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Figure 1- Schematic of hybrid system
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2. Engineering Equation Solver
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Table 1- Parameters related to activation over voltage [9]

Parameter Value
Eactan(kJ /kmol) 110000
Eactca(kJ /kmol) 155000

Im (AJM?) 7%10°
ym (AJM?) 7%10°
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Vohm =ir (A)

p=A exp(TEj )
VoV


http://www.sid.ir
http://www.sid.ir

o plas plyps g bl Sl ()l (6238 cenlol

) aS ‘Lib).uo‘)l.» U"‘ ).:QLCLA [D(]A..J]‘SA Cewddy J.u AwdiD g &9.' Qs as 039y ‘S.Jl.v LSLD).».A‘)L! 65 B ‘A ).n)l.fbo
[D(]w‘ IR o.b)g—‘ A Jju\} B sd.ug.w‘sa oolawl M‘ )L.Jj oty uLo...uL?Lo

[A]SConal 5L bl s by yo sl ialyly -F Jgur
Table 2- Parameters related to ohmic over voltage [9]

Component a(m) B(K) AQ-m)
Cathode 0.0022 600 0.0000811
Anode 0.0001 -1392 0.0000298
Electrolyte 0.00004 10350 0.0000294

Internal Connectors 0.000085 4690 0.0012
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Table 3- Geometric characteristics of fuel cell [11]

Parameters unit | the amount of assumed
Cell area m? 0.10362
Length of each cell m 15
Diameter of each cell m 0.022
Number of cells - 5760
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We = Veue PmeanSinﬂ(Vl_b2 —1)/b ()
We =7Z\/Swepmean5in(ﬂ_a)(\'1_b2 —1)/b (f)
WST =WC +We (\C\)
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Table 4- Geometric parameters of Ford 4-215 Stirling engine [17]

Piston Cooler

Clearance volumes compression space 2142 cm® Number of cooler tube 742
Clearance volumes expansion space 2142 cm® Cooler tube internal diameter 0.9 mm
Swept volumes compression space 870.6 cm’ Cooler tube length 87 mm
Swept volumes expansion space 870.6 cm’ Regenerator

Total internal engine volume 670 cm® Regenerator diameter 73 mm
Cylinder internal diameter 73 mm Regenerator length 34 mm
Piston stroke 52 mm Regenerator matrix wire diameter 36 um
Heater Matrix mesh size 200
Number of heater tube 22 Matrix porosity 0.62
Heater tube internal diameter 4 mm Number of regenerator units per cylinder 2
Heater tube length 462 mm

[\V] Ford 4-215 SCud yiw! 9590 (58 ySdos s yiol y -0 Jgur
Table 5- Operational parameters of Ford 4-215 Stirling engine [17]

Gas Hydrogen Mean pressure 15 MPa
Hot space temperature (Ty) 1023 K Total mass of gas 16.2 gr
Cold space temperature (Ty) 327K Speed 3300 rpm

sty (FY) b, 5l oolial b o] _SoiSUl aajl e S pons o oty w5 58,5 a0 b i ol o
XV IRVAPES
Wnet

_ SAD)
Tele =y T LRV

(59959 Ls))" )L).M 9 09 U""’)}’?)S"A )‘ t5>51‘> UQJL> 0‘93 )‘")J foanaia )‘ (57'5)} UAH} U‘?’ ‘yl" 4.}4:‘) )
W d‘)‘*}‘ alrdss ) u}j.u.: dra.a )| (5.4.:[4 OMQ‘)T 6))41 ).:‘)) )....: W -

Wnet = (\NAC )gt + (\NAC )sofc +WST - (Wc,a) (")
MAC )gt = (WDC )gt X 1inv,gen ()
(WDC )gt :Wgt (Y0)

J> 9,

o el 0 4255 EES Jl3dle 5 50 slaily], asbiy oSy altane Julow gz (oL sloisiy 55 0 55 ¥oles 43 az g |
had ol (g0 yre s (5999 SMBl casliyy ol ol (i )0 (T 5 ¥ US5) cenl iy sloclarslé illas ] o,
OFge (Sp)S Cand wz oLy slodhe Slaal (g 4 6095 Gl sles (b JBx e o8 g eS8
P79 o5y Slugly Sep Geige Jlw g58 (S he sly (TS ae gl (S S Caed o2 bl o
Sl g pleate iU S¥slas i slod adsl (i b g ol 00 fy sles adgl was Wgdoe 0]y Heige Jlw
Sloslore ()95 Slowlns ¢jgu oS Sliwlne wile Gy s Sliwlns iy al>pe )0 295 00 o (lojon
Sed e Jol> dbgye i g oad plnil Lk 5 S il H5ige Sliwlons (3ol alaions

Y


http://www.sid.ir
http://www.sid.ir

\va¥ QLMM) 9 ]:Jl) @90 o)Lo..iJ ‘M JL.: ‘dljol 9 u}s.w ?.ub 5)J - ;o.lc- AJ)AAAJ

Input data for the hybrid system:

Compressor pressure ratio, Air mass flow rate, fuel mass flow rate,
Current density, number of cells, Dead volume of compression and
expansion section of the Stirling engine, Regenerator volume,
Engine fluid mass, mean pressure.

l Initial guess for cell temperature, T, H‘

Providing the heater temperature
using the turbine exhaust gas l

Input data for the Stirling engine system:

Heater input temperature, cooler input temperature, Dead volume
of compression and expansion section of the Stirling engine,
Regenerator volume, Engine fluid mass, mean pressure, Engine
rotational speed.,... .

Calculations of the fuel cell
l * Electrochemical calculations
- . - * Thermal calculati
Calculations for the Stirling engine cTa ca e aTons
+ Calculations of the expansion volume l

.

Calculations of the compression volume Calculations for the hybrid system
Caleulations of the total volume « Calculations for the compressor
Calculations of the Stirling engine pressure + Calculations for the turbine

Calculations of the regenerator temperature

l

Output results for the Stirling engine:
Expansion work, compression work, Power

generated by the engine, ..... @ No
Yes
@ Output results for the hybrid system:

Power, Efficiency, Power generated by the
engine, Temperature producedin cell ...

.

Calculations for the combustion chamber
Calculations for the Stirling engine
Calculations for the heat exchanger

Figure 3- Flowchart of Stirling Engine modeling Figure 2- Flowchart of hybrid system modeling
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Table 6- Comparison of the present model results with Ref. [19]

Parameter Chanetal. [19] | Presentwork | Error (%)
Electrical efficiency (%) 62.2 60.52 2.7
Total efficiency (%) 83.8 80.62 3.79
Heat recovery (kW) 731 722.3 1.19
Power output (kW) 381 374.45 171
Cell voltage (V) 0.738 0.71 3.79
Current density (A/m?) 1416 1416 -
Cell temperature (K) 1166 1166 -
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Table 7- Comparison of the present model results with Ref. [17]

Parameter Urieli et al. [17] | Presentwork | Error (%)
Heat transferred to the cooler Q (J/cycle) 1901 1840 3.2
Heat transferred to the Heater Qy, (J/cycle) 5572 5485 1.56
Power output (kW) 2129 207.88 2.4
Thermal efficiency (%) 67.1 66.08 1.52

Figure 4- Stirling engine‘Ford 4-215 [17]
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Table 8- The results for the proposed system in specific inputs

Input Parameter Value Output Parameter Value
Air flow rate (kmol/h) 100 Fuel cell temperature (K) 1106
Inlet air pressure (bar) 1 Engine heater temperature (K) 985.5

Compressor pressure ratio 3 Engine regenerator temperature (K) 574.8
Number of cells 5760 Fuel cell power output (KW) 511
Fuel cell pressure (bar) 1 Gas turbine power output (kW) 212.2
Turbine inlet temperature (K) 1200 Stirling power output (KW) 207.9
600 r T . ‘ T
| 56% |
500} 4
- L _
% 400 .
= L _
g 00} .
i - -
g
£ 00l 21% 23% ]
-9
1001 4
0 , L . ,
Gas Turbine  Stirling engine Fuel cell

Figure 5- The share of each component of the hybrid system in electric power generation
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Figure 7- Effect of system compression ratio on fuel cell Figure 6- Effect of system compression ratio on Stirling engine
temperature power output
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electrical efficiency
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power output
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Figure 13- Effect of system compression ratio on cell voltage Figure 12- Effect of system compression ratio on fuel cell heat
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English Abstract

Performance Modeling and Analysis of Stirling Engine, Gas Turbine and

Fuel Cell Hybrid Cycle for Application in a CHP System

Jamasb Pirkandi, Mehran Nosratollahi and Shahram Khodaparast
Department of Aerospace Engineering, Malek Ashtar University of Technology, Tehran, Iran

(Received: 2015.7.9, Received in revised form: 2016.1.4, Accepted: 2016.1.11)

In this paper, performance of a gas turbine cycle equipped with a solid oxide fuel cell and Stirling engine is
discussed from thermodynamic viewpoint. A thermodynamic analysis is performed for all components of the
cycle, and a separate electrochemical and thermal analysis is conducted for the utilized fuel cells. With
parametric study of the hybrid system, the influences of compressor pressure ratio, turbine inlet gas
temperature, the number of cells, the type of fluid used in the Stirling engine, and the angular velocity of the
Stirling engine on efficiency and power of the hybrid system are investigated. Based on the presented
comparison, generated power of the proposed system is about three times larger than the simple gas turbine
cycle and 1.3 times larger than the power produced by a hybrid gas turbine and fuel cell system. The obtained
results show that the electrical efficiency of the proposed system is about 82 percent, while the fuel cell and
gas turbine hybrid system and simple gas turbine cycle efficiencies are about 50 percent and 30 percent,
respectively.

Keywords: Stirling Engine, Solid Oxide Fuel Cell, Gas Turbines, Hybrid System
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