of 
view. Pacific region, with the World’s largest ocean, 
dramatic landscapes infamous for vivid volcanic and 
tectonic activities, is rarely associated with the Czech 
Republic, a small country right across the globe, at the 
very center of Europe, characteristic by peaceful hilly 
landscape, which is old and stable even on geological 
time-scale, and with no sea whatsoever. However, 
geographic reasons are just about irrelevant among 
scientific communities of the present age.  

The Czech host and the partner in organizing 
ISTP-16 was the Faculty of Mechanical Engineering 
of the Czech Technical University in Prague. The 
Czech Technical University (CVUT - abbreviation of 
its Czech name) is naturally proud on its long tradition 
(it was formally established in the year 1707), as well 
as on the fact that it is still the leading technical 
university in the Czech Republic, currently with 7 
faculties, just above 20,000 students, and 3,000 
members of staff. The Faculty of Mechanical 
Engineering itself has celebrated 140 years 
anniversary last year, and at present has almost 5,000 
students at all degree levels. 

Fig. 2 View of the Prague Castle across the Vltava River 

spanned by the 15th century Charles Bridge.

Fig. 1 Symbols of the organizers: PCTFE and CVUT.

Fig. 3 Main building of the Faculty of Mechanical 

Engineering of CVUT in Prague. (Source: CVUT)
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2. Participation statistics 

The efforts of the organization committee led by 
Prof. Jan Ježek for CVUT and Prof. Sadanari 
Mochizuki for PCTFE were rewarded by wide 
international interest. In all, 457 authors and 
co-authors from 30 countries participated in preparing 
contributions for ISTP-16. The number was dominated 
by authors from Japan, 182, or almost 40%. The next 
largest number of authors was from Taiwan (about 
20%) and the Czech Republic (10.5%).  

The final number of attending registered 
participants reached 178 from 17 countries, which was 
even stronger dominated by Japan, from where 43% of 
the participants came, with the Czech Republic (22%) 
and Taiwan (15%) being again the other most 
represented countries. Altogether, the participants 
from the Pacific region counted for more than 63% of 
the participants. The statistics of participants are 
summarized in Figure 4. 

Aside Prof. Ježek and Prof. Mochizuki as the main 
organizers, the participants were greeted at the 
opening ceremony by the president of PCTFE, Prof. 
Wen-Jei Yang, who welcomed wide international 
participation, stressed importance of transport 
phenomena in modern science and technology, and 
also mentioned his suprisingly long and intensive 
relationship with the hosting city of Prague. On behalf 
of CVUT, the participants were welcomed by the dean 
of the Faculty of Mechanical Engineering of CVUT 
Prof. Petr Zuna, and member of the international 
organizing committee Prof. Ji í Šesták. 

3. Contributions 

3.1 Plenary lectures and overview of sections 

In the course of the symposium, the participants had 
the opportunity to attend three plenary lectures given 
by Prof. Ichiro Tanasawa (“An Outlook on 
Cryobioengineering with Primary Focus on 
Cryopreservation”), Prof. Yildiz Bayazitoglu 
(“Nano-to-Macro scale Modeling of Photonics 
Thermal Transport”, presented by Prof. Wen-Jei Yang), 
and by Prof. Ji í Šesták (“Transport Phenomena and 
non-Newtonian Fluid Mechanics in Mechanical 
Engineering”). 

Other, some 105 oral presentations and 31 posters 

Fig. 5 Opening ceremony. From the left: Prof. Jan Ježek 

(main organizer), Prof. Petr Zuna (dean of the 

Faculty of Mechanical Engineering of CVUT), Prof. 

Wen-Jei Yang (president of PCTFE), Prof. Ji í

Šesták (international organizing committee), and 

Prof. Sadanari Mochizuki (main organizer and 

vice-president of PCTFE). (Source: CVUT)

Fig. 4 Statistics of nationalities of all authors and 

co-authors (above), and registered participants 

(below).
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were divided into 20 sections. The list of all sections, 
and number of oral and poster presentation in each 
section is given in Table 1, from which it is seen that 
the section “Heat and Mass Transfer” was the largest 
with total number of 42 contributions.  

3.2 Heat and mass transfer section 

From the best evaluated presentations in the Heat 
and Mass Transfer section, rather large number of 
contributions was related to heat or mass transfer in 
pulsating and oscillating flows. Prof. M. Hishida 
presented heat transport of superposed oscillatory and 
slow steady flow in a loop channel, demonstrating up 
to 40-fold increase of thermal energy transport rate 
with small increase of work done by the flow. Similar 
system inspired by avian lungs was analyzed 
experimentally and numerically, as reported in the 
presentation of E. Sakai, with accent on generation of 
the steady flow component in avian lungs, flow 
patterns, and their influence on augmented mass 
transport – rather modest attitude of the young 
presenter did not harm the presentation, which was 
among the best the present reviewer had seen during 
ISTP-16. Prof. H. Saitoh presented systematic study of 
flat plate oscillating in a flow in vertical rectangular 
channel, based on hydrogen bubble flow visualization, 

color schlieren method visualization of thermal 
boundary layer and local heat transfer measurement. 

Several presentations from the section of Heat and 
Mass Transfer were related to the effects of strong 
magnetic fields on fluid flows and heat transfer in 
various settings. Prof. J. Szmyd reported on results of 
numerical simulation of natural and magnetizing 
convection of air, as a representative of paramagnetic 
fluids, in a cubic space with temperature difference 
between opposing walls, with particular interest in 
possibilities of control of heat transfer by varying 
orientation of the strong, 10 Tesla, magnetic field. Prof. 
H. Ozoe presented results on effect of strong magnetic 
field on water mist behavior, again demonstrating 
wide possibilities for control of this kind of flows by 
magnetic means. 
 Numerical study combining effects of heat and 

solute diffusion together with buoyancy effects was 

Table 1 Statistics of presented contributions by section.

Section Oral Posters Total

Turbulence and flow instabilities 11 3 14
Two phase flow 9 4 13
Chemical process systems 3  - 3
Environmental systems 5 4 9
Fluid dynamics in micro-systems 13 4 17
Heat and mass transfer 31 11 42
Rheologically complex systems 
and biofluid dynamics 6  - 6

Heat exchangers 3  - 3
Electronic equipment cooling 4 5 9
Boundary layer and free shear 
flows 8 3 11

Experimental and computational 
fluid dynamics - gases 10 3 13

Experimental and computational 
fluid dynamics - liquids 10 5 15

Combustion and reacting flows 13 3 16
Industrial aerodynamics and wind 
engineering 2 3 5

Totals 128 48 176

Fig. 6 First plenary lecture given by Prof. Ichiro 

Tanasawa (above). The keynote speakers Prof. 

Tanasawa and Prof. Šesták during their 

presentations (below, left and right photo 

respectively). (Source: CVUT)
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used to analyze complex phenomena of double 
diffusive natural convection of block of light hot 
solution in water, as presented by Prof. K. Kamakura. 
The size of the initial solute block was shown to 
significantly affect the formation of salt-fingers, with 
a single finger being formed in the case of small block, 
while wide spreading with large number of fingers 
occurred in the case of larger blocks. 

Other topics, among many others in Heat and Mass 
Transfer, included impingement heat and mass transfer 
of synthetic jet (Dr. Z. Trávní ek), effect of Görtler 
vortices on heat transfer on concave wall (P. Sobolík), 
or two views on the problem of  perspiration and 
cloth comfort (Prof. A. Narumi and K. Machová). 

3.3 Fluid dynamics in micro-system and other 

sections

Although PCTFE has recently started its series of 
International Symposia on Micro and Nano 
Technology (ISMNT), the recent popularity and 
importance of this topic was to be witnessed also 
during ISTP-16, proof of which is that “Fluid 
Dynamics in Micro-Systems” formed with 17 
contributions the second largest section of the 
conference. Three out of five of the best received 
presentations of this section were related to flow 
visualization and velocity field measurement in micro 
and nano domains. Prof. Uemura presented 
modification and application of holographic system 
for 3D PIV in micro-domains. Particle tracking 
Velocimetry of ferromagnetic nanoparticles using 
dark-field optical microscope system was applied to 
study of the effect of magnetic field on the growth and 
dispersion processes of cluster formation in 
microchannel flows, as presented by Prof. H. Kikura. 
High frequency PIV was used for study of 
micro-sheath flow inside a micro flow cytometer, 
presented by Prof. M.-W. Wang.  

Liquid slip in microchannels (C.-Y. Soong), flows 
with nanoparticles (presentations of C.-C. Chieng and 
P.-Y. Hsiao), and study of deposition processes in 
inkjet printing (T.-M. Liou) were among other 
numerous topics presented in this vivid area. Naturally, 
other 12 sections of ISTP-16 brought large number of 
various other topics, even short review of which is 

beyond the scope of the present article.  

4. In closing 

If the present reviewer felt that some points of the 
organization of ISTP-16 would deserve further 
improvement, these were rather in the reign of 
common issues shared by practically all similar 
meetings, than particular shortcomings of this 
interesting meeting. Unfortunately, strikingly low was 
the participation of female researchers. There were 
just about 10 women participants, or some 5% - huge 
disproportion reasons for which are certainly worth 
some consideration. Another matter that the present 
reviewer would like to see at similar meetings is 
somewhat stricter, clearly stated and more strongly 
enforced policy on participants’ conduct from the 
organizers, for example to save other participants from 
last moment cancellations without explanation.  

Being the 13th largest city of the enlarged European 
Union, and enjoying unprecedented interest of foreign 

Fig. 7 The historical building of the Bethlehem chapel 

hosted concert of classical music for all organizers, 

participants and their company. (Source: CVUT)
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and domestic investors, city of Prague is rapidly 
regaining its position of important business, scientific 
and cultural center. Nevertheless, the historical charms 
of the city of Prague and the Czech Republic are 
untouched and inescapable. The organizers therefore 
facilitated tourist tours to Prague and nearby Karlštejn 
castle for participants and their accompanying persons. 
The cultural peak of the conference was the concert of 
classical European music in the historical building of 
the Bethlehem chapel, which is used as the 
representative space of CVUT.  

The meeting therefore delivered what it promised – 
bringing closer fluid dynamics, transport, and heat 
transfer communities of two remote regions, the 
Pacific region and the Central Europe, with wide 
international participation from other regions, into a 
motivating scientific and cultural encounter. The next 
meeting, ISTP-17, is scheduled on September 2006  

back “home” in the Pacific region, Toyama, Japan. If 
it follows the ISTP series tradition, it will be an event 
worth fitting in into ones schedule. 
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