broemens nayxu u npaxkmuxu [ Bulletin of Science and Practice T. 10. Ne6. 2024
https://www.bulletennauki.ru https://doi.org/10.33619/2414-2948/103

UDC 621.372.2 https://doi.org/10.33619/2414-2948/103/43

MODELING OF THE ORGANIC RANKINE
CYCLE BASED ON THE THEORY OF ENERGY CHAINS

©Kireev N., ORCID: 0009-0008-0563-317X, Ogarev Mordovia
State University, Saransk, Russia, kireev_mdf117@mail.ru
©Kudaschev S., ORCID: 0000-0002-9554-9746, SPIN-code: 4763-0003, Ph.D.,
Ogarev Mordovia State University, Saransk, Russia, kudaschevi@mail.ru
©Zhang Qiang, ORCID: 0000-0002-5092-168X, Dr. habil., Jiangsu University of Science and
Technology, Zhenjiang, China, zhangqiang@just.edu.cn

MOJEJTUPOBAHUE OPTAHUYECKOI'O HUKJIA PEHKHHA
HA OCHOBE TEOPUU DHEPITETUYECKHUX HEIIEHU

©Kupees H. C., ORCID: 0009-0008-0563-317X, Hayuonanvnwiii ucciedosamenvckuti Mopoosckuii
2ocyoapcmeennwiil yuusepcumem um. H.I1. Ozapesa, Capanck, Poccus, kireev_mdf117@mail.ru
©Kyoaues C. @., SPIN-x00: 4763-0003, ORCID: 0000-0002-9554-9746, kano. mexn. nayx,
Hayuonanvnuiii uccnedosamenvcxuti Mopoosckutl 20cyoapcmeeHtblil YHUgepcumem
um. H.I1. Oz2apesa, Capanck, Poccus, kudaschev@mail.ru
O©UYscan I[an, ORCID: 0000-0002-5092-168X, 0-p mexn. nayx, Ynusepcumem nayxu u
mexnonozuu L{zsancy, Yoconvyssan, Kumaii, zhangqgiang@just.edu.cn

Abstract. This paper examines an experimental setup of an organic Rankine cycle and
proposes a method for describing it using differential equations. The aim of the work is to obtain
approximate values of the setup's characteristics before conducting the experiment. The
constructive scheme of the experimental device and its operating principle are described in detail.
The power circuit of the setup is composed, and complex impedance, frequency function,
amplitude-frequency, and phase-frequency characteristics are obtained based on the mathematical
transformation of the circuit. The frequency response of the circuit is constructed. As a result of the
calculations, the amplitude-frequency and phase-frequency characteristics are obtained, and graphs
are plotted based on them. Conclusions are drawn about the dependence of the characteristics on the
change in parameters, and the shape of the graphs is explained. The results of the work can be used
to predict the behavior of the experimental setup of the organic Rankine cycle and optimize its
parameters before conducting physical experiments.

Annomayus. PaccMarpuBaeTcs SKCIEPUMEHTalbHAs YCTAHOBKA OPraHMYECKOro IMKIIA
PenkuHa ¥ npezanaraeTcsi METOAMKA €€ ONMUCAHUS C MOMOIIbI0 TU(PEpEeHINATbHBIX YPaBHEHHH.
Lenp pa®OThl — MOMYYUTh NPUOIMIKEHHbIE 3HAYEHUS XapaKTEePUCTUK YCTAaHOBKU 11O MPOBEACHUS
skcniepuMenTa. [lonpoOHO onKChIBaeTCsl KOHCTPYKTUBHAS CX€Ma SKCIIEPUMEHTAIILHOTO YCTPONWCTBA
u npuHuun ero paborel. CocTaBieHa JHepreTuyeckas Ielb YCTAaHOBKHM, Ha OCHOBE
MareMaTu4eckoro npeoOpa3oBaHMsl KOTOPOH IOIYyYEHb! KOMIUIEKCHOE CONPOTHBIIEHHE, YaCTOTHAs
GbyHKIMS, aMIUIMTYIHO-4acTOTHas M (a3odacToTHas XapakTepucTuku. llocTtpoeHa wactoTHas
XapaKkTepUCTHKa IIeNd. B pe3ynbrare pacueToB MOJyYeHbl aMIUIUTYIHO-YacTOTHAS U (pa3ouacToTHas
XapaKTEepPUCTUKH, HA OCHOBE KOTOPBIX MOCTpPOeHbI rpaduku. CrenaHbl BBHIBOJABI O 3aBUCHMOCTHU
XapaKTEepUCTUK OT U3MEHEHHUs MapaMmeTpoB M oObsicHeHa (opma rpaduxoB. Pesynasrarsl paboTh
MOTYT OBITh HCHOJB30BaHBl JJISI NMPOTHO3UPOBAHUS IMOBEICHHS IKCIEPUMEHTAIbHON YCTaHOBKHU
OpPraHUYecKoro IMKJIa PeHKMHA M ONTUMU3AIMK €€ apaMeTPOB IMepe]] MPOBeACHUEM (PU3HUECKUX
SKCIEPUMEHTOB.
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The study of hydraulics and heat transfer processes is crucial for understanding and
optimizing various engineering systems. Mathematical modeling, particularly using differential
equations, has been widely used to address this challenge. However, the complexity of hydraulic
and heat transfer systems often requires a systematic approach to model development and analysis.

In recent years, the application of energy circuit theory to describe hydraulic and heat transfer
processes has gained attention. Despite the growing interest in these methods, there is still a need
for a comprehensive study that combines the energy circuit approach with differential equations and
black-box modeling to describe hydraulic and heat transfer processes.

The novelty of this work lies in the integration of energy circuit theory, differential equations,
and black-box modeling to create a unified framework for describing hydraulic and heat transfer
processes. The proposed methodology involves building an energy circuit, compiling equations,
setting input and output through the black box, calculating equations using the black box, writing
equations for the image, compiling the complex resistance equation, distinguishing coefficients,
writing the frequency function for the energy circuit, and distinguishing the real and imaginary parts
of the complex resistance to calculate the amplitude-frequency and phase-frequency characteristics.

Material and methods of research
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Figure 1. Experimental device for organic Rankine cycle
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Table 1
SYMBOLS IN FIGURE 1

Position Name

1 Evaporator

Superheater

Turbine

Generator

Condencer

Cooler

N oo~ WIN

Pump

The principle of operation of the experimental setup
Figure 2 shows an experimental installation of a waste heat exchanger with a phase change.
3

)

o . &
)

[

Figure 2. Experimental device for organic Rankine cycle: 1 — evaporator; 2 — superheater 3 — turbine;
4 — generator; 5 — condencer; 6 — cooler; 7 — pump

The working steam generated in the evaporator 1 reaches the turbine 3 through the
superheater 2 for improving energy potential. After producing a work in the generator 4, low-
potential gas make a phase change to the fluid in the condencer 5. After decreasing of temperature
in the cooler 6, working fluid reaches to the pump 7. The heat transfer principle is shown in Figure
5.

In the course of the study, for a better understanding of the scheme, it was decided to study 2
characteristics of hydraulic and thermal, in order to better understand the nature of the forces arising
and to more accurately determine the required parameters on the obtained model.

The first is hydraulic, which takes into account elastic properties of a spring with pliability [,
(pliability is the inverse of elasticity), inertial properties of a liquid by mass m, pressure losses in
the pipeline by means of active resistance ry. The third part is the network pump, and elastic
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properties of the spring with pliability [;(pliability is the value of the inverse elasticity) cylinder

walls by active resistance.

In the first power circuit the hydraulic characteristics at the moment of closing of the shock

valve is considered. This circuit contains 2 elements.

rz
P

Figure 3. Hydraulic circuit

The circuit link equations:

P - T1V12 + m1V1 + T2V22 +P3
V:llp"l‘lzpz"l‘VZ

Black box:

VERY

Figure 4. Black box for hydraulic energy circuit

Equations for P;, P,, P;:
Py = P3o + Py
P, =1,V + P,
P,=mV, +P,
Equations for V,,V;:
Vo =Vy+ 1,
V, = L,P, + Voo + 7,

Equation for P,:

Pz = T2V22 + PB = rZVZZO + ZrZVZOVZ + P30 + p3

Equation for 132:
ﬁz = 2T2V20172 + ﬁ3
Equation for V;:
Vl = 212T2V20172 + l2ﬁ3 + VZO + ‘72

Equation for 171
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‘71 = 2l2r2V20172 + lzp_.3 + ‘72 (10)
Equation for V7
2 K - — 2 2 = = = (11)
VE = Voo + QLaraVaoVy + 1Py + V)| = VB + 2Va0(2LymaVaoV + 1Py + )
Equation for V#:
V22 = V220 + ZVZOVZ + VZZ (12)
Equation for P:
P =1y(VE + 4V 1oy Vs + 2VaoloPs + 2V, ) + my (20maVaoVy + 1Py + 1) (13)

+ 1, (VA + 2V,ooVy + VE) + Pyg + Ps
= mylyP; + 211 Vo0Ps + Py + Pag + 2my L1y Voo Vs + Vo (41,1113 Vi + my)
+ Vy(41,Vy0 + 21 Vo) + 21,VE + 1 V2

Equation for images:

(a;8% + ays + az)Vy(s) = —(bys? + byst + b3)P;(s) (14)
Coefficients:
a1 == m1l2 (15)
a; = 2111,V
a3 == 1

by = 2myl,1 Va0
b2 = 4-127‘17”2]/220 + m1
b3 = 47‘2V20 + 27‘1V20

Complex circuit resistance Z(s):

P3(s)  a;s®+azs+as (16)
" Vo(s) —bys2—b,s— by

Frequency function of the circuit:
s—=ij0,ji=-1 (17)
Frequency function of the circuit:

2(j2) = —a10% + aj0 + a; _ (—a10% + a,j2 + a3) - [(b12° — bs) + b,j02] (18)
b10% — b,jQ — by [(b102% — b3) — byj 2] + [(b1022 — b3) + b,jR2]
—a,b,0* + a,b30? — a1 b,jR3 + a,bj03 — aybsj0 — a, by 02
( +azh 0% — azb; + azb,j0 )
(b1022 — b3)? + b, 202
[—albl.Q4 + (ayb; — a;1b,)j023 + (aybs — ayb, + a3b1).(22]
+(asb, — azb3)j02 — azbs

(b102 — b3)? + b, 02

The real part of the frequency function:

_a1b104 + (a1b3 - azbz + agbl)ﬂz - a3b3 (19)
(b102 — b3)? + b, 202

Re(jQ) =
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Imaginary part of the frequency function:

(apby — a1b,)23 + (azb, — ayb3) | (20)

Im(j2) =
() (b102 — b3)? + b, 202

Amplitude-frequency response (frequency response) of the circuit:

A(j2) = \JRe(j2)? + Im(jNR)? 21)
Phase frequency response (FFC) of the circuit:
_ Im(j2) (22)
o(jN) = —arctg Re(iD)

Figure 5 shows the part of the installation where heat transfer takes place.
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Figure 5. Part of the heat transfer plant: t - the temperature of hot water; t;, t,- wall temperature; t;-
the temperature of the air; a4 - convective heat transfer coefficient of water and left wall; o, - convective heat
transfer coefficient of air and right wall; o - the thickness of the wall surface; A - Thermal conductivity of the
wall

When the hot water flows, the convective heat transfer coefficient between the water and the
left wall 1s h;, and the temperature of t is greater than t;, so the wall absorbs the heat brough by the
hot water, and the wall temperature rises. When the temperature rises to t;, the surface temperature
of the left wall is stable. The thickness of the wall is A, and the heat is transmitted from the left wall
to the right wall by means of heat conduction. When the temperature rises to t,, the surface
temperature of the right wall reaches a stable state. The right wall carries out convective heat
transfer with the air, and the convective heat transfer coefficient is h,. Through convective heat
transfer, heat is transferred to the air until the air temperature t; reaches a stable state.

Calculate the convective heat transfer thermal resistance r;:

1 (23)
= aF

Calculate the convective heat transfer thermal resistancer:

8 (24)

T2=F

Calculate the convective heat transfer thermal resistance r5:
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— 5)
T, =
3 a,F

Figure 6. Heat transfer energy circuit

The circuit link equations:

{t =11q + 71,9, + 713G, + t3 27)

q= city + ety + qz

(26)

The input and output of the energy chain for thermal calculation are presented in the form of a

“black” box.

Qz1s) Tse
— s

Figure 7. Black box for heat transfer

Equations for ts, ty, t5, tq, qy:

ty = tzg + t3
t, =130, t 13
t, =t, = 13, + t3

t1 =1q; t iy

42 = G20 t Q2
Equations on g4 from the 1st link:
4 = Coby + @2 = o (13 + 13) + Qa0 + Gz = 21385 + Cof3 + G0 + T
Equations on t,from the 1st link:

ty =T3qz +t3 = 13q0 + 1302 + t30 + 3

The equation on t;:
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t1 =1nq 1t = Tz(Czrstlz + Cz?s + gz t+ 672) + (13q20 + 1342 + t30 + t3)
= Czr2r3f.72 + Capts +12q50 + 172G, +13q20 + 7'3‘72 + t30 t+ &3
= 113 qy + (1 +13) G, + (13 +13) Qa0 + Co1ats + 3 + t3

The equation on 1:71:

t = Czr27'3az + (1 + 13)q; + conty +t5
The equation on q:

q = city + ctr +q )
=G [027'27'362 + (1, +13)q, + a1ty + 53] + Cz(rsqz + 53)
+ (q20 + qz)
= C1C27”27”3€12 + (c17rp + €173+ €213) 02 + G2 + G0 + C1C27”2t2
+ (1 + ¢3)ts
The equation on t:
t=7nq+1q,+713q; +13 )
=N [C102T2T362 + (e11y + 173 + €213) 42 + G2 + G20 + 1671,
+ (¢ + Cz)f3] + 15(Com3dy + ot + Goo + @2) +13(G20 + o) + tz0 + 5
= [C1czr1rzr3az + (eriry + ey + C1r13)qp + 171Gy + 11Gp0 + C1CTT L
+ (e + C2r1)f3] + (Czrzrsﬁz + Co1yts + 12020 + 7”26_12) + (13q20 + 1372)
+t30 + t5
= C1C2r17”27'362 + (emry + C1r17’3 + CaniTs + C1a13)@p + (1 + 12 +13)Q;
+(ry+1+13)q50 + c1c2r1r2t2 + (c1r1 + CaTy + o1yt + T3 + ts
= b1q2 + by, + b3z + baGao + a1t + azts + asts + aytsg
Equation for images:
(alsz + azs + a3)T3(S) = _(b152 + bzs + b3)Q2(S)
Coefficients:
a1 = 1611y
a, = 617”1 + Co1q + Czrz
a3 = 1
b, = cicymryrs

bz = (111 + C1113 + CoT13 + CoTp13
b3 = T'l + TZ + T3

Complex resistanceZ (s):

T3(s)  —b;s? — bys — by
0,(s)  a;s2+a,s+ as

Z(s) =

Frequency functions of the circuit:
s —>jQ,j2=-1

Frequency function of the circuit:
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Z(s) T3;(s) —bys? —b,s — bg b;Q? — b,jQ — by (43)
S = = =
Q,(s) a;s?+as+a; —a0%+a,jl+as

(b19Q% — bjQ — b3)[(—a,Q% + a3) — a,jQ]
[(—a:10% + a3) + a,jQ)[(—a,Q? + a3) — a,jQ]

—a, b, Q* + azb1Q% — a,b1jQ3 + a1 b,jQ3 — asb,jQ — a,b,0?
( +a,b30? — azb; + a,bsj )
(—a.102% + a3)? + a50?

[—a1b194 + (a;b, — ayby)jQ3 + (azb; — ayb, + a;b3)Q? +]
(azbs — aszby)jQ — azbs
(—a,92 + a3)? + a30?

We derive the real part of the complex resistance:

—a; b, Q* + (a3b; — ayb, + a;b3)0% — azbsg (44)

Re(j) =
e(j2) (—a,02 + a3)? + a30?

We derive the imaginary part of the complex resistance:

(a;b, — a2b1)ﬂ3 + (azbz — azhy)Q (45)

Im(j2) =
m(] ) (—alﬂz + a3)2 + a%ﬂz

We obtain the amplitude-frequency function of the energy circuit:

A(j2) = \JRe(j2)? + Im(jn)? (46)

Get the phase-frequency function of the energy circuit:

Im(j2) (47)
Re(j02)

p(jR) = —arctg

Construction of frequency characteristics of the circuit when changing at least three

parameters. The known conditions: P — pressure, kPa; VV — volume flow, [/s [liter per second]; r; —

o2 it.
active resistance, [kpl%] m, — mass of working fluid, [kg]; [;, I, — hydraulic compliance, [l%] 1

litre = 10 metre.
Parameter are calculated or found from the experiment.

Are set by the input power of the circuit, for example ny, = 400 W, as well as the inlet

pressure P, = 100 kPa. Hire the pressure loss on the active resistance is assumed 5 £+ 10%.

ne 400 (48)
0= p, T 100 *Us
According to equation write the formula for r;,r,:
_pP—-P; 01x100 625 kPa - s? (49)
nTETyE T e T lit
_P—P2_0.2><100_125 kPa - s? (49)
Ty T e T lit
The mass of working fluid depends on the volume of pipelines.
my; =10 kg (50)
Ea0n - |
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The compliance is found for equation:

V-V, 01x4 lit-s (51)
l, = ——— = = 0.008[ ]
! p 0.5 x 100 kPa
lit-s (52)
L=1,= o.oos[kpa]

Algorithm for plotting graphs.
The values of the coefficients are calculated:

a; = myl, =10 x 0.008 = 0.08 (53)
a2 = 27‘1le20 = 2 X 0625 X 0008 X 4‘ = 004‘.(2
a3 = 1

bl = 2m1121‘2V20 = 2 X 10 X 0008 X 125 X 4 = 08
b, = 4l,rm, Vi +my = 4 X 0.008 X 0.625 X 1.25 X 16 = 0.4
b3 = 4T2V20 + 2T1V20=4X 1.25 X 4‘ + 2 X 0.625 X 4‘ = 25

The limit of change Q is accept, Q = 1...10 rad/s. Calculation of the real and imaginary part of the
frequency function: Q = 1 rad/s

—a;b 2% + (a;b; — ayb, + azh,)2? — aszbs (54)

(b1022 — b3)? + b,202
[—0.08 % 0.8 % 1% + (0.08 x 25 —0.04 x 0.4 +) % 12

Re(1) =

1x0.8
—1x25
(0.8 x 12 — 25)2 + 0.42 x 12
= —0.038033
(a,by — a b)) 03 + (azb, — ayb3) 0 (55)
(blﬂz - b3)2 + bZZ.QZ
l(0.04 X 0.8 = 0.08 x 0.4) x 1% + ( 1x 04 )l

Im(1) =

—0.04 x 0.25
X 1

(0.8 X 12 — 25)2 + 0.42 X 12
= —0.001024

A(1) = JRe(1)2 + Im(1)2 = /(—0.038033)2 + (—0.001024)2 = 0.038047 (56)

W -  Im@) _ , Z0001024 (57)
P = ey ~ TP 50038033 T

According to equation write the formula for

Table 2
CIRCUIT PARAMETERS
my, kg kPa - s? lis+s lis+s P30, kPa V30, lit/s
| e ll’[ Pa ] lz'[ Pa ]
10 0.625 0.008 0.008 100
10 0.625 0.008 0.016 100
10 0.625 0.008 0.024 100 4
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Dependency graphs are plotted based on the input values. For the best perception of graphs
values are taken only those that affect the dependence. The values obtained for the first stage of the
energy circuit are shown in Table 2.

Table 3
RECEIVED INFORMATION FOR HYDRAULIC

Q Ajn1 pjnl Aj02 PjR2 Ajn3 ®jn3

1 0,038047 0,026923 0,036039 0,060777 0,033997 0,103554
2 0,031387 0,080428 0,021102 0,332414 0,015611 1,251047
3 0,017075 0,337578 0,046116 -0,722008 0,245282 -1,114882
4 0,026209 -0,649549 0,489127 1,183127 0,202355 0,176537
5 0,189373 -0,577902 0,194957 0,128051 0,141813 0,050349
6 0,421689 0,436343 0,145187 0,045688 0,124131 0,022767
7 0,202674 0,099087 0,127818 0,022798 0,116076 0,012556
8 0,156562 0,044021 0,119259 0,013346 0,111603 0,007759
9 0,137424 0,024608 0,114277 0,008597 0,108820 0,005167
10 0,127145 0,015519 0,111074 0,005907 0,106956 0,003629

Based on the results of the calculation, the graphs of the amplitude frequency response and
phase-frequency response and frequency response of the circuit are constructed. Further in these
graphs are under construction:

0,600000
0,500000
0,400000
< 0,300000
0,200000
0,100000
0,000000

6
Q, rad/s

Figure 8. Amplitude frequency response

1,500000
1,000000
0,500000

e 0,000000
-0,500000
-1,000000
-1,500000

Figure 9. Phase frequency response

Q, rad/s
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The graphs show a rapid increase in the amplitude A and phase-frequency characteristics ¢ of
the circuit with increasing cyclic frequency Q from 1 to 6, after which their smooth decay occurs.

For power circuits of the heat transfer calculations are conducted similarly and are written in
table 3. A graphical view is presented in graphs 6-7.

The known conditions:

ny, = 400W (58)
11 625 x 10-3 kPa - s? (59)
M= F 8x2 lit
_8_ 0002 .. o [kPa:s? (60)
2TF T 302~ lit
11 417 % 10-3 kPa - s? (61)
BT F 1202 7 lit
_n0_400_4[W]
=% 100 “l°c
_Aq q—qu  01x4 [ l (62)
C=FT =% “osx1o0 M098[i
l (63)
¢, = ¢, = 0.008 [S : °C]

Algorithm for plotting graphs.
The values of the coefficients are calculated:

a, = c,¢,1y1, = 0.008 X 0.008 X 6.25 X 1073 x 2.86 X 1076 = 1.145 x 10712 (64)
a, = ¢y + C1r + 61
= 0.008 X 6.25 x 1073 + 0.008 x 6.25 x 1073 + 0.008 X 2.86
X107 =1x10""*
a; =1

b, = c,cy111r5 = 0.008 X 0.008 X 6.25 X 1073 X 2.86 X 107°% x 4.17 x 1073

= 4,774 x 10715
b, = ¢y + 113 + O3 + Co1yTy
= 0.008 X 6.25 X 1073 x 2.86 X 107° + 0.008 x 6.25 x 1073
X 4.17 x 1073 4+ 0.008 X 6.25 X 1073 x 4.17 x 1073 + 0.008
X 2.86x 107 x4.17 x 1073 = 4.174 x 1077
by =1 +1,+1r;=625x10"3+286x107°+4.17x 1073 =1x%x 1072

The limit of change (1 is accept, 0 = 1...10 rad/s. Calculation of the real and imaginary part
of the frequency function: ) = 1 rad/s

—a,b,Q* + (ash, — a,b, + a;b3)0? — azb, (65)
(—a,Q2% + a3)? + a20?
—1.145x 10712 x 4.774 x 1071° x 1* +
(1 X 4,774 x 1071 —1x 107* x 4.174 x 10‘7> % 12
+1.145x 10712 x 1 x 1072
—1x1Xx107?
[(—1.145x 10712 x 12 + 1)?2 + (1 X 1074)? x 12]
= —0.010425

Re(1) =
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(a1b, — a;b)Q® + (azb3 — a3h,)Q. 60)
(—a,; Q2 + a3)? + a2Q?
-12 -7
[(1.145 X 107 x 4.174 x 10 ) % 13]|

Im(1) =

—1Xx107*x4.774 x 10715

(1 X 107* x 1 x 10‘2)
[ —1X4.174 % 1077 J

_ x1

[(—1.145 x 10712 x 12 + 1)2 4 (1 X 10~4)2 x 12]

= 6.255 x 1077

A(1) = \/Re(1)? + Im(1)% = \/(—0.010425)2 + (6.256 X 10~7)2 = 0.010425 67)
1) = t fm() _ t 6256 1077 _ 5.99995 x 105 (68)
9(1) = —arctg poay = —arctg —yoiaas = >

According to equation write the formula for

Table 4
RECEIVED INFORMATION FOR HEAT TRANSFER
kPa - s? kPa - s? kPa - s? l l
| e ] rz'[ lit ] r?"[ lit ] v [s -°C @ [s : °c]
0.006251 2.86x10° 4.17x107 0.008 0.008
0.06251 2.86x10° 4.17x107 0.008 0.008
0.006251 2.86x10° 4.17x107 0.08 0.08

The dependency graph is drawn based on input values. For optimal graph perception, take
only those values that affect dependencies. The obtained values for the first stage of heat transfer
are shown in Table 4.

Table 5
VALUE AMPLITUDE FREQUENCY RESPONSE FOR ENERGY CIRCUIT

Q Aj01 pjinl Aj02 ©jn2 Ajn3 ©j3

1 0,010425 5,99995E-05 0,066684 9,37601E-04 0,010425 1,19999E-04
2 0,010425 1,19999E-04 0,066684 1,87520E-03 0,010425 2,39998E-04
3 0,010425 1,79998E-04 0,066684 2,81279E-03 0,010425 3,59997E-04
4 0,010425 2,39998E-04 0,066683 3,75038E-03 0,010425 4,79996E-04
5 0,010425 2,99997E-04 0,066683 4,68796E-03 0,010425 5,99994E-04
6 0,010425 3,59997E-04 0,066683 5,62553E-03 0,010425 7,19993E-04
7 0,010425 4,19996E-04 0,066682 6,56309E-03 0,010425 8,39992E-04
8 0,010425 4,79996E-04 0,066682 7,50064E-03 0,010425 9,59990E-04
9 0,010425 5,39995E-04 0,066681 8,43817E-03 0,010425 1,07999E-03
10 0,010425 5,99994E-04 0,066681 9,37568E-03 0,010425 1,19999E-03

From the power loop heat transfer simulation plots, it can be observed that the amplitude-
frequency response of the hydraulic loop A does not change with increasing cyclic frequency €,
while the phase-frequency response ¢ increases in direct proportion to its increase.
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Figure 10. Amplitude frequency response
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Figure 11. Phase frequency response

Results and Discussion

The main results obtained from this work are as follows:

A constructive scheme of the experimental setup for the organic Rankine cycle is proposed,
and its operating principle is described in detail. The energy circuit of the setup is composed.

Complex impedance, frequency function, amplitude-frequency, and phase-frequency
characteristics are obtained through mathematical transformation of the energy circuit. The
frequency response of the circuit is constructed.

Modeling of the hydraulic and thermal circuits of the experimental setup is carried out based
on the theory of energy circuits.

In the process of modeling the hydraulic energy circuit, it is found that there is a rapid
increase in the amplitude-frequency and phase-frequency characteristics of the circuit with
increasing cyclic frequency €, followed by a smooth decay.

When modeling the heat transfer energy circuit, it is established that the amplitude-frequency
response of the hydraulic circuit does not change with increasing cyclic frequency Q, while the
phase-frequency response increases in direct proportion to its increase.

Based on the calculations performed, it is concluded that for the considered scheme of the
organic Rankine cycle, the best variant of circuit parameters will be the one in which the hydraulic
compliance 12 is twice higher than the initial 11, the cyclic frequency Q is equal to 4 rad/s, and the
active resistance rl is the largest compared to other calculation variants of r1.

The obtained results are important for predicting the behavior of the experimental setup of the
organic Rankine cycle and optimizing its parameters before conducting physical experiments. The
proposed approach and modeling methodology have practical value for the analysis and design of
similar energy systems.
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Conclusion

In summary, this work presents a novel and comprehensive approach to modeling and
analyzing hydraulic and heat transfer processes using energy circuit theory, differential equations,
and black-box modeling. The proposed methodology integrates these techniques into a unified
framework, providing a systematic approach to model development and analysis.

The results obtained from the modeling of the hydraulic and heat transfer energy circuits
provide valuable insights into the behavior of the experimental setup of the organic Rankine cycle.
The conclusions drawn from the calculations can be used to optimize the circuit parameters and
predict the system's performance before conducting physical experiments.

The practical significance of this work lies in its potential to enhance the design and
optimization of energy systems involving hydraulic and heat transfer processes. The proposed
approach and methodology can be applied to similar systems, facilitating their analysis and
improvement.

Further research could focus on validating the model through experimental studies and
extending the methodology to other types of energy systems. Additionally, the integration of
advanced optimization techniques with the proposed framework could lead to more efficient design
and operation of hydraulic and heat transfer systems.

Acknowledgements: Kudaschev Sergei Fedorovich, Zhang Qiang and Levtsev Alexey
Pavlovich for for assistance in conducting the research and organizing the article.
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