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Fig. 1 Schematic diagram of FPE-LG system
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Table 1  Main construction parameters of FPE-LG
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Fig. 2 Varying trend of free piston assembly velocity VS.

free piston assembly displacement
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Fig. 3 Variation trend of actual stroke of free piston

assembly VS. external load resistance
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Fig. 4  Variation trend of free piston assembly velocity VS.

external load resistance
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Fig. 5 Variation trend of peak voltage output of
FPE-LG VS. external load resistance
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FPE-LG VS. operating frequency
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Fig. 7 Peak power output of FPE-LG VS.

intake pressure

SN 30 Qi , #5145 0.18 A1 0.30 MPa, H 16
FELF B 43 ) R 0.04 1 0.62 m/s, 3% 2 A>3 B Y
V7 Al ak 228, UL Y i S 7 N 0.18 MPa 15 i |
0.30 MPa B, i H Dy 10038 fin, B <O 0 A
FEAE R I TR
MR S 0.26 MPa i, FPE-LG (¢ % 2
R R TEILE 8, B 8 AT, 4 TAES R4 i
fF, FPE-LG AW {E i i DR D S 2P PRt . Y
AN AR EL B R 30 Q, TAESURM 1.0 Hz 25465 2.5
Hz B, FPE-LG AYUE(E S B D)2 M 88 W % 36 W,
B T TSR BN, 2R Lt K
ol 75 T 22 () FAREIE AT, TR, DG L 1 ) 36 i
90,

R/IQ
—— 10
——30

80F

W e HH D5 W
22 3

N
(=
T

301
1.0

2.0 25
LARMIA /Hz
K8 FPE-LG Byl fera i D3 5 TARRR AR
Fig. 8 Peak power output of FPE-LG VS.

operating frequencies

5

FPE-LG fEAN A TAEMAN , FL0G (i 4 i Dy 563 D
&9, MIE 9 AT, Bl Szt 2 e B A 3% K, FPE-LG
I4) WS i+ DI 3R S G I e 2k TR , iXOE R R, FPE-
LG PB4 H FE R 3G 8 s FE I E A2 B 5T 1Y, )
FEARME, UG B Wi 9218, fcJa e TRE . bk, 34 FPE-
LG TAEFE 1.0 F1 1.5 Hz i}, 2440 28 HLFH N 40 Q
b B A K W A 1 TR, HUJE, 24 FPE-LG TAE7E
2.0 F1 2.5 Hz B, G AME G R B 30 QB 805 K
(T, L, SedE Aoz T 38 i LR & T AR R
PR BE I A

1007, MPa
——0.26

0 10 20 30 0 30
AN R /Q

a.f=1.0 Hz



7 USRS AT ORC IR R GE b A Hh i ZEMZ KL ELZ A LI PR RERZ M A5 241

(e}
(=]

[ p/MPa
——024
70+
——026
=z
5 60F
R
2350
&
im 40t
&
30+
20¢
0 10 20 30 40 50
AP A I/ Q
b.f=1.5 Hz
45- p /MPa
—=—024
40r ——0.26
2
235f
=
=30t
P
o5t =
by
20
15F

0 10 20 30 40 50
A A FRH/Q
. f=2.0 Hz
408, Mpa
—=—0.24
35 ——0.26
z
'Hﬁw -
=
H25)
g u
20t /H\"_\"—‘
156 10 20 30 40 30
AP A R/ Q
d.f=2.5Hz
K19  FPE-LG Ui i i T2 55 S
B3R BH AL e R

Fig. 9  Peak power output of FPE-LG VS.

external load resistances

23 BEEREBRAE
FPE-LG BY%m A BE it <K S p, , IGZEH AL A
FUA H 6 ZEL A TR S s

W,=p,xAXS (6)
FPE-LG fE— T AEIEIR N 45 20
—_ Pmll
W, = 7 (7)

ARG RE B e bR T 3

WU"'
Nen =7 (8)

T AEN %A 1.5 Hz B, FPE-LG A9 fig 1t % e ik
R SE FT B AR R PR DL 100 ML 10 Rf AT,
A R e BRI A R A T B K B ek KR
TN R B X T AN R G A B B 8 B A K BE
ORI AR SR SR AR, 2404 ol
BH43-31 k9 40 .30 F1 20 Qs fe K Al i 75 80K 43501 Ry
72% , T1% F1 73.33% , # 7 19 fe £E 3 SR 150 5108
0.26.0.27 1 0.28 MPa, il <& Ji/NF 0.26 MPa A,
A 1 7 50 A U R /)N B A 4 2K e BRI A 40
30.20 Q; Y PES)E ST 0.27 MPa I, e HSCR
MU U /N 1Y 12 D7 % e BB 24 20,30 140 Q. Y4
Az B 28 P BELAS AR 1) 38 2o BT AR T AR A
1R A RE AL IR ASR

80r
R/IQ
——20
——30
70 ——40

B AR %
3

2y
HE
wn
S

. : : 1 X : .
40 024 025 026 027 028 029 030
WU TI/MPa
K10 REIRALHSCR SR T B
Fig. 10 Variation trend of conversion efficiency VS.

intake pressure

BT ARSI K 1.5 Hz B, FPE-LG fig & #% 3 %
Bifi S0 2 G 2% B B A AR AL C R TE LI 11, A 11 7]
A, Bt 25 4 7 2 R L () 48 K BE R L R L R

75
‘ 1
1
§ 651 : :
A 1
& ! x !
& 55] ' ' '
Y | : :
R
iz | | p,/MPa )
2 45 vl 026 !
. , o ——028
! Po——030 !
1 . 1
336 10 20 30 40 50
Az A LB /Q

P11 BESFACR 5 AME T A B A A A 3
Fig. 11 Variation trend of conversion efficiency VS. external

load resistance



242 XK [H

s 414

KGN R e, TEAN R3S )N B K R L 5% 4
AR ) Fe AR M 1 B B AN R Y, 3 HL Bl A 2R
T3 HG 0 g5 AR A2 B R BB RIS, Y iE SR T
0.26,0.28 Al 0.30 MPa A} , fx K %% e %0 % 5 5 A
73.33% T1%F 72% , FH i 1) 5 FE A0 2 £ 28 H BH 43 531
J3 40,20 Fl 10 Q.

3 4 i

AHFFE LA 2 SR T, 38— RO B g
FENG M-k & AL (FPE-LG) , TF-0F5E T M f 30
FHXT FPE-LG PEREMRZ . BT Lt R .

1) B G SEAL RIS ol 3 S B A T R B 5 A1
B 38 R BEL A S T B 3G T 0 o A0 B 28 e BELAN
AT B TG ZEA Y2 sh R & R

2) 4 FPE-LG [ 4142 T 28 F B 3G Jn B, 06 {1 i 1
HL R AL o, H & Thoe . ¥R H
0.30 MPa, TAESIZ N 1.5 Hz, AMET L N 40 Qi
T KRt FELUFE AT LGRS B 44,4V,

3) B M2 G 2 R B A, e R ) D 2R )
BRI RO TRE . MR 0.30 MPa,
ARSI 1.5 Hz, SMER R BEY 30 QB R R IE(H
F DR 110 W,

4) B o e B AR B E U T A 2k i B K
BHER KRN S Y TAESRN 1.5 He, X
FE 7128 0.28 MPa, #M2f #HL B 30 Qi 5 KRB 4%
PR AT LA ] 73.33%

[ 2% 30k ]

FENG Y Q, HUNG T C, GREG K,

Thermoeconomic comparison between pure and mixture

et al.
working fluids of organic Rankine cycles (ORCs) for
low temperature waste heat recovery [J]. Energy convers
manage, 2015, 106: 859-872.

HUNG T C, SHAI T Y, WANG S K. A review of
organic Rankine cycles (ORCs) for the recovery of low-
grade waste heat[ ] ]. Energy, 1997, 22(7): 661-667.
ZHANG S J, WANG H X, GUO T. Performance

comparison and parametric optimization of subcritical

[2]

(3]

organic Rankine cycle (ORC) and transcritical power
cycle system for low-temperature geothermal power
generation[ J]. Appl energy, 2011, 88(8): 2740-2754.
GUO T, WANG H X, ZHANG S J. Fluids and
parameters optimization for a novel cogeneration system

driven by low-temperature geothermal sources [J].

[7]

[10]

(11]

[12]

[13]

[14]

[15]

Energy, 2011, 36(5): 2639-3649.

KANG S H. Design and experimental study of ORC
(organic Rankine cycle) and radial turbine using
R245fa working fluid [J]. Energy, 2012, 41 (1): 514-
524.

ZHANG Y Q, WU Y T, XIA G D, et al. Development
and experimental study on organic Rankine cycle system
with single-screw expander for waste heat recovery from
exhaust of diesel engine [J1. Energy, 2014, 77: 499-
508.

GALINDO J, RUIZ S, DOLZ V, et al. Experimental
and thermodynamic analysis of a botto ming organic
Rankine cycle (ORC) of gasoline engine using swash-
plate expander [J]. Energy convers manage, 2015,
103: 519-532.

LU Y J, ROSKILLY T, SMALLBONE A, et al. Design
and parametric study of an organic Rankine cycle using
a scroll expander for engine waste heat recovery [J].
Energy procedia, 2017, 105: 1420-1425.

NICKL J, WILL G, KRAUS W E, et al. Design

considerations for a second generation CO»- expander

[C]//Proceedings  of Natural ~Working  Fluids,
Guangzhou, 2002.
NICKL J, WILL G, KRAUS W E, et al. Third

generation CO, expander [ C]/Proceedings of the 21th
International of IR,
Washington, DC., ICR0571, 2003.

WEISS L. Study of a mems-based free piston expander
for energy sustainability [J]. J. Mech. Des. , 2010, 132
(9): 091002.

HAN'Y Q, KANG J J, WANG X F, et al. The effect of

cylinder clearance on output work of ORC-FP used in

Congress Refrigeration,

waste energy recovery [CJ//Society of Automotive
Engineers (SAE 2014 ), International Powertrain, Fuels
& Lubricants Meeting, Shanghai, China, 2014- 01-
2563, 2014.

PREETHAM B S, WEISS L. Investigations of a new free
piston expander engine cycle [J]. Energy, 2016, 106:
535-545.

CHAMPAGNE C, WEISS L. Performance analysis of a
miniature free piston expander for waste heat energy
harvesting[J ]. Energy Convers Manage, 2013, 76: 883-
892.

WANG Y D, CHEN L, JIA B R, et al. Experimental
study of the operation characteristics of an air- driven
free- piston linear expander [J]. Applied energy 2017,
195: 93-99.



7

AE T A5 AME TR ORCARFAMI R GEr [ i ZERAKAL- LR LB PERERZ I DS

243

[16]

[17]

(18]

HAN Y, LI R, LIU Z, et al. Feasibility analysis and
performance characteristics investigation of spatial
recuperative expander based on organic Rankine cycle
for waste heat recovery [J]. Energy conversion &
management, 2016, 121: 335-348.

LI G S, ZHANG H G, YANG F B, et al. Preliminary
development of a free piston expander- linear generator
for small-scale organic Rankine cycle (ORC) waste heat
recovery system[,]]. Energies, 2016, 9(4): 300-317.
TIAN Y M, ZHANG H G, LI G S, et al. Experimental
study on free piston linear generator (FPLG) used for
waste heat recovery of vehicle engine [J]. Applied

thermal engineering, 2017, 127: 184-93.

[19]

[20]

[21]

HOU X C, ZHANG H G, YU F, et al. Free piston
expander- linear generator used for organic Rankine
cycle waste heat recovery system[J]. Applied energy,
2017, 208: 1297-1307.

HOU X C, ZHANG H G, XU Y H, et al. External load
resistance effect on the free piston expander-linear
generator for organic Rankine cycle waste heat recovery
system[J . Applied energy, 2018, 212: 1252-1261.

H . A s 2SR L T LB S RGBT
FED ] bt JEatHE TR, 2008.

XIAO C. Mechanism Analysis & System Design of the
Free Piston Generator [D]. Beijing: Beijing Institute of
Technology, 2008.

EXTERNAL LOAD RESISTANCE EFFECT ON FREE PISTON
EXPANDER-LINEAR GENERATOR FOR ORGANIC RANKINE CYCLE
WASTE HEAT RECOVERY SYSTEM

Zhao Tenglong', Zhang Hongguang'*, Hou Xiaochen'?, Xu Yonghong’, Yu Fei'?, Liu Yi*
(1. College of Environmental and Energy Engineering , Beijing University of Technology, Beijing 100124, China;
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3. College of Electrical and Mechanical Engineering , Beijing Information Science and Technology University , Beijing 100192, China;
4. Datong North Tianli Turbocharging Technology Co., Lid., Datong 037036, China)

Abstract: In this paper, a test rig of free piston expander-linear generator (FPE-LG) for organic Rankine cycle (ORC)
waste heat recovery system using compressed air is established. Based on the FPE-LG test rig, the experiments of external
load resistance effect on the motion characteristics, output performance and energy conversion efficiency of the FPE-LG are
conducted. The results show that the displacement and velocity of the free piston assembly increase with the external load
resistance. As the external load resistance and intake pressure increase, the peak voltage output of the FPE-LG increases.
The maximum peak voltage output is 44.4 V. The peak power output initially shows a non-linear increasing trend when
growing the external load resistance and stabilizes in the end, the maximum peak power output of 110 W can be achieved.
In addition, the energy conversion efficiency of the FPE-LG first increases and then decreases with intake pressure and
external load resistance. The maximum energy conversion efficiency can reach up to 73.33%.

Keywords: free piston; waste heat recovery; experiments; output performance; energy conversion efficiency; ORC



