
 
TERMOTEHNICA     1/2013  95 
 
 
 

APPLYING THE FINITE SPEED THERMODYNAMICS 
(FST) TO THE HUMAN CARDIOVASCULAR SYSTEM 

Prof. Eng. Stoian PETRESCU, PhD., Eng. Vlad ENACHE, PhD. Stud. 

UNIVERSITATEA „POLITEHNICA“ – BUCUREŞTI 

Abstract: In order to study the human cardiovascular system, we develop a Windkessel model of the heart and 
the blood vessels. This model can be used to study the time evolution of various thermodynamic parameters, in 
different regimes of the heart (high blood pressure, low blood pressure, normal blood pressure, high speed, low 
speed, normal speed etc.). We draw qualitative pressure-volume diagrams in order to apply the Finite Speed 
Thermodynamics (FST) to this model.  
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1. INTRODUCTION 

The aim of this study is to first develop a 
thermodynamic model of the human cardiovascular 
system, and then a thermodynamic model of the 
cardio-respiratory-vascular system. We view the 
heart as a cylinder-piston pump with valves (a 
closed-open-closed system) and the lungs as a 
valveless cylinder-piston compressor. We will treat 
both these „thermodynamic machines” in the 
framework of the Finite Speed Thermodynamics, in 
which the blood speed and the air speed are finite 
and thus generate irreversibilities (such as aw/c, 
Δpfriction, Δpthrottle). All these three kinds of irrever-
sibilities depend upon the speed w: the first two 
depend upon the speed raised to the first power, 
and the third depends upon the speed raised to the 
second power. 

The greatest success of the Finite Speed 
Thermodynamics was obtained by modeling the 
processes in the Stirling engine [[18], [16]]. This 
engine is very complicated in terms of understanding 
its workings and thus spurred many temptative 
models: first models of how it works and then putting 
these explanations in computing schemes, usually 
with differential equations solved numerically. In 
Organ’s well known book [[8]], dedicated 
especially to the processes encountered in the 
Stirling engine’s Regenerator (where there is a 
throttling process), he describes three computing 
schemes: 

1) A very simple scheme based on the pressure-
volume diagram considering reversible processes 
that can be treated completely analytically. It 

gives the performances (Efficiency and Power) 
analytically. 

2) More complex schemes, which start taking 
into account the machine’s irreversibilities, for 
example:  

– the Finkelstein scheme, which replaces iso-
thermal with adiabatic processes, or  

– the Schmidt scheme, which takes into account 
the quasi-sinusoidal variation of the speed of the 
pistons. 

3) Schemes based on numeric integration of 
some differential equations which take into 
account losses through various irreversibilities. 
These schemes are very sophisticated and some-
times treat the processes three-dimensionally. After 
many computations (numerical integration), they 
find „a certain point” in which the machine works 
with certain performances (Efficiency and Power). 
But even though the „optimum point” may be 
„around that point”, the engineer does not know 
where to search for it and how to change some 
parameters (constructive or functional) „to get there”, 
improving in this way the design of the machine. 

In other words Organ considers that the type 3 
schemes, despite of their very high precession, 
cannot actually help the engineer to change the 
machine (sizes, speed etc.) in order to bring it closer 
to the „Optimum point” where the performances 
are maximum. 

Because of this, Finite Speed Thermodynamics 
set out after 1992 [[7], [12]] (introducing in the 
First Law for processes with finite speed the three 
causes of internal irreversibilities: aw/c, Δpf, Δpthr) 
to develop a completely analytical computation 
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scheme which includes the three types of irrever-
sibilities – thus finally expressing the Efficiency 
and the Power as functions of the piston’s speed 
wp and of other constructive and functional 
parameters (e.g. sizes and temperatures of the 
heat sources). 

We [[6], [15], [9], [18], [16]] were not able to 
develop a computation scheme validated by experi-
mental results until we did develop the p-V/p-x 
diagram for Stirling machines. Only after drawing 
this diagram [[18], [27]], through which we 
understood thoroughly how this machine works, we 
could develop the computation scheme for all the 
three types of Stirling machines (Engines, Refrigera-
tors and Heat Pumps). This scheme was validated for 
12 engines (the most efficient in the world: USA, 
Germany, Japan, Sweden) and 16 functioning 
regimes, using initially 3 adjustment parameters and 
eventually only 2. For comparison, the NASA 
„Computing Code” for the Stirling engine has 9 
adjustment parameters and works for just one specific 
engine, not being an analytical computation scheme 
at all. 

We introduced and used instantaneous average 
parameters, such as the instantaneous average 
pressure or the instantaneous average temperature, 
without which the analytical integration could 
not be possible. By not using such average 
parameters, the type 3 schemes described above 
are forced to use numerical integration, leading to 
that „single point” and thus not being able to help 
the engineer. 

One might wonder what is the connection 
between these achievements of the Finite Speed 
Thermodynamics and the „courage and ambition” 
of studying biological systems using the same 
approach – both regarding the Direct Method and 
the „hope” of achieving something useful. 

Focusing for now strictly on the cardio-respira-
tory-vascular system, we note that some sources of 
irreversibility are: 

– friction between blood and vessel/heart walls 
and between air and air ducts in lungs (pro-
portional to the speed raised to either the 1st power, 
or the 2nd power, depending on the laminar/ 
turbulent flow regime); 

– the term aw/c due to the finite speed of „the 
piston” (heart moving walls in the two atria and 
the two ventricles), important mainly in the lungs 
(proportional to the speed raised to the 1st power). 

We expect that these irreversibility sources, 
which were found to be essential in the computing 
scheme of the Stirling machines, will play a 
important role here too and will help us to develop a 

similar computing scheme for the „performances” 
of the cardio-respiratory-vascular system. 

Besides these three irreversibility sources, 
which we capture in the First Law written for 
Finite Speed Processes, we will also use average 
instantaneous parameters (i.e., pressure and 
temperature) and thus hope to be able to integrate 
analytically the differential equations of all the 
processes occurring in these biological systems (of 
the type: Open/Closed/Open). This would lead to 
analytical equations for the system’s „perfor-
mances”, similar to the equations obtained for the 
Stirling machines – with speed as one parameter 
(the main parameter responsible for generating 
irreversibilities), plus temperature and physical 
dimensions as other parameters. 

Irreversibilities in the Regenerator of the Stirling 
machine are similar to those found in the blood 
capillary network and the pulmonary alveoli: all 
are related to energy lost because of friction in 
laminar or turbulent flow. In the case of Stirling 
machines, we were not able to develop an analytical 
computation scheme before describing these irre-
versibilities; this leads us to believe that in order to 
develop a similar completely analytical computation 
scheme for the cardio-respiratory-vascular biological 
system we must first adequately UNDERSTAND 
and describe these processes. 

We acknowledge that we will have to redefine 
the „performance” notion for the cardio-respiratory-
vascular biological system – compared to thermo-
dynamic machines, where we are interested in 
Efficiency/COP and Power. The notion has to be 
different, because thermodynamic machines such 
as Heat Pumps „transport heat” from a low 
temperature heat source to a high temperature 
heat source, consuming Work, whereas in the 
cardio-respiratory-vascular system there is no such 
process and purpose of the „biological machine”.  

The „purpose” of this system is to transport 
Oxygen and other substances to the cells from the 
lungs (after breathing) and to the lungs (CO2) and 
kidneys after processes in the cells (in mitochondria 
where ATP is produced with the help of O2). 

Despite this difference, there is a profound con-
ceptual similarity: something is moved from some 
place to some other place. This means that the 
performance parameters for the cardio-respiratory-
vascular system may be related to substance 
transport (Oxygen, Carbon Dioxide, nutrients, 
toxins etc.), instead of thermal motion transport 
from one heat source to another, which also 
involves converting heat into work or vice-versa. 

In the first phase, for the sake of simplicity, we 
will not concern ourselves with the fact that 
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nutrients (carbohydrates) combine with Oxygen to 
release Carbon Dioxide, water and energy (stored 
in adenosyne-triphosphate, ATP). But eventually 
we will have to account for this energy balance. 

2. THE HEART AND LUNGS  
AS THERMODYNAMIC SYSTEMS 

The cardiovascular system has many functions, 
but here we will focus on its Oxygen carrier role: we 
consider that the blood is pumped by the heart in a 
closed circuit, passing through the lungs (where 
Oxygen diffuses into it from the surrounding 
environment), then passing through a network of 
systemic capillary vessels (where it releases Oxygen 
through diffusion into the intercellular environment), 
and finally returning to the heart (Fig. 1). 

Some animals have only one pump, but we 
humans (as all mammals) have two pumps, one for 
each half of the circuit. Each pump has two 
chambers: an atrium (receiving the returning 
blood) and a ventricle (actively pumping blood). 
Each chamber has an exit valve which prevents the 
blood from flowing back during the reversed 
pressure phases. 

The environment is relatively rich in Oxygen. 
From it, the Oxygen diffuses into the blood. This 
process happens in the lungs. This Oxygen-rich 
blood is then pumped by the heart into the systemic 
capillary network, where the Oxygen diffuses into 
the intercellular environment which is very low in 
Oxygen (the cells permanently consume Oxygen). 
Lumping the two pumps into one, all this process 
is analogous to a central heating system that 
transports Oxygen instead of heat (Fig. 2). 
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Fig. 1. The cardiovascular system (after [[28]]). 
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Fig. 2. The central heating system analogy. 
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Fig. 3. Energy and mass balance in the cardio-respiratory-vascular system. 
 

The lungs’ role is to drive fresh air into the 
„Oxygen exchanger”. It is analogous to a fan 
blowing heated air on the heat exchanger in the 
burner of the central heating system, to improve 
the heat exchange through convection. 

Both the pump (the heart) and the fan (the 
lungs) need some energy to work. All this energy 
is eventually degraded irreversibly to heat. The 
heart is actually a moto-pump, which first 
converts chemical energy into mechanical work 
(through the heart’s muscle, the myocardium) 
and then uses this work to pump blood (through 
the ventricles). In this stage we will limit the 
studied thermodynamic system to the pump + the 
capillary vessel networks, as shown in Fig. 3. 
This means that we are not interested (for now) in 
the efficiency of the chemical energy conversion 
into mechanical work. We will simply consider 
that the pump is fed with a certain mechanical 
work W.It should be noted that there are some 

irreversibilities in the blood vessel networks, and 
then there are some other irreversibilities inside 
the heart itself. 

The purpose of the cardio-respiratory-vascular 
system being to transport Oxygen, it seems natural 
to consider that its performance should be judged 
according to how much Oxygen it transports. But 
we will not account now for this. 

3. THE BLOOD VESSELS 

There are three functionally different types of 
blood vessels: arteries (plus smaller arterioles), 
capillaries and veins (plus smaller venules). The 
arterial and venous systems are branched in a tree-
like manner, without any cycles. They transport the 
blood without much substance exchange through 
their walls. The „capillary bed”, on the other hand, is 
a dense network of very thin vessels with perforated 
walls that allow substance exchange with the 
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intercellular environment. This network is not tree-
like, but has many cycles and alternative routes. 

We can view the capillary bed as a porous 
medium which can transport the fluid from any 
point to other neighboring points, based on the 
pressure gradient. This porous medium is fed with 
fluid through a tree-like system of arteries (and 
smaller arterioles), and then the fluid is drained 
from it by the venous tree-like network (Fig. 4). 

 

capillary
bed

arterial tree

venous tree

 
 

Fig. 4. Different types of blood vessels. 
 

If there are some cost constraints (e.g., the cost of 
building the vessels’ walls; or the cost of the total 
volume of blood contained in the vessels), then the 
topology of the two tree-like networks is determined 
by a minimum cost criterion, coupled with „desired  

pressure and flow” constraints. Given such pressure 
and flow requirements, there exists a minimum cost 
network. Conversely, given a cost constraint there 
exists a maximum pressure/flow network, which is 
the same as the above. Additionally, this network is 
also the one with the least friction losses [[30], [31]]. 

The network reaches the optimized state if the 
pipes’ walls have certain elastic properties. Fig. 5 
presents several successive stages in the optimiza-
tion process. 

4. THE CARDIOVASCULAR MODEL 

We consider that the heart is composed of two 
pumps: the right heart (pumping blood through the 
lungs) and the right heart (pumping blood through the 
body). Each pump we model as two cylinder-piston 
compressors in series: an atrium and a ventricle. 

The volumes of the atria are smaller than the 
volumes of the ventricles. The difference is res-
ponsible for the so-called „Windkessel” phenomenon 
[[1], [23]]: the walls of blood vessels are elastic 
(especially the venous system) and can distend to 
accommodate variable blood volumes. We model 
this through another four cylinder-piston chambers: 
two for the pulmonary arteries/veins and two for the 
systemic arteries/veins. These chambers have no 
valves, and their pistons are connected to springs 
(elastic muscles). 

 

 
 

Fig. 5. Successive stages in network cost optimization (the numbers show the decreasing cost). 
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Fig. 6. The 8 chambers cardiovascular model. 
 

The atria/ventricles’ pistons are also connected to 
springs, because these chambers have elastic walls 
too (Fig. 6). But these springs are considered to have 
a „variable elastic constant”: there is a certain 
pressure-volume relationship (PVR) when the heart 
muscle is relaxed, and a different PVR when the 
heart muscle is contracted [[21], [25], [28]]. 

5. THE CARDIO-RESPIRATORY-
VASCULAR SYSTEM AS A 
REFRIGERATOR 

Because of the success of applying the Finite 
Speed Thermodynamics to Stirling machines and 
recently to a Refrigeration machine with compressed 
vapor studied by Dobre Cătălina in her PhD Thesis 
[104], we hope to treat analogously the heart and 
the lung. 

The refrigeration machine bears certain 
similarities to the cardiovascular system: it has a 
compressor (similar to the heart) and two heat 
exchangers (similar to the capillary networks). But 
there are also very important differences: 

– the received mechanical work is not con-
verted into the „stuff” being transported (Oxygen), 
as it is the case in a refrigerator (where the 
mechanical work gets converted into heat); 

– the „stuff” being transported is conserved (the 
Oxygen delivered to the tissues = the Oxygen 
absorbed in lungs), whereas the heat transported by 
a refrigerator „is not conserved” (more heat is 

delivered to the hot source than is absorbed from 
the cold source); 

– the „stuff” being transported is moved ac-
cording to the natural tendency, from higher 
concentration to lower concentration – as opposed 
to the refrigerator, which „moves heat” against a 
temperature gradient (from low temperature to 
high temperature); 

– for refrigerators, the received work W is 
limited in principle, because of the Carnot theorem: 
W cannot be less than (1 – TL/TH)·QH (where Q is 
heat, T is temperature, and indices H and L refer to 
high temperature and low temperature); but for the 
cardio-vascular system, there is no such limitation; 
actually, there are biological organisms that some-
times work quite well with a pumping mechanical 
work W = 0 – e.g. when hibernating, some frogs 
shut down completely their cardio-respiratory-
vascular system, because simple gas diffusion 
through skin is enough for their needs in that state 
[[21]]; on the other hand, a thermodynamic 
machine (refrigerator) working „quite well” with 
zero mechanical work is impossible, no matter how 
small the required refrigeration; 

– the pumping work W is not directly and 
simply related to the quantity of „stuff” (Oxygen) 
delivered by the system: imagine that the capilla-
ries suddenly close their pores and don’t allow 
Oxygen to pass into the intercellular environment 
any more – then the heart works just as hard to 
pump the blood, all the speeds remain the same, all 
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the irreversibilities remain the same, the generated 
heat remains the same, but the Oxygen delivery 
drops to zero; 

– the cardio-respiratory-vascular system has no 
equivalent of an expansion valve: in refrigerators, 
that valve uses the Joule-Thomson effect through 
which gas expands (blood is not a gas and cannot 
expand) to decrease the pressure and the temperature 
(there is no analogous lowering of Oxygen con-
centration before entering the systemic capillaries); 

– in the cardiovascular system, the fluid is always 
in one phase – liquid; this would be impossible in a 
vapor cycle refrigerator, which needs to vaporize the 
fluid in order to absorb its latent vaporization heat. 

Following the successful application of the 
Thermodynamics with Finite Speed to the com-
pressor of the refrigerator, we will apply the same 
technique to the lung and the heart. First we need 
to draw the p-V diagram of the heart. We start with 
the right ventricle, for which pressures and volume 
have been measured (Fig. 8). Based on these 
curves, pressure-volume diagrams have been 
drawn and are routinely used by physicians to 

diagnose heart conditions [[28], [25]]. Such a p-V 
diagram looks like that shown in Fig. 9. 
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Fig. 7. The refrigerator analogy. 
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Fig. 8. The Wiggers diagram. 
 

We can see that during the diastole (when the 
heart is relaxed and is filled by the blood returning 
from the venous system) the pressure in the atrium 
is a bit higher than the pressure in the ventricle. 
Similarly, during the systole (when the heart 
muscle contracts and the ventricle ejects blood into 
the aorta) the aortic pressure is a bit lower than the 
ventricular pressure. These pressure differences are 
caused by the hydraulic resistance of the valves. 

The hydraulic resistances appear as the term 
Δpfriction in the First Principle written for irrever-
sible processes: 
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Fig. 9. Pressure-Volume diagram for the right ventricle. 
 

The first term, aw/c, captures the irreversibilities 
during gas compression/expansion caused by the 
non-homogenous distribution of pressure/temperature 
due to the finite speed of the piston. But blood is not 
a gas, it cannot be considered significantly 
compressible, and its temperature is practically 
constant (at least inside the heart). Moreover, even if 
we try to calculate the term aw/c: the speed of sound 
in water is approximately 1500 m/s and the 
maximum speed of blood in arteries is about 0.5 m/s, 
which makes this term extremely small, of the order 
of magnitude 10–3. We assume it is safe to neglect it. 

The second term is defined as „irreversibilities 
due to throttling”. This thermodynamic phenomenon 
is present only in gases, which can expand (blood 
does not expand). We have to neglect it. 

This leaves us with the last term, „irreversibilities 
due to friction”. In the heart, friction occurs between 
layers of blood, between blood and heart tissues and 

inside heart tissues. Each of these phenomena eats up 
some energy and causes a small pressure drop. All 
these pressure losses are caught in the Δpfriction term. 

In 1840, the French physician and physiologist 
Jean Louis Marie Poiseuille measured the pressure 
loss in capillaries and determined that it is 
proportional to the speed of the fluid [[28], [25]]. 
This is basically the laminar flow regime, which 
wastes the least energy. But above certain speeds 
(mainly in aorta) it is possible that the blood enters a 
different regime: the turbulent flow, in which the 
pressure drop is proportional to the speed raised to 
the 2nd power. 

Even at very low speeds we can assume there will 
still be some friction in the heart tissue, so the most 
general case is to consider that the term Δpfriction is: 

2CwBwAp friction  , 

where A, B and C are some constants and w is the 
speed of the blood. 
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This covers even the case when the blood is 
compressible and acts a little like a gas: the terms 
aw/c and Δpthrottling, which we neglected, depend on 
the speed w raised to the 0th power, to the 1st power 
and to the 2nd power – so if they exist, they do 
nothing more than alter a bit the A, B and C 
constants in the friction formula. These constants 
have to be determined experimentally anyway 
(they are model parameters), so we will not be able 
to disentangle their true causes in the cardio-
vascular system. 

6. NEXT STEPS 

Further work is needed to determine the 
functioning equation for each of the 8 chambers of 
the model, plus the capillary networks. After this 
we need to combine all these equations into one 
single formula, by writing the pressure conditions 
and the flow conservation between chambers. 

One objective is finding the physiological 
parameters in certain measured points, which are 
telltales of normal versus abnormal cardiovascular 
functioning, depending on the medicine dosage. 

The second objective, from the viewpoint of the 
mechanical engineer, is using this model to design 
and build an artificial heart. After the model is 
validated experimentally and we determine the 
adjustment parameters, then we can start designing 
an artificial heart to fulfill all the functions of a real 
heart, in all functioning regimes. 

The third objective is to find correlations between 
the various functioning regimes (high speed, low 
speed, high pressure, low pressure) and some heart 
conditions. For example, because of atrial fibrilation, 
a pacient has some extrasystoles (the heart „skips a 
beat”). If these are as frequent as one in six beats, 
then the blood flow is decreased by 1/6 = 16.6%. 
The Oxygen flow gets proportionally decreased 
and the patient feels a certain weakness. 

BIBLIOGRAPHY 

[1] Frank, Otto, Die Grundform des arteriellen Pulses. Erste 
Abhandlung. Mathematische Analyse (The Basic Form of 
the Arterial Pulse. First Treatise. Mathematical 
Analysis), Zeitschrift für Biologie, 37:485–526, 1899. 

[2] Stoicescu, L. & Petrescu, S., The First Law of 
Thermodynamics for Processes with Finite Speed in 
Closed Systems, Bulletin I. P. B., Bucharest, Romania, 
Vol. XXVI, No. 5, pp. 87-108, 1964. 

[3] Stoicescu, L. & Petrescu, S., Thermodynamic Processes 
Developing with Constant Finite Speed, Bulletin I.P.B., 
Bucharest, Romania, Vol. XXVI, No. 6, pp. 79-119, 1964. 

[4] Gibbs, C. L. & Mommaerts, W. F. H. M. & Ricchiuti, N. V., 
Energetics of cardiac contractions, Journal of Physio-
logy, 191, pp. 25-46, 1967. 

[5] Petrescu, S. (Adviser: L. Stoicescu), Contribution to the 
study of thermodynamically non-equilibrium interactions 
and processes in thermal machines, Ph. D. Thesis, I. P. B., 
Bucarest, Romania, 1969. 

[6] Petrescu S., Lectures on New Sources of Energy, Helsinki 
University of Technology, Otaniemi, Finland, Lectures in 
October 1991. 

[7] Petrescu, S. & Stănescu, G. & Iordache, R. & Dobrovi-
cescu, A., The First Law of Thermodynamics for Closed 
Systems, considering the Irreversibilities generated by 
the Friction Piston-Cylinder, the Throttling of the working 
Medium and Finite Speed of the Mechanical Interaction, 
Proc. of ECOS ’92, Zaragoza, Spain, ASME, 33-39, 
1992. 

[8] Organ, J. A., Thermodynamics and Gas Dynamics of 
Stirling Cycle Machine, Cambridge University Press, 
Cambridge, UK, 1992. 

[9] Stănescu, G. (Adviser: S. Petrescu), The study of the 
mechanism of irreversibility generation in order to improve 
the performances of thermal machines and devices, Ph. 
D. Thesis, U. P. B., Bucharest, 1993.  

[10] Petrescu, S. & Stănescu, G., The Direct Method for 
studding the irreversible processes undergoing with finite 
speed in closed systems, Termotehnica, No. 1, Editura 
Tehnică, Bucharest, 1993. 

[11] Petrescu, S. & Stănescu, G. & Petrescu, V. & Costea, M., 
A Direct Method for the Optimization of Irreversible 
Cycles using a New Expression for the First Law of 
Thermodynamics for Processes with Finite Speed, Proc. 
of the 1st Conference on Energy ITEC ’93, Marrakesh, 
Morocco, 650-653, 1993. 

[12] Petrescu, S. & Harman, C., The Connection between the 
First and Second Law of Thermodynamics for Processes 
with Finite Speed. A Direct Method for Approaching and 
Optimization of Irreversible Processes, Journal of the 
Heat Transfer Society of Japan, Vol. 33, No. 128, 1994. 

[13] Petrescu, S. & Harman, C. & Petrescu, V., Stirling Cycle 
Optimization Including the Effects of Finite Speed Opera-
tion, Proc. of ECOS ’96, Stockholm, Sweden, Ed. 
P. Alvfors et. al. 167-173, 1996. 

[14] Petrescu, S. & Zaiser, J. & Petrescu, V., Lectures on New 
Sources of Energy – Vol. I and Vol. II, for the course 
ME-316, Bucknell University, Lewisburg, USA, January 
1998. 

[15] Petrescu, S. & Zaiser, J. & Petrescu, V., Advanced 
Energy Conversion – Vol. I, for the course MECH-422, 
Bucknell University, Lewisburg, PA-17837, USA, pp. 
196, January 1998. 

[16] Florea, T. (Adviser: S. Petrescu), Grapho-Analytical Method 
for the study of the operating processes irreversibility in 
Stirling Engines, Ph. D. Thesis, P. U. Bucharest, 1999. 

[17] Florea, T. & Petrescu, S. & Florea, E., Schemes for 
Computation and Optimization of the Irreversible Processes 
in Stirling Machines, Leda & Muntenia, Constanţa, 2000. 

[18] Petrescu, S. & Costea, M. & Harman, C. & Florea T., 
Application of the Direct Method to Irreversible Stirling 
Cycles with Finite Speed, International Journal of Energy 
Research, Vol. 26, 589-609, 2002. 

[19] Samar, Zaid, Cardiovascular Parameter Estimation 
using a Computational Model, submitted in partial 
fulfillment of the requirements for the degree of Master 
of Science in Electrical Engineering and Computer 
Science, Massachusetts Institute of Technology, 2005. 

[20] Petrescu, S. & Zaiser, J. & Harman, C. & Petrescu, V. & 
Costea, M. & Florea, T. & Petre, C. & Florea, T. V. & 



Stoian PETRESCU, Vlad ENACHE 

 
104  TERMOTEHNICA     1/2013 
 
 
 

Florea, E., Advanced Energy Conversion – Vol II, for the 
course MECH- 422/622, Bucknell University, Lewisburg, 
PA -17837, USA, Vol. II, February 2006. 

[21] Bronzino, Joseph D. (Ed.), Biomedical Engineering 
Fundamentals, ISBN 0-8493-2121-2, CRC Press, Taylor 
& Francis Group, LLC, 2006. 

[22] Petrescu, S., Tratat de Inginerie Termică. Principiile 
Termodinamicii (Treatise on Engineering Therodynamics. 
The Principles of Thermodynamics), Editura AGIR, 
Bucureşti, România, 2007. 

[23] Westerhof, Nico & Lankhaar, Jan-Willem & Westerhof, 
Berend E., The arterial Windkessel, Med. Biol. Eng. 
Comput. 47, DOI 10.1007/s11517-008-0359-2, Springer, 
2008. 

[24] Petrescu, S. & Harman, C. & Costea, M. & Petre, C. & 
Dobre, C., Irreversible Finite Speed Thermodynamics (FST) 
in Simple Closed Sistems. I. Fundamental Concepts, Revista 
Termotehnica, Editura AGIR, Bucureşti, România, 2010. 

[25] Mohrman, David E. & Heller, Lois Jane, Cardiovascular 
Physiology, 7th Edition, ISBN 978-0-07-170120-4, The 
McGraw-Hill Companies, 2010. 

[26] Uehara, Mituo & Sakane, Kumiko Koibuchi, Thermo-
dynamics of the Heart, Application of Thermodynamics 
to Biological and Materials Science, Prof. Mizutani 

Tadashi (Ed.), ISBN 978-953-307-980-6, InTech, Available 
from: http://www.intechopen.com/books/application-of-
thermodynamics-to-biological-and-materials-
science/thermodynamics-of-the-heart, 2011. 

[27] Petrescu, S. & Costea, M., et. al., Development of 
Thermodynamics with Finite Speed, ISBN 978-973-720-
393-9, Editura AGIR, Bucureşti, 2011. 

[28] Klabunde, Richard E., Cardiovascular physiology concepts, 
Second Edition, ISBN 978-1-4511-1384-6, Lippincott 
Williams & Wilkins, 2012. 

[29] Dobre, Cătălina Georgiana, (Advisers: Petrescu, S. & Grosu, 
Lavinia & Rochelle, P.), Contribuţii la dezvoltarea unor 
metode ale Termodinamicii Ireversibile Inginereşti, aplicate 
în studiul analitic şi experimental al maşinilor Stirling şi 
cvasi-Carnot, Teză de doctorat, Facultatea de Inginerie 
Mecanică şi Mecatronică, Universitatea Politehnică din 
Bucureşti, 2012. 

[30] Enache, V. & Petrescu, S., Algoritm local pentru optimi-
zarea costului reţelelor arborescente de conducte, presented 
at the Conference „Zilele Academice ale Academiei de 
Ştiinţe Tehnice din România”, Ediţia a VII-a, 2012 (in print). 

[31] Enache, V. & Petrescu, S., Optimizarea costului instalaţiilor 
arborescente de transport, Revista Termotehnica, 2013 
(in print). 

 
 
 
 
 
 


