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Abstract. In this paper we present a synthesis on the epistemological process of the
discovery, invention and construction of Quantum Biological Thermodynamics with Finite
Speed of the Cardio —Pulmonary System (QBTFSCPS) starting from Thermodynamics with
Finite Speed Applied to Thermal Machines (TFS). We present first when and how
Thermodynamics with Finite Speed of Thermal Machines was invented, developed and
validated, and after that we show how we extended it to a Biological — Electrochemical -
Thermal Machine, namely to the Cardio-Pulmonary System, creating what we call:
Quantum Biological Thermodynamics with Finite Speed of the Cardio —Pulmonary System
(QBTFSCPS).
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1. Introduction

In the years 1960-1970 Prof. Lazar Stoicescu (Adviser) and Stoian Petrescu
(working for his PhD Thesis [1]) started to develop what they called from the very
beginning Thermodynamics with Finite Speed (TFS) [1-3], [4-8], based on a new
expression of the First Law of Thermodynamics for Processes with Finite Speed:

duU = 6Qirrev - I:>mi (1ia_(:Nj dv 1)

where: a=+/3k ; w = average speed of the piston; ¢ =+/3RT = average molecular
speed.
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Equation (1) was published for the first time in [1, 4], and it represents the starting
point of Thermodynamics with Finite Speed (TFS). Based on it, all 5 irreversible
processes with finite speed have been studied [5, 6]. New equations for these
irreversible processes were derived [9-11] and their use in the cycle analysis
yielded the first cycle with finite speed approach. (Table 1).

An Otto irreversible cycle was studied in 1965 [1, 7] by L. Stoicescu and S.
Petrescu, for which the first expression of the Efficiency of an irreversible cycle
with finite speed was proven.

For all irreversible cycles with finite speed studied after that moment (1965) until
now (2017) we have tried to get a similar expression, namely:

nirev = 1- ( Classical reversible expression) x ( Correction which takes into account
the influence of finite speed w generating irreversibilities in the cycle)

Here we present the results obtained in 1965 in the paper of L. Stoicescu and S.
Petrescu [7], and in S. Petrescu PhD Thesis [1]. (Formulas and figures are original
photocopy from paper [1, 7]).

The explicit analytical formula for the Irreversible Otto Cycle with Finite Speed,
corresponding to Eq. (2) from [1, 7] is:
1 ) 1 2a-w
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The original p-V diagram (from paper [7]) for the two compared cycles
(REVERSIBLE AND IRREVERSIBLE) is presented in “Figure 1.
Based on Formula (3), in “Figure 3” (original figure from paper [7]) we
represented the “Decrease of irreversible Otto Cycle Efficiency with the increase of
Average Finite Speed of the piston (Wmed)”.

nh

Fig. 1. Otto Cycle p-V Diagram for reversible and irreversible cycles [7].
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Fig. 2. Decrease of the Otto Cycle Efficiency [7].

The expression of the Maximum Possible Speed of the piston, for the

Irreversible Otto Cycle, also determined in [7] was:
k-1 k—1 1
w'mﬂx=%-£T(£T+1) E—1) 4
where: k = adiabatic exponent of the gas in cylinder; X = pressure increase ratio,
during the isometric process 2-3; ¢1 = average molecular speed in the initial state 1;
a=(3k)*; £ = compression ratio = Vi/V..
In all our papers written after 1965 (by S. Petrescu with his Ph.D Students and
coworkers), where we studied the Efficiency of Real Irreversible Cycles in the
framework of Thermodynamics with Finite Speed, we have used the same pattern
of the analytical formula of Efficiency (for Engine cycles) or COP (for
Refrigeration and Heat Pump cycles) as in formula (2), namely a product between
the ideal (reversible cycle) efficiency, nev and a parenthesis depending on the
speed w and other constructive and functional parameters like A and & [12-23].
For all irreversible cycles studied after that moment (1965) until now (2017) using
the Direct Method from Thermodynamics with Finite Speed (TFS) (we invented
and constructed systematically) we have tried to get a similar expression, namely:
Niit= Mrev . Nirev (W, Other parameters of the cycle)

After many years, in 1992, Eq. (1) was extended by Petrescu, S., Stanescu, G.,
lordache, R., Dobrovicescu, [24] to irreversible processes with Finite Speed,
Friction and Throttling, obtaining the equation:

a f-AP, AR
dU :8Qirrev_Pmi[1iCiF)_fiF)thrJdV (5)

mi mi
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Table. 1. The equations of all 5 irreversible processes [11].
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In 1994 S. Petrescu and C. Harman published the paper [25]. In this paper based on
[24] has been introduced/invented the Direct Method. This more complete
Equation (5) was essential for the development of TFS to the level of
introducing/inventing the Direct Method [25-31], for the study of any irreversible
process with finite speed, throttling and friction. The most important achievement
of this new method that we called the Direct Method is the Scheme of Computation
of Efficiency and Power of Stirling Machines that was validated for 12 Stirling
Engines [30]. After this achievement of TFS, as a new branch of Irreversible
Thermodynamics, researchers started to use this new method all over the world
[32-37].

The Direct Method was used for Solar Stirling Motors [38, 39] and for Stirling
Engines included in Micro-Power Solar Systems for heating and electricity
production [40], obtaining a new Validation using the same two adjusting
parameters introduced in the previous validation for 12 engines [9,10, 25, 30, 38,
39, 41-44]. This was an important moment in recognizing the Direct Method as a
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very powerful method for computing Efficiency and Power of Thermal Machines’
irreversible cycles.

The Direct Method was also used in the Refrigeration Machines’ study [29, 40, 44]
leading to analytical expressions for COP and Power consumption, as well as for
the Isentropic Efficiency of the Vapor Compressor, part of a Refrigeration
Machine. The Validation of the Computation Scheme for Refrigeration Machines
was also achieved. This is an important result, because as far as we know,
analytical expressions for these performance have not been previously reported.
Even for perfect gas compressors (much simpler to treat than vapor compressors)
an analytical expression for Isentropic Efficiency does not exist yet.

Furthermore, in a similar way as for Stirling Machines, Optimization of
Refrigeration Machines and Heat Pumps became possible, providing the optimum
operation speed, highly accurate due to validation. Such achievements have not
been obtained by any other branch of Irreversible Thermodynamics (Onsager-
Prigogine’s Phenomenological Linear Irreversible Thermodynamics, Curzon-
Ahlborn’s Thermodynamics with Finite Time, Exergetic Method, Entropic
Method), despite of their success. Recently we have tried the Unification of
Thermodynamics with Finite Speed with Thermodynamics with Finite Time [45].
Encouraged by the above mentioned achievements, new extensions of
Thermodynamics with Finite Speed and the Direct Method to other domains,
different from traditional Thermal Machines, were sought. The first one was in the
field of Electrochemical Devices (Fuel Cells, Electrolysers and Batteries) [10, 11,
16, 17, 26, 39, 46-51]. As many (if not all) biological systems are in fact
Electrochemical Machines-Devices we tried to use TFS in the study of the most
important biological system of human being (and mammals), namely the Cardio-
Pulmonary System. A first step in this direction was already performed [11. 45, 52-
56].

The present paper is a continuation of efforts towards the extension of TFS to
Biological Systems.

2. New concepts and parameter of state

In recent works [11, 57, 58] we have introduced a new concept for Irreversible
Thermodynamics of Biological Systems: the Stationary State which characterizes
the dynamical state of the two components (Sub-systems) of the Cardio-Pulmonary
System. We do consider that in a similar manner to quantum mechanics discovered
by Planck (1900) for atoms and molecules, the frequency of oscillation is an
essential parameter of state, correlated with the energy in the well-known equation:

Energy=h-Frequency, (h =Planck’s constant) (6)

For the macroscopic system comprising two oscillating sub-systems (Heart and
Lungs), frequency will also play an important role as a parameter of state for what
we called Stationary States. The two frequencies involved are: Fy = the Heart’s
Frequency of oscillation (usually called “pulse” or “heart beat”) and F. = the



Journal of Engineering Sciences and Innovation, Vol. 2, Issue 3 /2017 27

Lungs’ Frequency of breath. During the day or in the night, the two frequencies are
constant in what we called “Stationary States ™ (i.e., for minutes, tens of minutes or
even hours while sleeping). Otherwise, when passing from one stationary state to
another stationary state both of these frequencies vary. Nevertheless, one of these
frequencies could be constant in a certain process. This is similar to the situation of
two Thermal Machines connected in a certain way, each of them being in fact a
subsystem of the Ensemble of two oscillating machines.
From our thermodynamic point of view we consider the Heart as a pump for liquid
(blood) and the Lungs as two compressors (connected in parallel in-between, but in
series with the “right side” of the Heart). The “left side” of the Heart is connected
in series with the rest of the body (internal Organs, Brain, Muscles etc.).
The two parameters of stationary state, Fy and F, are already used in Physiology
and in Medical practice as two extremely important parameters that characterize
the state of health or pathology of a human being. There are a lot of devices used
for getting these parameters: pulse meters, EKG-devices, Holters (for EKG),
spirometers, and monitoring devices in Emergency rooms or Hospitals.
The novelty brought by our approach consists in the concept of Ratio of these two
frequencies, Ri = Fu / Fi that will represent the interactional parameter of state
between the two sub-systems, Heart and Lungs. This idea was generated during the
study of the two oscillating pistons Stirling Machine. In the Computation Scheme
of Efficiency and Power for Stirling Machines [30] validated in TFS, it was
essential to find a correlation between the speeds of the two pistons, together with
the speed of working fluid (the gas) passing through the Regenerator. Only after
solving the problem of these three speeds correlations, the Efficiency and Power
could be derived as analytical functions of only one speed, that of the working
piston, w, present also in the equation of the First Law for Processes with Finite
Speed (Egs. (1) and (2)).
For the Cardio-Respiratory System we did the same, namely we tried to find a
correlation between the speed of the Heart = Fy, and the Speed of the Lungs = F..
The speed of the blood in vessels is already used in Physiology as an important
parameter which determines the friction losses and contributes to the increase of
Maximum Heart Pressure = Ppax.
The newly introduced parameter of the Stationary State of interaction between the
Heart and Lungs is the Frequency Ratio:
Rf = FH / F|_ (7)

The experimental study of this new parameter of state, together with the other two:
Fu, and Fr, has led to invent/introduce similar diagrams to those of Classical
Thermodynamics, namely: P-V, T-S, h-S, U-S.

Thus, 5 diagrams were introduced [57]:

FHZf(FL); FLZf(FH); Rfo(FL); Rfo(FH), and

Fu, FL, R as function of time t.



28 S. Petrescu, B. Borcila et al./ From thermodynamics with finite speed of thermal machines

P

P 0, 20 19

21 AP g ine

CO,+H,0
Oxigen

wft]
\ CO,+H;
5 3 1N 17 18
26 RA Qiat, R 12 LA | Quera

13 14
L 2 APy
X Viat, R4 v X Vit L2 v
Maximum distance to the last Maximum distance to
cell (MDLC) the lungs cells (MDLA)

Fig. 3. PV/Px Diagram for Cardio-Respiratory-Vascular System.

Using these diagrams and the PV/Px diagram from Fig. 1 (similar with that
introduced for Stirling Machines), we intended to obtain analytical expressions for
Efficiency and Power of the Cardio-Respiratory System, as we did for Stirling
Machines [30] and for vapor compressors [40]. Lungs are two air compressors
(containing also water vapor and CO;) and the Heart is the pump for a liquid
(blood) with variable viscosity (as function of temperature and composition).

In previous paper [57] we studied the correlation between these 3 parameters of
stationary state in the above diagrams for 50 persons and with thousands of
experiments, and we discovered that between them exists a quantized correlation:

Fy = F{2+%) (8)

Equation (8) introduces a new parameter (integer number), N, which characterizes
the level of interaction between the two oscillating subsystems, Heart and Lungs.
As N is an integer number, we called Eqg. (8) the quantum equation of the
Interactional State of the Heart - Lung System in Stationary States.

Anyone can draw such a graph by measuring the frequency Fy (his pulse) and F.
(his breath’s rhythm) in stationary states, all day long. Then, by using Eqg. (8) one
can get N and build the graph (Fig. 4).

This graph is a sort of mechanical equivalent of EKG, as it shows how “good” or
“bad” the Heart - Lungs Interaction is functioning. It could help a person with high
probability of fibrillation to take precautions, and be prepared when fibrillation
occurs.

When estimating the importance of this work we should note that 6 million persons
with fibrillation are estimated in the EU. In the case of ventricular fibrillations
every minute counts, before reaching the hospital emergency room. Moreover, if
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the treatment is not fast enough and well administrated, the defibrillation is an
expensive and not always successful procedure.

11

10

N - interactional level quantum number
(=41

0o 1 2 3 4 5 6 7 & 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Fig. 4. Quantum Interaction Number N as a function of day time t (SP, April 2015).

A recently invented and already commercialized (in the USA) device can be used,
worn as a belt, for the early detection of such probability. For those not affording to
buy such a belt, the graph from and built by themselves (by just measuring Fx and
FL), could make them aware about an imminent fibrillation risk.

Ultimately, this potentially lifesaving procedure can be produced into an easy to
use software application incorporated in modern health suites available on most
Smartphones.

3. The structure of quantum biological thermodynamics of the cardio-
respiratory system

Any process between two stationary states, in a similar way like in Classical
Reversible (Equilibrium) Thermodynamics (CRT) will obey to the equation of
state: Pv=RT
The similarity is even formal:

R=Pov/T 9)
From Clausius formula for the average speed of the molecules:

c=+3RT (120)
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it results:

C2

3R
where T is the Energy per liberty degree of translation.
Actually, Eq. (9) shows R as a ratio between two energetic properties, namely, Pv -
Displacement Work and T - Energy per translation liberty degree = Temperature)
In a similar way, Ry is the ratio of two energetic quantities, as in Plank’s equation,
where the energy is correlated with the frequency. The Power of the Heart and the
Power of the Lungs are also proportional to the corresponding frequencies of
oscillation of the two subsystems of the Cardio-Pulmonary System.
Steps completed in the invention and then build of TFS in a similar way with CRT
will be followed in introducing what we call Quantum Biological Thermodynamics
of Cardio-Respiratory System. Its structure consists of:
1 - Introducing the parameters of Stationary States: Fn, Fi, Rr.
2 - Looking for an Equation of stationary states, similar to the equation of state
form Pv=RT, which turns out to be quantized - similar to quantum mechanics of
Hydrogen or any atom (also composed of two oscillating subsystems: nucleus-
protons, and electrons), and finding (8) [59].
This discovery is the essence of this new branch of Thermodynamics with Finite
Speed for Cardio-Pulmonary Systems.
3 - Using the 3 parameters of stationary states, then (8), and introducing 5 diagrams
to show the states of the system.
4. Using these 5 diagrams for showing the processes in-between two and more
stationary states, similar to the processes and cycles described in thermodynamic
diagrams: p-V, T-S, h-S, U-S etc.
5. Inventing a diagram which describes the interaction of the Cardio-Respiratory
System with the rest of the organism: the PV/Px diagram.
6. Studying the processes by using these diagrams for determining analytical
expressions for the Efficiency and Power of Heart and Lungs, and for the entire
Cardio-Respiratory System, in interaction with the whole body.
In the previous papers [57, 58] steps 1-4 were already made. Here we move ahead
to steps 4-6.
The already introduced [57] PV/Px diagram is used in this paper, in connection
with the equation of the polytropic process to show that the analytical expressions
of Efficiency and Power can be obtained as functions of only one speed, either F_
or Fu as they are connected by (7), the equation of stationary state.
Any final expressions of the Power and Efficiency will lead to the computation of
the Entropy Source, AS/At, and the possibility of an irreversibility study in the
same manner as in TFS for Thermal Machines, using the equation of the First Law
for processes with finite speed (Egs. (1) and (2)).

(11)
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From now on, such expressions will provide to the designers of Artificial Hearts
and Artificial Lungs (Teams of Engineers, Medical Doctors and Physiologists) a
powerful tool for Optimization Design, personalized for each category of persons:
kids, young, mature, and old persons.

4. Efficiency and power equations

4.1. Power

Using the diagram from Fig. 3, we can express the Power of the heart, as in the
Thermodynamics with Finite Speed (by taking into account the throttling losses
through valves):

Power,,. = F, (WRA +Wey +Wia +WLV) (12)
where: W; are the atrium and ventricle work (right and left).
Combining Eqg. (12) and (8) it results:
N
Power,,., = F, (2 + Zj (Wep + W, + W, +W,, ) (13)

Equation (13) shows that the Power of the heart is also a quantized quantity, N
being always an integer in normal stationary states. In case of illness, by atrial or
ventricular fibrillation for example, the stationary states are not achieved anymore,
and a chaotic, much disorganized functioning of the heart appears. The flow rate of
the blood is affected dramatically and, as a consequence, the oxygen flow rate to
the whole body diminishes dramatically.

The work done by the right side of the heart is:

WR :WRA +WRV = (Ps - Pz )\/in,RA + (P7 - Pe )‘/in,Rv = (Ps - Pz + I:)7 - Ps )‘/in,R (14)
For: Viira =Vinry =Ving and P, — B = AR, one gets:

WR :WRA +WRV = (P7 - Pz + APint,R)'Vin,R (15)

where: APinir = f (Fw), as in TFS for compressors and pumps.
Furthermore, by using Eq. (8) to get Fyas function of Fy, all throttling losses in the
valves of the heart will be expressed as function of only one speed, namely, F.:

N
AI:>int,R = f (2 + ZJ (16)
The work done by the right side of the heart is:

WL :WLA +WLV = (P15 - Pl4)‘/in,LA + (P19 - Pla)‘/in,Lv =

17)
= (Pls - P14 + P19 - Pls)‘/in,l_
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andas: Py —PFg=AP, |, Eq. (17) becomes:
W, = (Plg —P,+ APthr,Lv )Vin,L (18)

Finally the heart work is:
W =W, +W, = (Plg — P4+ AR,y )Vin,L + (P7 —P, + AP, r )Vin,R (19)
In a similar way the Power for the Lungs will be computed as:
Power, . = 2F Wy (20)

Heart

where:
W AI:)L AVLung (21)

At the internal combustion engines, the pressure drop during air admission and
burned gases evacuation APadm-ev may be expressed as a function of the shaft’s
rotation speed or of the piston speed. As for the lungs, the pressure loss during
inspiration and expiration, responsible for the Power consumption of the lungs, is
function of the speed of the lungs F.:

Lung = ung ’

AI:>Lung = f (FL) (22)
and the Lungs Power consumption becomes:
I:)owerLungs = 2 I:L 'WLung = 2 I:L ) |_APLung(FL )J AVLung (23)
Finally, the Total Power consumption of the Cardio-Pulmonary System is:
Power,,,, = Power,,,,, + Power, .= f (F) (24)

Equation (24) gives the total power consumption as function of only one speed,
namely the speed of the Lungs, F..

One notes, also, a very important feature from the point of view of TFS, namely the
power consumed by the Heart is not only function of the pressure usually measured
on blood vessels, but is also dependent on the pressure drops in all 6 valves of the
heart. The malfunction of the heart valves is linked to important illnesses similar to
the fluttering phenomenon of the compressor valves that appears at very high speed
with devastating effects as the flow rate drops to zero, despite a lot of work/power
is consumed.

4.2. Efficiency and Polytropic Processes

Two new concepts are introduced for the heart, namely:

Relative efficiency in a process of change of stationary state, defined by the ratio of
the Heart Power in the stationary state 2, divided to the Power in the initial
stationary state 1.
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Absolute Efficiency is the ratio of the Power in a certain stationary state (day or
night) to the Power in the fundamental stationary state (in the morning,
immediately after wake up).

As previously seen, the pressure drops in the valves of the heart AP, increasing
with Fu, the Power consumption will increase, and Efficiency will decrease, as it is
also happens with the compressor isentropic efficiency [40]. Figure 4 illustrates the
stationary states and processes between successive stationary states measured
during a day by SP (April 2015).

Based on the data from tens of such figures one can conclude that each process can
be considered as a polytropic process, with the polytropic coefficient being given
by the slope of the process line:

AF_

The similarity between Eq. (25) and the polytropic coefficient definition from
Classical Reversible Thermodynamics (CRT) consists of the fact that both correlate
properties in the initial state with properties in the final stationary state of the
process via a coefficient.

In Figure 4 many processes having the same slope can be observed. Based on
statistical data from different days one can obtain the probability to have a certain
slope for each possible elementary process: raising up of the bed, sitting on a chair,
directly standing up from bed, or the opposite, sitting on a chair, or laying on bed
(from vertical to horizontal position). These processes of position change in the
gravitational field consume different energies in order to accomplish the process
and then, to maintain the new position. In fact, other muscles are involved in these
3 states: more in the vertical position than in the horizontal one. Thus, the power
consumed by the heart and lungs is very different in these 3 points, less in the
horizontal than in the vertical one. The Frequency’s Fu and F. will
correspondingly change in these processes.

Other processes can be also monitored, such as “eating” breakfast, lunch or dinner,
walking, climbing or descending the stairs or a hill, moving fast (“eating”
breakfast, lunch or dinner, walking, doing gymnastics, doing repetitive physical
work etc.

For all these type of elementary process, a distribution of slopes in polytropic
processes can be statistically estimated for any person. Actually, values of u
between (—o0, +o0) result, as in the case of polytropic exponent n from CRT.

Based on such data a validation of Eq. (25) can be obtained, similarly to the
performances of Thermal Machines obtained on the test bench, or in real operation
condition.

These data can be used by designer teams of artificial hearts (medical doctors,
mechanical and electrical engineers, physiologists) or lungs, with personal data,
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obtained with some tests, before the patient becomes very ill, in order to implant a
proper heart-suited for each person, as it is done when replacing parts of an
engine. It is obvious the one cannot use parts from a car-engine (i.e., Dacia) to
another type of car-engine (Toyota). Things are similar for different persons. With
other word artificial heart manufacturing should take into account some
fundamental characteristics of different persons (age, sex, height, weight, etc.)

In Fig. 5, the following processes with the same slope can be identified:

e The lines: 0-1; 15-16; 8-9; 11-12; 21-22; 22-23 represent “’is0-respir processes”,
with F_ = constant.

® The lines: 2-3; 9-10; 12-13 represent “’iso-quantum number processes”, with N =
constant.

® The line 4-5, and 17-18 have the same slope. We call them “polytropic processes
with the same slope”: (AN / AF.) = 4/2 = 2.

® The process 20-21 has almost the same slope (7/3= 2.33) as the line 4-17.

e The lines 18-19; 5-6; 16-17; 13-14 have all the same slope: 2/4=0.5.

Starting from experimental measurements of Fy and Fi, the connection between
the slope of polytropic process and the change of position (from horizontal to
vertical position, or from sitting on a chair to standing position, for example) or
other processes generated by activities (eating, walking, running, raising up on
stairs or on hill) may be established and also, the Power consumption and
Efficiency of such processes may be calculated by relations similar to those used
for the polytropic process in the Classical Reversible Thermodynamics.

The polytropic equation will be:

N F,—F
FH2=FL2-(2+71+/1%} (26)

By Equation (26) the Power of the heart results as function only of Fp, similarly to
the computations of the cycles in Thermal Machines. One can compute the daily
Total Energy Consumption of the Heart — Lungs System and comparing the values
for different days, establish the corresponding personal effort.

This could lead to searching ways of life style improvement in order to protect the
heart of the excessive stress that could affect the personal health and life. One notes
that the normal values of the heart frequency Fn considered the past 10-15 years as
between 60 and 100 oscillations / minute, have been recently restricted by EU to
the healthier domain, 60 - 90. The graph from Fig. 5 could also help better organize
life, so that more time could be spent in the normal domain of Fy with less effort
for the Heart.
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between Quantum Stationary States in the Cardio-Respiratory System (for SP).
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5. Conclusions

The extension of TFS to Biological System is a very ambitious effort that merits to
be completed given its important theoretical and practical consequences.

The present paper used the essential discovery of quantization the interaction
between Heart and Lungs Frequency, obtaining finally expressions of Heart Power
and Lungs Power (Total Power of Cardio-Pulmonary System) as a function of only
one speed, F.

The results of the experimental study are extremely important, because they could
help in Personalized Design of artificial Heart and Lungs for different categories of
persons: children, young, mature, old person.

Two interesting diagrams (Fig.4 and 5) are suggested to be built by any person
interested in the health status of its Cardio-Pulmonary System. Costless these can
show how good or how bad the personal Heart-Lungs interaction is or worn on the
bad perspective of fibrillation or other heart diseases (malfunction of the valves,
arrhythmia, fluttering). Therefore, precautions could be taken in time, in order to
prevent bad or even fatal accidents.
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