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Supercritical heterogeneous nanostructure of fluids. Part 2. Its potential impact
on creation of coupled stirlings with intermediate regeneration of heat

New concept of a supercritical fluid (SCF) region is proposed to explain the set of experimental
and numerical observations in which the conventional asymptotic scaling theory and its crossover ex-
tension achieve the limit of applicability. An existence of heterogeneous steady nanostructure in the
wide ranges of supercritical parameters termed the non-gibbsian fluid (NGF)-phase was hypothesized
by one of authors (V.B.R.) in the framework of FT (fluctuational thermodynamics)-model. The prac-
tical usage of a such structure may be quite promising. In particular, the proposed here concept of the
Coupled Supercritical Heterogeneous (CSH)-stirling engine might be, in principle, realized. It is com-
posed by two coupled stirling-rallis type cycles with the standard regeneration devices and, addition-
ally, with the intermediate (internal) recuperation of heat. The closed construction of both sub-cycles
and of the proposed CSH-stirling, in total, is its advantage in comparison with the external forms of
recuperation in the open cycles. Thus, our aim is the usage of the established NGF-properties to for-
mulate the concept of an effective stirling-type cycle with the most appropriate working fluid SCF/CO,
(carbon dioxide) instead of the conventional here He (helium) and H, (hydrogen) working fluids.

Keywords: fluctuation transition diagram, Stirling-Reilis type cycles, regeneration and internal
heat recovery, environmental safety of closed thermal cycles.

1. Introduction The widespread belief is that in SCF-area (we use in this part of
article the terminology and abbreviations of the previous part [14]) the sharp distinc-
tion between g/- and //-states similar to the observable difference between a subcriti-
cal /-phase and a subcritical g-phase disappears completely was called in question by
the FT-diagram [14]. In accordance with the formulated FT2-region’s concept, one
cannot transform continuously g/-state of SCF into its //-state and vice versa by only
change of controllable (P,T)-parameters, i.e. without entering the FT2-region of
NGF-phase. Its non-gibbsian, heterogeneous, locally-steady structure arises up to the
higher limit of reduced pressure: =,,, ~4 achievable at reduced temperature:

Tmax = 2 along the critical 1sochore: =1 of vdW-fluid (see Figs. 1, 2 in [14]). We

claim now that namely this distinguishable feature of SCF makes it to be the fine-
tunable f-system for a variety of aims. The term compressible SCF-regime used by
Goodyear et al [15] for the similar simulated and apparently heterogeneous distribu-
tions of density seems to be adequate just for FT2-region. One may only comple-
mented it by the property of the rapidly heat-transferable SCF. This addition is es-
sential if the heat-engine should be created for the SCF-working fluid.

We have supposed earlier that the classical phenomenology of a spinodal de-
composition as well as a homogeneous nucleation of metastable GPhs typical for
PhT1 have nothing in common with the hypothesized steady spatial structure of NGF.
It is located in SCF-area within the exact gsp/mi-boundaries [14]. Its simulated snap-
shots look like the certain decorated lattice with three types of nano-cells filled by g/-,
[l- and ig-contents. To obtain such a supposedly inter-percolation structure we used
the finite-range, well-determined by CP-parameters of a real substance LJ/FT-
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potential [16]. The advantage of FT-methodology is also explainable by the revealed
local correlation between the density order parameter (simulated by FT-model) Ap
and the specific (or molar) entropy disorder parameter As (introduced in our per-
vious works [17-20]). The described NGF-structure of a coupled order-disorder state
appears suddenly at the instantaneous quench of g/- or //-gibbsian GPhs-states into
FT2-region. Then, its evolution leads rather rapidly to the stationary (i.e. the inde-
pendent explicitly on time) heterogeneous “landscape”.

To the best of our knowledge, the highly effective closed Stirling cycle is rec-
ommended for the practical realization exclusively with the very light and low-
temperature working fluids such as H,, He or, even, air [1]. Its process at the typical
ranges of AT and A P is localized in the wide area of Hard Fluid (i.e. outside of ZL-

contour restricting the area of Soft Fluid and depicted in Figs. 1-3 of [14]). At first
sight, this choice is appropriate if one takes into account the known advantages of the
standard thermophysical coefficients for the light SCFs in comparison with those for
steam (H,0) and/or for carbon dioxide (CO,). However, the enormous mass and ga-
barits of formers working on H, and He are the main obstacles for their wider usage.

On the other side, the intensive modern development and discussion of the su-
percritical Rankine and Brayton cycles [2-5] for the gas turbines is based, mainly, on
such working fluids as CO, and H,O. Thus, authors [2] had not even included H, and
He in the long list of 35 perspective SCFs for this aim. They were recommended for
the so-called transcritical Rankine cycle [6] entering the high-temperature two-phase
PhT1-region to provide an effective condensation process. This transcritical approach
is, of course, explainable but the above constraints concerning the Stirling heat-
engine seem to be too restrictive. In particular, as a working SCF-fluid for stirlings,
CO; has the apparent advantages of the moderate CP-parameters, stability, low cost
and, even, the relatively little environmental impact. The wider usage of CO, by de-
veloping more advanced stirlings could increase the efficiency of heat-engines and
reduce the climate-damaging effect widely discussable in the problem of CO,-
emission.

In this work an attempt “to shift” the traditional position of the Stirling cycle for
He and H, namely to the FT2-region for CO, will be discussed (Section 2). The goal
is to use its advantages by means of the SCF/CO,-working fluid and to avoid the
known drawbacks of a Hard Fluid processing for H, and He. The simplified and ap-
propriate for the express-analysis of any cycle/substance FT-methodology of the ca-
loric estimates will be proposed in Section 3. It is applicable to predict with the rea-
sonable accuracy the parameters of characteristic knot-points as well as to construct

the heat (T ,s)—conﬁguration of a cycle without the formidable caloric calculations
based usually on the complex empirical thermal or fundamental EOS.

2. Configuration of Coupled Supercritical Heterogeneous (CSH) stirling in
FT-diagram

2.1. Reduced PCS-correlation and location of the recommended CSH-
stirling. The ideal cycle proposed by Stirling is composed of two isotherms and two
isochores while the most popular in SCF-area ideal Brayton cycle of a gas turbine —
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Fig. 1. Configuration of CSH-stirling and its (D)=2—=+Q~©@-+~G—~D 1 sub-
cycle and @—=~G)—~®)—+@)—Q 11 sub-cycle in gl(11)-, l/(I)-regions of SCF in
reduced (TE,OJ) -plane (see also Fig. 1 in [14])
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Fig. 2. Configuration of CSH-stirling and its (D)=~Q)—+3)~@-®-+D 1 sub-
cycle and @)—=®)—+®)—~G)—~Q@ 1I sub-cycle in gl(1l)-, l/(I)-regions of SCF in
reduced (n,‘c) -plane (see also Fig. 2 in [14])
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Fig. 3. Configuration of CSH-stirling and its (D—=~2)+~3)—~@—+®—-~@ I sub-

cycle and )—=G)—+®—~G)—~Q 1I sub-cycle in gl(1l)-, li(I)-regions of SCF in
reduced (T,(D) -plane (see also Fig. 3 in [14])

two isobars and two isoentrops. This distinction is essential to emphasize that former
is, in principle, more realizable as the actual economic engine than latter. Indeed, the
presence of internal regenerator (Stirling himself called it economizer because the
fuel economy) is the distinctive feature of stirlings and ericsons but not of the gas-
turbine or Brayton cycle with the external, at best, regeneration (recuperation) of
heat. Such notice is useful to explain our attempt to augment the internal regeneration
of the proposed CSH-stirling by the configuration of two coupled sub-cycles I and II
shown in Figs. 1-3.

Two opposite directions of the internal regeneration in I-st (main) sub-cycle
(black arrow-down) and II-nd (subsidiary) sub-cycle (white arrow-up) should coin-
cide with the critical isochore w =1 to use its promising FT2-properties. Such proper-
ties are, first of all, the divergences of compressibilities and heat capacities at CP. Let
us stress here that we do not intend to compare in any detail the different types of
cycles and especially the devices of heat supply and/or heat rejection with the exter-
nal recuperation. Instead of this, we admit that both coupled I and II sub-cycles are
localized between two common heat reservoirs with the same higher and lower fixed
temperatures: t,,,, and t,,;, preventing thermal equilibrium in both ones. Hence, the

certain analogy of the proposed CSH-sub-cycles in SCF-region with the known func-
tioning of a heat-pipe within the fixed temperature difference in the range of PhT]I
should become obvious. Moreover, we suppose that one may tune the above higher
and lower temperatures of reservoirs to induce inside of the given sub-cycles (and, as
a result, in the total CSH-stirling) the steady nonequilibrium phase SCF-transition.

33



®dizuka aepoaucrepcHux cucrem. —2019. — Ne 56. — C. 30-48

Any phenomenological generalization of the well-known Ginzburg-Landau potential
[7, 8] 1s not relevant here to adopt the above interpretation of the CSH-stirling.
Strictly speaking, the cycle depicted in Figs. 1-3 is only a little more complex
than the simplest ideal stirling. It contains additionally two fragments of the higher
isobar n, 3 — 4 (I) and the lower isobar wt,,, =7 =1 (II) introduced to provide the

optimum maintenance of the given temperature range: At=rt,_ _—1, . Thus, I-st

=1=1)of a
condensation-like process located completely within FT2-region. The next stage is
the 1sochoric heating-compression 2 — 3 at the maximum chosen density ©,  of a

(main) sub-cycle is formed by the lower (critical) isotherm 1—>2 (t

min

Soft Fluid ll-phase. It is combined with the short fragment of an isobaric expansion
3 — 4 to tune accurately the given higher temperature at the start of an isothermal
vaporization-like process 4 — 5. Heat consumed by the working SCF from the upper

external source-reservoir z,,,, expands sharply the gibbsian //-phase and transforms

it at the finish of 4 — 5 process into the heterogeneous vapor-like (vl) structure of
FT2-region. At last, the iso-choric cooling-expansion 5—1 occurred along the criti-
cal isochore concludes the I-st sub-cycle exactly at CP-location.

A combination of isochore with isobar similar to that depicted in points 3 and 7
is usually the sign of a so-called Rallis (or the generalized Carnot) cycle [1]. Howev-
er, the implied meaning of such combination in the subsidiary II-nd sub-cycle is es-
sentially other than that in the main I-st sub-cycle. To explain the distinction let us
pay attention to the certain topologic similarity of the total CSH-shape with the well-
known steam Rankine cycle [9] operating inside of two-phase PhT1-region. Although
belonging to the different regions of a phase diagram, both ones have the similar iso-
thermal vaporization and isothermal condensation stages. Both ones should suppo-
sedly coincide below 7,. with the respective 1sobaric stages. This classical concept of

PhT1 with a subcritical isotherm-isobar existing within two-phase region between the
idealized gibbsian g-and /-phases GPhs implies the equality of chemical potentials
and the gibbsian phase rule. It leads also to the set of rather meaningless theoretical
infinities for measurable (i.e. finite in situ) B,,a ,,C,-derivatives in any finite-volume

two-phase system. Another its consequence is, most likely the “revelation of dividing
line” by Woodcock [23] on the topmost segment of CXC in the (P,p) -plane located

from the side of /-phase.
From a formal quantitative viewpoint it is actually the hard task to distinct the
location of critical isotherm from the critical isobar in the FT2-region if one of the

coordinates 1s the orthobaric density of /-phase p, (T ) (Figs. 1, 3). On the other side,
such a distinction between the shapes of P.- and T,.-loci is easily observable by FT-
model from the side of g-phase. Indeed, it is shown in Fig 1 by the bold dashed line
that the orthobaric P, (T )-branch of real f-systems is identifiable with the vdW-
critical isotherm t=1. In the (P, p) -plane its critical index is the classical value
3y = 3 while the supposed flattening of the non-classical isotherm 7, gives the high-
er scaling estimation 6~=9/2 [21, 22]. FT-model admits that such flattening is re-
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lated with the uncertainty of the experimental critical isothermal data P(p,Tc) ob-

tained by their extrapolation in the hardly measurable region of the near-critical g-
phase [9].

In any case, the subsidiary II-nd sub-cycle is composed by two isochores ( ®,
== 1) . The total

CSH-stirling, as a result, demonstrates the formal similarity with the Rallis cycle but
its condensation-like process is combined by two critical segments of P.- and 7, -

and w=1), one isotherm (r ) and one (critical) isobar (n

max min

loci.

2.2. Proposed scheme of CSH-stirling and its regeneration. For the conveni-
ence of reader all characteristic (recommended) knot-points as well as the changes of
parameters along the isolines shown in Figs. 1-3 are represented in Table 1. We as-
sume below that their values are applicable to real SCFs as well. To obtain the com-
prehensive initial estimates for the further development of CSH-stirling working on
the real SCFs (Section 3), we have introduced the new criterion of the local thermo-

physical perfection y"" for the direct v}, and reverse y..' Stirling cycles (H denotes
here heating and C — cooling):

rr_P(dTY _| Pév rr_T(dP) | dq 1
YH_T(deH {Sq L @ e P(deC [Pavl ®), 1)

The ratio of the obtained useful work of engine to the supplied heat in Eq.(1a)
and of the removed heat of cooling to the required work in Eq.(1b) corresponds to the
efficiency of the infinitesimal heat engine (H) and to the infinitesimal cooling device
(C), respectively. Both above equalities for the universal criterion y*" follow from
the old but less known (in comparison with the conventional Clausius (CI) one) for-
mulation of the Second Law proposed by Horstmann (Hr):

dP Hr dq Cl
Sq:[Td—TSv} (a) 8s={[7} (b). (2)

This remarkably deep formulation emphasizes the compatible role of two con-
trollable parameters (P,T) for any types of the energy transformation. It is completely
consistent with the Joule’s notion of the mechanical equivalent of heat. The deter-
minative role of pressure is certainly underestimated by the purely caloric formula-
tion of Eq.(2b). It is based, however, on the fundamental Clausius’ definition of a re-
versible specific entropy s [J/kgK]. The possible choice of its unmeasurable by the
direct thermophysical experiment initial value at CP will be discussed in Section 3.
Obviously that the standard differential Clausius-Clapeyron equality derived [11]

from the postulated assumption along the vapor-pressure curve B, (T ) ;
du, (T ) =d, (T ) is simply the particular finite-difference realization of Eqs.(1,2). It
1s applied to the supposedly reversible PhT1 occurred in vapor v-phase:
YFT: Z.Frzz.dpv: Ah .
' " P dT PAv

3)
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Table 1. Parameters of knot-points and their changes along isolines.
*) knot T T ® AT:Tj_Y}aAP:Pj_Pz‘aAP:Pj—Pi
—AT =0.04T, [K]
+Ap =0.4p, [kg/m’]
+AP =0.48 P. [MPa]

C/RG | M1 | 10 | 1.0 | 1.0 | =, =10

C 02 | 10| 148 | 16 |5, =10 e T
RG M3 | 147|576 | 16 |, =16 |TAT=0471 K]
A S TAP=428P [MPa]
TAT =0.03T. [K]
RG M4 | 1,5 | 576 | 155 | n,, =5.76 c

~Ap =0.05p, [kg/m’]
~AP =2.76 P. [MPa]
~Ap =0.55p, [kg/m’]
~AP =1.08 P. [MPa]
-Ap=04p, [kg/m’]
~AT =0.46T, [K]
~AP =0.92 P, [MPa]

HRG | M50 | 1.5 | 30 | 1.0 | 1,, =15

H 6an) | 1.5 | 1.92| 06 |1, =15

RG 7a1) | 1.04 | 1.0 | 0.6 |®,, =0.6

*) H — heating; C — cooling; RG — regeneration.

T-dependent generalized Riedel’s parameter: Ri'' has been introduced by FT-model

[17-20]. Its thermodynamic coherence with the fundamental ratio of discontinuity in
the enthalpy (latent heat) Ah=TAs to the discontinuity in the isobaric work ex-
pressed by the saturated specific volumes: Aw = P Av implies, additionally, the strin-

gent equality between the chemical potentials: w (7)=p, (7).

The concept of mesoscopic distinctions between the real f~systems of a finite vo-
lume and those (imaginable) in the thermodynamic infinite-volume limit leads in FT-
model to the unavoidable split of a single F, (T ) -curve on two closely located bubble

(b)-dew (d) curves below T.: B(T)~P(T)=P,(T). They form the intermediate

subcritical NGF-phase (called earlier interphase) as the alternative to the classical bi-
nodal/spinodal construction created in the framework of an unified vdW-type EOS. It
is straightforwardly to demonstrate that above 7. both criteria of thermophysical per-
fection calculated along SCF-isoentrope and SCF-isochore should have the different
fluctuation meaning;:
Fr P aTj Pa, Fr T (aT) T o,
§)=—= =S a =—|—| =—-=£ (b), 4

Y (5) T(@PS oC. (@ v (p) plor) "7 B, (), 4
but the same (positive or negative) sign determined by the sign of isobaric expansion
a p . Both equalities are, in principle, necessary to provide the objective comparison

by y™" -criterion of cycles in SCF-region. Here they can be easily (and similarly to
Eq. (3) for PhT1) transformed into the finite-difference Ehrenfest’s equalities for
PhT2 [10,11]:
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_ PAa, T Ag,

FT
S =

)= oae, B, AB,

We consider that the respective traditional analysis of Ph'T2 based on the ques-
tionable in PhT-vicinity of CP assumption of analyticity [10] does not provide the
adequate information about the virtual spatial structure of SCF. To overcome this ob-
stacle we concentrate our attention on the problem of reversibility adopted by the
equilibrium thermodynamics for dynamical processes. For any real process the ther-
modynamic irreversibility is the concomitant feature of its finite-time realization. It
follows from the itself adoption of NGF-existence either at 7' <7, or at "> 1. The

aforementioned strictly equilibrium equality: p, (T ) =, (T ) taken across the binodal

(@ e (p.) (). )

should be rejected in such FT-construction, while the differential equality:
du, (T ) =d u,(T ) taken alongside the bubble-dew boundaries of FT1, for example,

remains meaningful. We refer now the interested reader to [17-20] for the other de-
tails of FT-model, since our attention will be concentrated below on the known irre-
versible Joule-Thompson (JT)-effect.

The JT-coefficient and its sign is the most directly connected, to our mind, with
the problem of internal regeneration in stirlings and, in particular, with the problem of
SCF-processes [12], in total:

()-89
oP ), oP ), \oT ), pC,

It is defined as the isoenthalpic change in the controllable temperature with respect to
that in the controllable pressure. Thus, the sign of its local A-indicator shown in Figs.
1-3 1 [14] depends completely on the sign of isobaric expansion ap

(af=1/T;ZR/M =P/pT):
YZT(h)Eﬁ_(aTj :ZR.BTK >0, o
T \eP), M C,
were K:—B;l +T-y, [11]. This representation of the reduced isoenthalpic JT-

coefficient by Egs.(6,7) can be compared with the isoentropic Egs.(4a,5a) to explain
the main idea of the proposed term F72 in [14].

Equilibrium thermodynamics [10, 11] imitates any realizable in practice ulti-
mately-irreversible adiabatic change of an equilibrium state just by its reversible
isoenthalpic image. On the other side, the imaginable isoentropic reversible process
corresponds to the supposedly instantaneous change of a state. It follows from com-
parison of Eq.(6) with Eq.(4a) that the only formal distinction between the irreversi-
bility of former and the reversibility of latter is the local difference between the iso-

baric expansion coefficients (o, —1/T ) and o,, respectively. Hence, the finite-
difference Ehrenfest’s Eq.(5a) for PhT2 in SCF-area should include additionally the
fluctuation correction-drop in temperature: Aas =A(1/T) to imitate the realistic

isoenthalpic change. It is worth-while to note that the similar Ehrenfest’s type trans-
formation of the standard isoentropic index [10] y, = —(v/ P)(@P/ 8\/) =1/ (PBS)

N
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Fig. 4. The divergent trends of both heat capacities along the critical isochore p_ at
the gaussian near-critical approximation of Eqgs.(19a,b) in [14]. The approach of CP
in (5—)1)-process of I-sub-cycle and, vice versa, moving from it in (1—)5)-

process of II-sub-cycle favours the effective heating of a regeneration porous nozzle
for former but favours the effective heating of a working fluid for latter

leads also to the fluctuation correction-drop in pressure AP = A(1/ P) for the isoen-

thalpic change:
v AP 1 C
ysz——-L:—-—P. )
P Ay PP, C
Its expected ig-ratio y* =(C, /C, )ig (see, for comparison both Egs.(19a,b) in [14])
can be obtained only by the deterministic ig-trend of A-fluctuations ( Pf, )ig =1.

All above FT-correlations are of great importance to provide the correct de-
scription of regeneration process. For the vast majority of stirlings [1] they are realiz-
able in the porous devices as the JT-ultimately-irreversible adiabatic (non-
isoentropic) processes. To our mind, the term internal recuperator might be referred
in the proposed CSH-stirling to a separated-flow contour-current heat exchanger
formed by two coupled regenerators of I-st and II-nd sub-cycles. Both its regenerative
components should act separately as usual regenerators within the respective cycles.
Simultaneously, their localization along the critical isochore w=1 will provide the
intensification of heating not only at the isochoric compression 2 —3 (I) but also at
the isochoric compression 1—35 (II). For latter the heat capacity is the sharply de-
creasing function of temperature along the critical isochore shown in Fig.4 for CO,-

type of substance (i =6,C,/C,=4/3).

3. Caloric and convection flow estimates of CSH-segments.
3.1. Non-equilibrium fluctuation form of FT-EOS. Hortsman’s formulation
Eq.(2a) provides a possibility to eliminate the entropy s-dependent Clausius’ formula-

38



®dizuka aepoaucrepcHux cucrem. —2019. — Ne 56. — C. 30-48

tion Eq.(2b) of Second Law for the input heat A¢ from First Law written for a closed

f-system to obtain the so-called thermodynamic EOS:
dP Ae dP
P=r— =~ T = b )

where the second approximate equality defines the internal pressure P,, [13]. This

form is equally applicable to the description of reversible and irreversible changes of
parameters due to the general meaning of the Clausius’ formulation adopted for
Second Law (and excluded here). Another remarkable feature of Eq.(9) is the equal
applicability to the ratio of differentials as well as to the ratio of finite differences

(Ae/Av):
(2P _(2e) _pf@P) [2e) .
P_T(aT)V (avjfT(aTl{apl b a0

Thus, both First and Second Law non-equilibrium effects are involved in deter-
min-ing the universal EOS of homogeneous by Eq.(10) and/or heterogeneous by
Eq.(9) the parameter changes.

These observations were used to develop separately the 3-coefficient FT-EOS
form for two fluid GPhs of g- and /-states [17-20]:
Z?T_lzbf(T)p_cf(T)_af(T)p’ (11)
- 1-b,(T)p kT

where cf(T ) is the fluctuation 7-dependent coefficient (see, for comparison, [14]).

The cohesion force contribution of internal pressure P, , has the quite different value

int
in the coexistent f~phases. It has been taken into account by the generalized vdW-

coefficient a r (T ) connected with the Riedel’s parameter Rif T from Eq.(3):

- P(Ri" -1
a"'(T):_EZ_Zj (a) aV(T):_sl—re)g: V(pl;) ) (b). (12)

Of course, both f~dependent forms of Eq.(11) are strictly equivalent to Eq.(10)
and Eq.(9), written as the thermodynamic identity:
dr, L% 13
dr Pe P =P, ( )
Namely these correspondences were used by FT-model to derive the 7-
dependent f-coefficients without the adjustable parameters [18-20].
To illustrate the obvious advantages of FT-methodology at the analysis of any
cycles, we have used below the simplified vdW-correlations with constant (a,b) coef-
ficients [10,11] for all caloric functions:

sz—slziiln L +£1nv2_b, (14)
2M \T,) M vl—b
I R a
e —e T,-T, +—, 15
S ZM( ) v, W (15)
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hz_;ﬁzii(Tz_Tl)_@Jrz_‘u RI, _ﬂ, (16)
2M v, v, Mg, Mg

were g, = [(v—b) / v]f =1-(bp) , - was termed the parameter of specific f-porosity

(i.e. the reduced available specific volume) determinable in any f-state at the accepted
in Eqgs.(14-16) ig-assumption: C, :(iR)/ 2M =const. The “hierarchy” of Eqs.(14-
16) arisen due to the linearity of vdW-EOS in T plays the essential role in the further
FT-estimates. The first 7-dependent contributions are the same for ig-model usable in
the traditional energetic analysis [1]. However, the second v-dependent contributions
are b (excluded volume) — definable for entropy s(T , p) , a (cohesion force) — defina-

ble for internal energy e(T ,p) and, at last, (a,b) — defi-nable for enthalpy h(T ,p).

This observation is relevant to introduce the following factors of optimization for any
real cycle.
The first FT-factor can be defined by the ratio of an internal energy difference

Ae=e, —e, to that of an enthalpy Ah=h, —h determined for the arbitrary segment
1—2 of acycle:
5, =0¢ 04 —ow, (17)
© o Ah dq
The second approximate equality is applicable to both finite-time equilibrium
and non-equilibrium changes of thermodynamic parameters without the restrictive
constraints at the determination of the input quasi-equilibrium heat: Az =TAs and the

output quasi-equilibrium work: Aw= P, Av. Hence, the smaller value 8,-]- 1s not obli-

gatory equivalent to the higher efficiency of a segment i — j. The introduced by

Eq.(17) FT-factor is useful, first of all, to estimate the fotal balance of an each caloric
function (see Table 2) for the entire cycle or its closed sub-cycle. The less is absolute
value of a total balance, the more effective should be realization of the respective
cycle, in practice.

The second FT-factor of optimization is conjugated with o-factor, at least, to
simplify the solution of the most complex theoretical problem of stirlings concerning
the dynamical non-stationary stages of a cycle. In the well-established but ra-ther
formidable knot-points methodology of a cycle analysis [1] the following gen-eral
problem is posed. One has to integrate by the standard numerical methods the system
of the nonlinear balance mass, momentum and internal energy (or entropy) equations
complemented by the system of transport quasilinear gradient laws and by the chosen
thermal EOS for the working fluid. All complexities of such conventional approach
are well-known and widely discussable in the heat energetics.

The alternative way to the solution may be considered if the relevant convective

one-dimensional velocity field u (Tct) of a mechanic flow is the reliably determinable
for the separate segments of a general contour. Let us remind that in accordance with
the very simplified Bernoulli law for the stationary, laminar, non-viscous and incom-
pressible flow its velocity becomes less if the pressure increases. As a result, both
main dynamical stages of a cycle are 1) the slowing down (deceleration) of a flow at
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Table 2. The change of caloric vdW-functions calculated by Eqs.(14-17) for the entire
CSH-cycle (a) and its sub-cycles I and II (b).
a) — entire CSH-cycle

Segment (a) As , kJ/(kg'K) Ae, kl/kg Ah, kJ/kg 0=Ae/ Ah
1>27T, =T ~0.156 ~38.7 ~39.9 0.97
253p,, =1.6p, 10218 +80.9 +123.1 0.66
3>4P =576P +0.024 +8.3 +10.1 0.82
46,7, =1.5T. +0.274 614 1533 1.15
6 7;p,. =0.6p, ~0.207 ~79.1 ~1034 0.76
751LP, =P ~0.153 ~326 —432 0.76
r=|t3] 0.516 150.4 186.5 0.81
b) — sub-cycle I of CSH (main)
Segment (Ib) As , kJ/(kg'K) Ae, kl/kg Ah, kl/kg 0=Ae/ Ah
12,7, =T, ~0.156 ~387 =399 0.97
253p, =1.6p, +0.218 +380.9 +123.1 0.66
3>4P =576P +0.024 +83 +10.1 0.82
45T =1.5T +0.143 1355 1243 1.46
551Lp,, =p, ~0.229 ~86.0 ~1176 0.73
=t 0.385 124.7 157.5 0.79
b) — sub-cycle II of CSH (subsidiary)
Segment (I1b) As , kJ/(kg'K) Ae, kl/kg Ah, kJ/kg 0=Ae/Ah
1>5;p, =p. +0.229 +86.0 +117.6 0.73
56,7, =1.5T +0.131 1259 +29.0 0.89
6—7;p,. =0.6p, ~0.207 ~79.1 ~103.4 0.76
751LP, =P ~0.153 ~326 ~ 432 0.76
o =2 0.360 111.7 146.6 0.76

its compression and 2) the acceleration of a flow at its expansion. Both stages are
well separated one from another by the P, , . -point shown in Figs. 1-3, for example.

Of course, the influence of output and/or input heats on the above pressures of
compression and/or expansion is crucial for the closed contours of stirlings. The re-
generation of heat is the necessary, in the certain sense, tool to tune the appropriate
stationary regime of the fluid flows. However, the main conclusion about the specific
velocity field remains invariable even if one takes into account in full detail the heat-
mass-momentum transfer process by the generalized Bernoulli law. This result pro-
vides a remarkable possibility to estimate a priori the values of a convective velocity
for the different segments of CSH-cycle on the base of, exclusively, changes reported
in Table 2 (i.e. without the numerical integration of the aforementioned system of
non-linear equations). Such information might be vital for the development and fur-
ther optimization of a real cycle.
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3.2. Comparison of CSH-stirling with the Brayton cycle by FT-methodology
of caloric diagram. Any comparative analysis of cycle’s efficiency (either of so-
called ideal efficiency n=1-T1. /T, allowed by the Second Law or its diminished val-

ue termed the effective coefficient n, 0.5, [1, 9] of the thermodynamic perfection)

needs the objective “tool” for comparison of different options. The caloric (7, s)-
diagram provides, at least, the most usable information for this aim [1, 9] but its re-
strictions are also obvious and have to be noted.

The scales of specific entropy S (T ,p) and of the other caloric functions e(T , p),

h(T ,p) should be universally consistent with Third Law. This requirement is not ful-
filled in many practical applications [2-6] based on a unified fundamental EOS. One
chooses, for example, for water, the zero-value of saturated liquid s, (ZP,) =0, at the

temperature of triple (or melting) point and its negligible pressure. FT-methodology

proposes the simplified PCS-motivated choice of CP-parameters with the following
universal constraint for s-dependent properties (see Table 3 below):

s, =1.0kJ/(kg-K);  p =h -Ts =0. (18)

The theoretical advantage of such a critical entropy s, -universality adopted for

all pure substances is obvious. It is a possibility for a further consistent and compati-
ble molecular-dynamic MD-computation of the thermodynamically unmeasurable en-
tropy. It is based exclusively on properties of the Hamiltonian dynamics and the giv-
en LJ-potential energy of a finite-volume (N,V)-system. It is known in the framework
of statistical mechanics that s-dependent properties are not the explicit functions of
the phase-space coordinates of (N,V)-system, such as Hamiltonian, temperature and
pressure. In contrast, the quantities from Eq.(18) depend on the total phase-space vo-

lume accessible to the (N,V)-system including itself s and f (T ,p) :e(v,s)—TS,
w(7T,P)=h(P,s)—Ts. FT-model replaces by the well-founded thermodynamic EOS

(9,10) these reversible correlations adopted exclusively for GPhs-states. The aim is a
consideration of real processes by the more realistic (measurable) irreversible

changes of caloric functions e(v,T ) and h(T ,P) from Eqgs.(19-20) in [14]. On the

contrary, the whole classical PhT1-theory [11] is based on the equilibrium concept of
reversibility postulating an equivalence of (l - g) - and ( gl ) -transitions

(A = —Ag,h) between two GPhs-states mimicked namely by s-dependent functions.

The deviations of real adiabatic compression and expansion from their isoen-
tropic “counterparts” in the ideal Brayton cycle arise as a result of irreversibility. Si-
multaneously, the unavoidable pressure drops during heat addition to the working flu-
id and heat rejection from it are concomitant phenomena of the same physical reason.
However, the former factor maintains the available ideal efficiency n, while the lat-

ter factor reduces it crucially (see Subsection 2.2 and Eq.(7) for explanation). There
are two main types of Brayton cycles: 1) the gas turbine operated on an open contour
that is heated directly using a combustor; 2) the closed loop that is heated indirectly
using a heat exchanger (heater). It is naturally to compare below the proposed CSH-
stirling only with the latter variant of Brayton cycle. It can be realized either with the
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Fig. 5. Comparison of the re-established 7,s-diagram for CSH-stirling cycle with
that for the Bryton cycle of gas turbine (in three variants of P =10.92 MPa,

P.=1417 MPa, P =22.14 MPa taken at the common difference
AT =456.3K —304.2K )

external recuperation of heat as the semi-closed SCF/CO, power cycle or without it
as well as without the inherent regeneration of heat similar to that in the Stirling
and/or Ericsson cycles. The typical temperature and pressure [4,5] can be up to 1000
K and 30 MPa, respectively, for the indirectly heated closed Brayton cycle on CO,
while be up 1500 K and 30 MPa for the directly fired its variant on CO,. At the same
time, the typical operating conditions of stirlings on the working light fluids (He, H,)
can be up to 900 K and up to 40 MPa, respectively [1].

Such comparison leads to the compatible estimates of the ideal efficiency

M, ~2/3 if the common minimum temperature of both (Brayton and Stirling) cycles

is accepted approximately: 7. =300K zTC(COz). The plausible estimate of the ef-

fective thermodynamic perfection should be about: > ~1/3 or less in this case. On
the other hand, the recommended (Section 2) temperature range of CSH-stirling
seems to be a priori too reduced because it leads only to the 1. =1/3-value. The

primary objective of comparison illustrated by Fig. 5 is to argue the much higher lev-
el of the effective thermodynamic perfection achievable for CSH-stirling. It leads
without the extraneous increase of maximum Ty -value to the similar realistic value:

N %2 0.9-1>" =0.3. Simultaneously, one obtains the much more value of the so-
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Table 3. The input CP-parameters of FT-methodology represented for carbon dioxide,
water and argon (for comparison).

Flud | 7,,K | P.,MPa | p,, kgm’ | s.,kl/kg’K) | h.,kl/kg | e ki/kg
CO, | 3042 7.38 468 1.0 304.2 288.4
H,0 | 647.1 22.06 322 1.0 647.1 578.6
Ar 150.7 4.86 531 1.0 150.7 141.5

called relative specific (per unit of mass) power of engine & [1] due to the significant
increase of the maximum pressure in the CSH-stirling: P, =42.5 MPa:

Its more detailed calculation is often too complicated even for the primitive ig-cycles.
Therefore, we have used the simplified Eq.(19) to estimate three preliminary va-

riants of &-value for the Brayton cycle and for the CSH-stirling depicted on the re-
spective isobars P, in Fig. 5. The input thermal and caloric CP-data for CO, ob-

tained in accordance with Eq.(18) are represented in Table 3. For the correct compar-
ison, three Brayton cycles working on SCF/CO, were chosen from [3,4] with the

common constraints: P, =PC(CO2):7.38 MPa and n, =1-304.2/456.3=1/3 but

with  the different P __-values. The respective range of &-values:
&' (P, =10.92MPa)=1.24; &°(P,, =14.17MPa)=1.46, &°(P, =22.14MPa)=2.0;
(P, =42.5MPa)=3.38 demonstrates the obvious advantage of CSH-stirling.

The role of FT2-region and its highly compressible states in this resulting efficiency
of CSH-stirling is very essential. The loop of an intermediate Brayton cycle: 1-2-3-4-
1 with P, =14.17 MPa is shown in Fig. 5 by the thin lines with arrows to compare it

max

with the proposed CSH-stirling depicted by the bold lines on the same (7,s)-plane.

5. Conclusions It is useful to compare, in brief, the main steps of the traditional
analysis in energetics and/or refrigeration with the discussed FT-methodology. Since
the adequate SCF-EOS cannot be considered as an ig-EOS, any ig-based results [1]
are only for a quantitative draft of cycle and not meant to do its realistic approxima-
tion. Then, the unavoidable and formidable stage of trials and errors starts to achieve
the reasonable scheme for a practical realization. The following stage should estab-
lish the consistent thermodynamic model of a closed loop based usually on the mass
and energy balance differential equations as well as on the detailed thermophysical
information on the chosen working SCF-fluid. The knot-points of a concluding con-
tour have to be calculated through iterations. At last, the primary objective of the fur-
ther testing is to achieve steady operating conditions with a possibility to control the
dynamical stationary process by the appropriate external interferences. The described
cumbersome sequence of actions is, in fact, semi-empirical. Its main resultant esti-
mate of n,-coefficient seems to be often rather elusive and, as a rule, overestimated
by authors.

FT-methodology is an attempt to elucidate the above problems in the step-by
step manner from the strictly thermodynamic viewpoint. It leads immediately to the
fundamental distinction between the gibbsian formulation of the supposedly reversi-
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ble quasiequilibrium (quasistatic) paths and that based on the thermodynamic homo-
geneous EOS from Egs.(9,10) and on its consequences for the heterogeneous NGF-
states of Eq.(13). More accurately, the introduced by Eq.(1) coupled criterion of the
thermophysical perfection y"" can be easily represented by the universal forms for
heat engine (H) and heat pump (C), respectively:
yZT=1—(8e/8S)T/(86/8S)V=I—Tl.m/TG, (20)
ygTzl—(ﬁe/av)T/(ae/av)s:1+Bm/PG, 21)
were the Maxwell’s equality: (0P/0T) =(0s/dv),. has been used in Eq.(20). Both

gibbsian definitions denoted here by the upper index G and following from the local

thermodynamic potential [11] of internal energy e(v,s) cannot provide the exact
equalities (7, =T° and P, = P’) with the internal thermodynamic fields (Yzml?m)
In opposite case, the local dynamical criterion of the thermophysical perfection y™”
will tend to the degenerated zero-value at a singular (non-existent) equilibrium state
in which the slopes of 7- and v-isolines coincide (the Stirling cycle becomes impossi-
ble) in the (e, s)-plane as well as the slopes 7- and s-isolines coincide (the Carnot
cycle becomes impossible) in the (e, v)-plane.

On the other side, both isothermal consequences of Egs.(20,21) are completely
consistent with the First and Second Law effects for the local dynamical variables
calculated at the external given temperature:

1. =(8€/85)T, (22)
P, :(8e/év)T. (23)

The 1sothermal reduced bulk modulus is a certainly mechanical property, which
becomes also definable by the above dynamical variables including the inherent FT-
interpretation of a specific entropy: A,.s=A,e/T,, [13]:

Bf _ 1 _ 0*(e/kT,) | |&(s/k) (24)
B, pkTB, o' | o ||

We have applied the FT-methodology to SCF-region, in total [14], and to the
proposed CSH-stirling, in particular, with the interesting and promising, to our mind,
results.
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Pozankoe B. b., llIeeuyv M. B., Pozankoe O. B., Qikynkoea T. O.

HankputuyHa rereporeHHa HAaHOCTPYKTYpa QuiroiaiB.
Yacruna 2. Ii noTeHUiiiHNA BIUIUB HA CTBOPEHHS 34YeIlJICHUX
CTIpJIIHTIB 3 MPOMI’KHOI0 pereHepalicio Temniaa

AHOTAILIA

3anpononosano Ho8y Konyenyilo 06aacmi HAOKPUMUYHOIL Pri0ioHoI n08edinKu wob nosc-
HUMU CYKYNHICMb HOBUX eKCNEPUMEHMANbHUX | YUCETIbHUX Pe3yIbmamis, 8 AKUX 3a2albHON-
puliHAmMa meopisi ACUMRMOMUYHO20 CKeUNiHeY ma il po3uupents Ha Oinbuull inmepean na-
pamempis 0ocsearome medici npuoamuocmi. ICHysanus cemepoeeHnoi cmayionapHoi HaHOCM-
PYKMYpU 2pamoso2o muny 6 WupoKux 0iana3oHax HaOKpUmuyHux eracmugocmei, wo o6yua
Hazeana He2ibbciscvKkolo azorw Groidy, o6yro sanpononosarne B.B.Pocankosum y pamxax
mooeni T (paykmyayiunoi mepmoounamiku). Ilpakmuune suxopucmanus maxoi @uoionoi
CmMpyKmypu modice Oymu 0ocums nepcnekmusHuM. 30Kkpema, 3anponoHO8aAHa mym KOHYenyisi
CHPANCEH020 HAOKPUMUYUHO20 2eMEPOSEHHO20 MENI08020 O8USYHA MOdce OYmu peanizoeana
Ha npakxmuyi. Bin cxknaoaemvca 3 08ox 38'a3amux migic coboro yuxiie muny Cmipiainea-
Peiinica 3i cmanoapmuumu npucmposmu pecenepayii i, Kpim mozo, 3 NPOMINCHOW (GHYMPIiu-
Hb0I0) peKynepayicio meniomu. 3amKHeHa (Moomo i301608aHa 8i0 HABKOIUUHBLO2O Cepedo-
8UWYA) KOHCMPYKYISL 000X CYOYUKTIG | 3aNPONOHOBAHO20 00 €OHYIOU020 CMIPIIHEA, 8 YLIOMY, €
1i020 nepesazor y NOPIGHAHHI 3 306HIWHIMU dopmamu peKynepayii' y Yyukiax eHympiiHb020
3eopanHs. Takum wunoM, Hawa mema NOAA2A€E Y BUKOPUCMAHHI BUABIEHUX HAHOOUCNEPCHUX
gnacmugocmell Guoioy ona gpopmynoeanusn Konyenyii cmeopents egpekmusnozo yuxny Cmi-
DPAIHeA 3 NePCNEKMUSHUM POOOYUM MINOM, 8 AKOCMI K020 8 poOOMI 3anponoHosane UKOpU-
cmanHs 0ioKcudy 8y2neyto 3amicme 36UtAtiHO20 Y Yiti npodieMi 8UKOPUCHAHHSL J1e2KOJIemio-
YuxX 60OHI0 aOO 2enito, AKI CMeopiolome 6a2amo npood.aem 3 GUKOPUCAHHAM 36UYAUHUX CIIp-
JIIH2I8.

Knrwuosi cnosa: diacpama ¢hnykmyayitinux nepexoois, yuxiu muny Cmipainea-Pertinica,
pezenepayis i GHympiuHs peKynepayis meniomu, eKoni02iuna 6e3nexka 3aMKHYmux meniosux
YUKJLIB.
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Pozankoe B. b., llleey M. B., Pozanxoe O. B., Quxkynukoea T. A.

CBepxXKpUTHYECKAs reTeporeHHasi HAHOCTPYKTYypa (UIlouI0B.

Yacrp 2. O MNOTCHIHAIBHO-BO3MOKHOM CO3JaHHHU CONMPAKCHHBIX CTUPJIUHHIOB C

48

NMPOMEKYTOUYHOM pereHepanuei TenJaoThbl

AHHOTALIUA

Ilpeonoocena nosas konyenyus ceepxkpumuueckou guiouonou (CK®@) obracmu ¢ yenvro
unmepnpemayuy psoa dIKCNEPUMEHMANbHbIX U NOJYYEHHbIX YUCTEHHbIMU Memooamu HaOI0-
Oenutl, 8 KOMOPBIX UCNOb308AHUE NPUHAMOU ACUMNMOMUYECKOU Meopuu CKelluHed u ee
KpoccosepHo20 pacuupenus docmueaem npedena npumenumocmu. Cywecmseosanue ycmoti-
YUBOU, PEUUEMOUHO20 MUNA, 2eMEPOSEHHOU HAHOCMPYKMYPbL 8 WUUPOKUX UHMEPBANAX CEepX-
KpUMu4eCcKux napamempos, HazeanHou He2ubocosckou gaiouonon (HI'D)-gpaszou, Oviro eu-
nomemuuecku chopmyauposano B.b. Poeankosvim 6 pamkax mooenu QayKmyayuoHHou mep-
moounamuxu (@T). [Ipaxmuyeckoe ucnonvzosanue maxou QIOUOHOU CIPYKMYPbl MOMNCEM
damsb MHO2000ewaruwue pesyibmamsl. B wacmuocmu, 30eco npednodxcena uoes u Oanvl pe-
KoMeHOayuu no CO30aAHUI0 CONPANCEHHO20 ceepXKpumuueckoeo cemepocenrnoz2o (CCI) men-
106020 dsueamens, muna yuxkia Cmupaunea. On 006pazoean 08yMs CNapeHHbIMU 8001b KPU-
MuU4ecKol u30xopvl paboye2o Gaouda noo-yYukiamu, CO0epHCAUMU He MONbKO CMAHOApm-
Hble YCmpoucmea pezeHepayuu meniomsl, Ho U, OONOTHUMENbHO, SKIIOYAIOWUMU CXEM) ee
BHYmMpenHel (051 3AMKHYMO20 YUKIA) peKynepayuu. 3amMKHymvle KOHMYpbl 000ux noo-
yuknog u CCI-konmypa, 6 yenrom, 06yciasiuarom ux 3K0102UYecKu-06e30nacHyo cxemy pea-
JU3AYUU U, MAKUM 00pA30M, 3HAYUMENbHbIE NPEUMYWECEd N0 CPABHEHUIO ¢ O8UaAMeAMU
BHYMPEHHE20 C2OPaHus, pabomarwumMy no OMKpPbIMOMY YUKILY C 6HEewHel peKynepayuel
mennomsl. Omciooa, yenvio 0aHHOU Yyacmu pabomol A675emcs 000CHO8AHUE BO3ZMONCHOCTNU
ucnonv3osanus ooracmu HarnooucnepcHovix HI'@-ceoticme 6 kombunayuu ¢ Hauboee nooxo-
ossumu CK®@ (08yoxucwvio yenepooa), 0OHApYIs’CeHHOU HAMU 8 NPedbloywel Yacmu, Os CO3-
oanus 3¢ghghekmusnvix Osucameneil muna cmupiuned, 6e3 00s3amenbHO NPUMEHEHUS. 8 HUX
JIe2KO-Iemyqux 2eius U 6000p00d, cO30AIUUX MHONHCECTNBO U3BECMHBIX NPOOIeM NpaKmuye-
CKOU dKCnIyamayuu.

Knwuesvie cnosa: ouazpamma iykmyayuonHuix nepexooos, yukivi muna Cmupaunea-
Petinuca, pecenepayus u 6Hympernnsis pexynepayusi meniomol, 9K0J102UYECKas 6€30NacHoCmy
3AMKHYMbIX MENI08bIX YUKIOB.



