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Rezumat. Lucrarea include o analizd comparativd a influentei naturii agentului de lucru asupra performantelor
unui ciclu solar cogenerativ Joule Brayton de micd putere. Schema constructivd a motorului Joule Brayton a
presupus sistemul: compresor centrifug — turbina centripetd — captator/concentrator de radiatie solard— recuperator
intern de céldurd, ce poate fi utilizat pentru puteri mici. S-au considerat trei posibili agenti de lucru, aer, azot si
dioxid de carbon. Pentru a obtine rezultate numerice cat mai veridice, schema numerica de calcul a considerat
calduri specifice variabile, rapoarte de comprimare si randamente izentropice corespunzatoare tipurilor de
compresor si turbind adoptate, diferite grade de concentrare a radiatiei solare prin intermediul temperaturii
maxime pe ciclu. Analiza numerica a evidentiat cd alegerea unui agent de lucru trebuie facutd pentru fiecare
aplicatie in parte, in functie si de conditii restrictive specifice diferite de cele termodinamice, cum ar fi de
exemplu raportul dintre fluxul termic cerut de consumatorii de cdldurd si puterea furnizatd impusd de
consumatorii acestei utilitati energetice, tehnologii de fabricatie si valoarea investitiilor specifice, etc.

Cuvinte cheie: ciclu solar cogenerativ Joule Brayton, agenti de lucru, performante termodinamice, schema logicé
de calcul.

Abstract. The paper includes a comparative analysis of the effect of the working fluid type upon the
performances of a small solar cogeneration Joule Brayton cycle. The engine scheme considered the setup: radial
compressor — centripetal turbine — concentrating solar power (CSP) heat exchanger — internal recovering heat
exchanger — and external cogeneration heat exchanger. They were evaluated three working fluids, air, nitrogen,
and carbon dioxide. The numerical code involved variable heat capacities, compression ratios and isentropic
efficiencies typical for the chosen compressors and gas turbine, and various solar radiation concentrating degrees
by the intermediary of the maximum temperature on the cycle. The numerical analysis emphasized that the
choosing of a certain working fluid must follow also extra non-thermodynamically based real operational
restrictive conditions, such as for instance the operational heat per power ratio, technological approaches and
specific financial investments etc.

Keywords: solar cogeneration Joule Brayton cycle, working fluids, thermodynamic performances, numerical

algorhytm.

1. INTRODUCTION

The next future of energy systems must
deliberate on their structure including besides
classical energy systems, fueled and nuclear, new
advanced and more and more widespread
renewable based ones.

These new systems are to be “standardized” by
more points of view, for instance:

- thermodynamic criteria like power, first and
second law efficiencies,

- technological methodologies adapted to small or
large power systems, open for air or closed for
other working fluids, compatible materials, design
for assembling at the system operational start and
disassembling at the system life end,

- financial issues as the specific investment,

- life cycle assessments, and so on.
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This paper tried to find out if there are major
effects of the working fluid nature upon the
thermodynamic performances of the small solar
Joule Brayton engines.

The numerical analysis emphasized that the
choosing of a certain working fluid must follow
also extra, non-thermodynamically based, real
operational restrictive conditions, for instance the
operational heat per power ratio, technological
approaches and specific financial investments etc.

2. MATHEMATICAL ALGORHYTM
2.1. Hypotheses

The operational cycle is sketched in Figure 1.
The successively processes are:
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1 - 2r irreversible compression,

2r — 3r irreversible pre-heating by internal heat
recovering,

3r — 4r irreversible heating by solar radiation,
4r — 5r irreversible expansion,

5r — 6r irreversible cooling by internal heat
recovering,

6r — 7r irreversible cooling by cogeneration,

7r — 1 irreversible cooling by releasing out the
exhaust heat.

YV VYVVV VYV

Fig. 1. The solar cogeneration Joule Brayton cycle

The adopted assumptions on the cycle are:
— the minimum temperature on the cycle
T,=293.15K;

the maximum temperature on the cycle
T,=873.15/1073.15/1273.15/ 1473.15 K;

— compression ratios
Tic = p2/pl =25/35/45

— isentropic efficiencies

Nc = 08, nr= 08,
— mechanical power loss: 1%;

— effectiveness of internal heat exchanger
€recov = 0.95;

— irreversible pressure drops by
p3r/p2r = 0.98, p4r/p3r = 0.99, pGr/pSr = 0.970,
Per/p7r = 0.955, and p7/p; = 0.9975;

— heat capacities evaluated by polynomials of 4"
order;

— ideal gas constants compiled as mean values of
the difference between the constant pressure
heat capacity and the constant volume heat
capacity, on the range 20 — 1300 degrees
Celsius.
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2.2. Basic relations

+ Heat capacities interpolated by polynomials:

Co=ay+a-T+a, T?+a;-T3+a, -T?

i 2 3 4 (1)
CV :bo +b1T +b2T +b3T +b4T

¢ Mean adiabatic exponents of reversible
adiabatic process 1 — 2t and 4r — 5t:
Tot Tst
IT Cp-dT Cp-dT
712:11-2t—’ 745:1‘-‘;— (2)
'[ c,-dT c,-dT
T Tar

+ lsentropic efficiencies of irreversible adiabatic
process 1 — 2r and 4r — 5r:

T2t T5r
cp-dT cp-dT
— Tl — T4r (3)
RNE dT e dT
J; e oo

¢ Mean ideal gas constants over a temperature
range, from T, 10 Thax:
ITmax (cp —cv)- dT
R — Tmin (4)
Toax — T,

max min

¢ Effectiveness of internal recovering heat
exchanger, knowing that the flow heat capacity
rate along the process 2r — 3t is smaller than
that along the process 5r — 6t, since the specific
heat capacity is larger while the temperature is

larger:
T3t
Cp -dT T T,
‘9recov T5r T T (5)
J. C dT 5r — '2r
T2r
¢ Pressures and temperatures:
p1= 1 bal’, p2t = p]_‘ﬂ:C y er = pZt: p3t = p2r'
Par =0.98- pg;, Par =0.99- pg, (6)
_ P __ P _ Per
Prr = 59075 ' Por ~0.955 ' P T 097

T, =293.15K, Tat = Tar, T =

Tars Ter = T, (7)
T+ =363.15K

2.3. Basic numerical code equations

¢ Reversible adiabatic compression 1 — 2t:
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(rip-1
Pat " )/712
T =T | —
Py

Solving this equation by an iterative method, e.g.
trial and error, it yields the temperature T,..

¢ lrreversible adiabatic compression 1 — 2r:

T2r T2[
ne - [ep-dT = [ep-dT ©)
Tl Tl

By using also an iterative method, from this
equation it results To.

¢ Reversible adiabatic expansion 4r — 5t:

(745-1)
o 5 e
Tse =Tyr | —

4r

(10)

From this equation it yields the temperature T, by
means of an iterative method, e.g. trial and error.

¢ lrreversible adiabatic expansion 4r — 5r:

Tsy Tsy
nT-Icp-de Icp-dT (11)
T4r T4r

A similar way of solving this equation, it obtains
T5r.

¢ Internal heat recovering (3r — 4t) + (5r — 6t):

Tat = Erecov '(T5r _T2r)+T2r y Tar = Tat (12)
Tst Tet
[ep-dT == [cp-dT, Te=Ts (13)
T2r T5r

In equation (11) we impoSe &eon, and thus it
obtains Ts. The equation (12) can be solved
numerically by an iterative method and gives Tg;.

+ Specific powers interactions:

T2r
we =— [c,-dT (14)
T
T5r
wr == [c,-dT (15)
T4r
Weycle =Wy +We s Weypplied = 0'gg'chcIe (16)
+ Specific heat rate interactions:
Ta
Osolar = Icp -dT (17)
T3r
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(8)

T7r
Qcog = jcp -dT
TGr

(18)

T

Oexhaust = Icp -dT
T7r

(19)

+ First law efficiencies:

_ Wsupplied

Nw (20)

Usolar

W, ied T 0
ncog _ supplied cog (21)

Osolar

3. NUMERICAL RESULTS

The numerical results are shown in Figures 2 to
10.
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Fig. 2. Specific power versus maximum temperature on
the cycle. nc = 2.5
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Fig. 3. Specific power versus maximum temperature on
the cycle. nc = 3.5

51



220 4
200 4
180 4
160 4
140 4

120

Specific Power [kW/kg.s™]

100

80

50

40 -
T, K]

4+ FF+——7"—"—7

Fig. 4. Specific power versus maximum temperature on

the cycle. nc = 4.5
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Fig. 5. Power first law efficiency versus maximum
temperature on the cycle. nc = 2.5
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Fig. 6. Power first law efficiency versus maximum
temperature on the cycle. nc = 3.5
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Fig. 9. Cogeneration first law efficiency versus maximum

temperature on the cycle. nc = 3.5
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Fig. 10. Cogeneration first law efficiency versus
maximum temperature on the cycle. nc = 4.5

4. CONCLUSIONS

The numerical results revealed that the nature
of the working fluid is controlling the
performances of the solar cogeneration cycle. At a
first look, we cannot say which working fluid is
more appropriate to solar applications.

The main conclusions emphasize that:
++ the air and nitrogen are quite similar in effects

on the specific power and the first law

efficiencies,

+« the specific power supplied by the carbon
dioxide is smaller that those supplied by air
and nitrogen,

% the power first law efficiencies of carbon
dioxide really can compete with those of
air/nitrogen, especially at larger compression
ratios and at lesser Ty,

« for the carbon dioxide, the cogeneration first
law efficiencies are smaller than those for air
and nitrogen; the cogeneration first law
efficiencies might be actually compared in a
specific solar application, when the ratio of
cogenerated heat to supplied power is imposed
by customers.
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