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Investigation on Performance of Triangular Rotor Pump
Based on Numerical Simulation and Experiment

LI Shucai LI Mengtian ZHANG Xiao ZHANG Qingsong HAO Pengshuai WANG Ziang
( Geotechnical and Structural Engineering Research Center, Shandong University, Ji’ nan 250061, China)

Abstract: According to the principle of Wankel engine transmission, a double inlet and outlet triangular
rotor pump was designed, and the working principle, structural characteristics and mathematical model of
cylinder line of the triangular rotor pump were described. Mathematical model of mechanical losses of the
new pump such as seals loss, rotor end loss, bearings loss and gear meshing loss was built. The working
fluid in the pump was numerically simulated by using Fluent. The results of numerical simulation and
mathematical model were used to calculate and analyze the flow rate, pressure, mechanical loss and
mechanical efficiency of the triangular rotor pump, and the results of numerical simulation were verified
by experiments. The results showed that at a rated speed of 190 r/min, the inlet flow rate was fluctuated,
and the three working chambers alternately performed suction and discharge, and the total outlet flow was
relatively stable. The pressure cycle of one work cycle of the working chamber included four phases of the
working chamber expansion phase, the rapid pressurization phase, the stable output phase, and the rapid
depressurization phase. The flow rate and pressure recorded in the experiment agreed well with the
predicted values. With the increase of the rotational speed, the pressure and flow rate were significantly
increased. The predicted values of the flow rate and pressure at the rated rotational speed were 8. 96 m’/h and
2 013. 92 kPa, respectively. The friction loss of the seals, rotor end, bearings, and gear meshing at the
rated rotational speed obtained by the mathematical model of mechanical loss were 103.4 W, 182.5 W,
60.5 W and 33.2 W, respectively, and the predicted and experimental values of mechanical efficiency
were in good agreement, which were 92. 9% and 93.3% , respectively.

Key words: triangular rotor pump; Wankel engine; mechanical loss; numerical simulation; experiment

YR H . 2018 06 —09  f&[8 HIY. 2018 07 —23

E£WA . ERESULTIWH (2016 YFC0801600)

TEERBN: RS (1965—) , 5, 242 A S0, T2 S B JO K T A B P TR G 5T, E-mail ; lishucai@ sdu. edu. en
BEEER: KT (1983—) 53, AR, B2 N TRK K IR IS K T AN ST, E-mail : 156207068 @ qq. com



390 P

b BB R

2018 4F

0 35

iR R T Wankel & SIHLIE 57
BRI B R e 15 2 AR, i R B N T = AT
RN, E—F R FH OO 3 78 g % Ak hy e
BRI AL SEGMEE P, Wankel &
SIHLAGE S TE T 55 s (035 ZEWLA T LR S (2 T AR
5 2R A AR B ) O ARSE v | DR S g
PEAABE B far TR (s FH A S A, DT N2
AR E IR B 5 M 2 e A8 shHLA A5 15
FEER R AT LA N ) B 2 ; Wankel &
LA B R R A=) R
R = AT R bl A0 B S H A Rl e
e e TR R

5V BEHLARL, RIS s T e, 4%
TR 1A A il B % , Wankel & Bl L% 20 J5 24
AT A ML T I RZIK AL, BADR ™ %) i 1
T —6EHIH Wankel 2K HLAY 27585 B 8h T P64 &
4i, ANTONELL %"~V 3@ s BfiE 1533 & S 8, iF 92
TIZIE AR S BUREE BPERE R A, SADIQ 251 3
it CFD X§ X% Wankel BEZKAIL £ (RS i 17
TSR, BEIZAN, B 0] LIS Wankel & S5 5 R
PR FIARET R B 5 IAHL K IR L% s A
2, th s shats shs 1m0z sh K s i e F B
AL TR e MR 1 #5468, 1969 4F VERBISKI
AL P S PR T 8 Wankel & SHLIL 3h 5 B4 A i
BEE SEZE I T T ME, MITSUT 250101705 3
Wankel & shHLA% ) JF# A T BEEAT T 5250 0F
5%, WAPPENSCHMIDT 258 it fi 44 1% 26 A\ T0o ik
137888 W aT s tb A7 1R 4 T Ik sh =
AR AR, BRI TR O = A
FETA FIEAT T S5 4 B MERE S AR T Y
5%, GARSIDE™ 5 PENNOCK %' %} Wankel %%
F% B 16) 1 B P9 A2 1 R bE UEAT T R T, WAN 45
I ZHAO %52 S X e F A8 - AT T = 2 4 4k
(EASLALL, T2 A AT T 2 PN DA 45 ) RS (i T 00 45

HARI ] Wankel & s #LAL 20 B A2 T He 4 5%
ARG AT HTE , (EL R i G 27 35 3 3k B5C(E AR 400 F0 0 A
S X L, BT I P A 1) P R R AN R A Ak
G3MT. ARSCLA Wankel % shll Ry IR A 353t — 300G
R ) = R I S A A R
BRI TSR

1 =ZAEFREMFEE

1.1 %
AT R R AT BT G AE AE

PR, N 1 B il 3 S U P AT 59,
E SR O R A TR R S AT SR L
SRR A5 E e L, 58Tk
P RGP 203 0 5 R EiRO . T
REGLAR I EI 3 A T AR I, 8 i i O 10l 5% 32 B (75
3 TAR I AR R A= U, 8 U A FIAE AR
B A O E, S D3R
li] i

1 =7 Ras
Fig. 1 Triangular rotor pump structure
LR 2. mr MR 3. 6% 4. i 5. AIAE 6. BT
7 MR 8 HEH 9. AR 10, K

1.2 T1ERIB

Y e A 1 e Mo a6 b, How i de 5567 1
() PR P Al 5 A v e 6 ) il 7
01 I 5 B~ vl il 6 ) Bl %) 328 FF SR B ot b 32 2
FPUNER 5 AR e O b R R R AAR PN R R 2k
FXURIMKABRLL | e T LRI 53 1 3 A TAERE . #%
F B0 [0 55 32 sh 45 3 A TAE B A9 IR W AR
b, K 2 Fos, SR GE s o H e 2
g o | PN ES R U K A R IV e e = B4 kv
HEFF R OB (T B 2l e Lol 3:2, & 2
HE ] 2a (7 EFE B 2 (B A B— T AR
T AEI T 1 HE A TSR, 7Tl 2g
VB 2 ] 21 A7 B % TR 1] 2a A7 8 R W] — A T4
FESE 2 A TAES R, XA LA 10— 2 30
JEIST, 10 = A4 o 3 B BP 3 A TAES L5 AL 6
U AFHE th AR, oA w4 3 0 A A
H L&A — ]
1.3 MEMIMRIRLIRE

TR E TN LA SO MR IR L,
WE 3 FiR, 16X - Y BAR RSP FEF 00 5 E

HPLRIIEE 0,0,06208 e, 75 g v,
O, ¥ ML B, C )iFZE LR o, IRIEIE H
ez sh i, ar, =Br, , 2R 0,5 0,848
Feh 273, A IR B =3¢, i 18 LA ¢ 28 A] LU
GGE



FoH

BARA G BT RUER S SR = TR EREDT Y 391

l_i )
P2 L I P A T A

Fig.2  Working principle of extrusive eccentric rotary pump

AN, (S,
0 t:\___)}{/}/

Q.

B B
BI3 AL
Fig.3  Cylinder shaped conductor

Ccos

B
cos,B] R 3

1
sinf3 B (0
3

lO]C + lozc = e[

2 mER
2.1 EHFRE
IR B =T R A B R B AR AR TAE
RS M, SRR SRS Y, A
[F) 20 3 EL A A ) A s B RN g, i St T R
apy . d(pyv;) _

at 0x; 0 (2)

Hr pu=(1-ay)p, +aypy (3)
X p—#E ——

o Iy TR SR

x——j Iy L A b

oy, —— =S YA TR
T M.V L FZRIEEY 251 R,

By R Ny
d(pv, d(pv,v,
(g;a) . (gx;) _ —g—i+fi+

K (M %,é@e)
(')xj[('u’-i-lit) 8x-+6xi 3 8xk6ij ] (4)

At o, Iy L S R i
M e
S— B RIS

v J7 [l B B A3 N P (.

x,——k J7 LB AR

8,—— L N

e, —IRE R B S BRI i UG

20 AR AR ) 05 R A 45 22 A Z TR i <4 &
BB B0 R N
a(a,p,) +6(akpkvi) _

ot ox, S (5)
AP S— R LR
N R Sl

2.2 RANBEMERESTE

A TR AR Y OO BE B A R R, TR
FEWG AR5 HE 117830 , 25 55 O 68 4 38, Xk 7
BEAEAE 1A 15 R ] [ B T T L]
BRULZ A, 5 7 e ol 0 0 TR AR AR TAE I 23
PR AR SE M , AN 4 TR, M B R RIEE R 1 YER

%
q |

b i c Ho

2 2
C g .,
B

e figs

1 a 1

K4 =fskraan

Fig.4 Triangle rotor pump section
BF, TAERE a 5 TAERK ¢ S8, = AR i
m,, Y TAERE a 5 b #iE B 328 R m,, s TAEE a
i 1 IRA MR R m,, WA m,; T
AR S 1) i TET ML G £ A m, o TER 20 ¢ TAERE a TR
Jith m(e) 16 ¢ + At B2 TAERE a N By A4 5T

N



392 P 1 R = 4

2018 4F

m(t+At) =m(t) +m, +m,, +m, +m,, +m,
(6)
2.3 WK EE
[l 9412 X T Wankel & SHLEE #2451 2 43 Hr
FEAE PR R B R G R Z M
XF T = A0 5T ARBUAR S RIS A 2 A0 455 3= il
R EEEAIR e 5 TR B R i TR 2K B k7
FEmE S ALK A
2.3.1 R RERBUR
KNOLL %52 3% = ffy i - 5 B i i BE AT T
S3MT AN 5 B TR 2 T R R S AR A B R
Fo B E R SR g SR R FE T P S I
BB T1 N
- m (e, —a,) +p, —np, +F,
TR (uy +pe)siny + (1 -y cosy
pnFy =pxm.a, —pyP, +pyF o (pecosy —siny)
(8)

Mol

X F—J5h  m—HEHAEE
pu— R a— N
y— B R A
TAAbR N FRoREE R SERE A C RoRBH R
5 A PR A T 5 s R S SR T s
w FoN BB AR FR A AR BRE

K5 SEEZIIHT
Fig.5 Force analysis of seal
(1) XFIFIE] ¢ 33 T LAAS 3] %% 3 e 4k B A
X5 Y o

gl R BB
v, = —esinf i

3 3 dt
B_R B dB )
v, =ecosP au + 30830
W UTELRE R DI 10 R o S AR U v,
v, = —v,sin g +v,cos g
B B (10
Uy S0,€08 +v,8in 3

S UL RE R D) 1] BEAE R R L, AR ] PEE AR
XK LT AR N

L,=-u.F,. (sting+vycosg) (11)
L, =pFy (vxcosg+vysing) (12)

2.3.2 Sk
e 1 1 i T 2 S P A1 T L L3R A 1) e i T
W , 25 Bl 85 B BRSO B 5 3 A AR
ERET YRR JE VU IR LA Rk 8 i 0 g s BE T
Wiy, iz ghid A il iz s i T LAZ AN T, % &
S ) B B AR 0017 X 8 75
R4 B it T 5 PR B 4B K RO 5, AT LAA 1) =
PR 1 A Sl LA i T 4 R4 Ky
2o, (R - R)

L = 5 (13)
K L——HFe FommEE
T DR
co—— i S A

o, — T A A

R — A3 4%

R — i FF 842

S— T~ 1H] 5 i % [A]
2.3.3  HRHik

AT I R T A S i S 2R 3 AT
R, FLEESRAR O T LAARSE SCHik [ 30 ] 753

L, (14)

cS
2 -w,)’RI
Lhez Tr/‘L] ((1) wr) e’e (15)

Arf L —— TR R E R

L, —EFF SR EE R R

o, —l7R A 5% M

R—HR4%

1 —— A R K R

I, —— T AR K
=t 29 5 R g ] B
HERTEUE R AR
2.3.4 FREMEAIIR

AT R R R 3 5 e T BRI
WA SRR AN AN R ELE AN Sl N A
BEFL T A TS AT . AR = AT R RARA
gt (Ee6) ik KT FaT LA i R
JE 1 fRRI T N, fR 0 Ve D1 R AR 1) 1 Fnf
TFHBEDBYES LR A N, = - S22, FFRIE.O
BT S, = mew® , o m R i, Bt LG 48 1%

CS

CC

S,
2sinf

(16)




oM

BEARA A BETRUER S SR = e T R EREDT Y 393

lFIJ

Ko sz imhr

Fig.6  Gear force analysis

MENFERECN 2, Bl B R A I B 1, 5
3]ty b e — L 1A 8 I A AT W — i, T Bl
Ry 22,1, AR n = 0/ (2m) , W] LUAS 3] A4
T SRR U

z 1w

v, =2zln= lﬂg_ (17)

A RIS B e W5 B SRR
,udgzllgmrea)3
= 2msing (18)
A, —— kA R B A7 Ta] BE 2 DA KL
2.4 imifiiRE
2 B BRI 21 R 53 85 B s A B 5 T A R
UM BE, % B SST ( Shear-stress transport) k — o

( Turbulence kinetic energy-specific dissipation rate ) Jij
ofsom

d(pyk) +a(lewj> - %_B* wh +
ot ox,  Vow, © P
d ok
e v w1 (19)
d(pyw) +a(pmwvj) _7717_ 0y, B w +
ot ox, v, iox, P
d dw 1 0k dw
0x; (M+o-‘"'u‘)6xj ] +2p(1 _Fl)a”’zw dx; 0x;
(20)
E2VE LI it UL 5 1, 7
v, AN RS

,8* NN 2 \ﬁz NN \Fl%%gﬁ,ﬂ1$ﬁﬁﬂbl
M MENTER ' f il 5% rh 35 B,

3 LERE

S AE— A ARG ] P R AT, R 7 R,
S R G 15 kW AT B S HLEC & T A S 2%
RSy, o445 FDDCIITEP2M3 A HlH,

G = i1 . FD80/86 AUV AY [& ) % Ji&#% . HCNJ —

101 FUBZSHH SR A% R 25 i W il 14§ i 53 NHR —

8100/8700 AU {6 JC 4% 1C S AX AT L B i /s I 18

S, TR EE
|

2 3

£ 910 11 12
K7 SRS
Fig.7 Experiment system
LBHRRAE L 2 8B 3K 4 R IERESY 5.
JEER 6. A TR 7. RHEEAE SEhPl 9. LR
HiF 100 fkob&gahas 11, CCD BARNL 12, HIAE LR

MEAZE Ve AB — 1. 25D R =% 74 B G
PR AR A = A 5%+ AEAE 130 ~200 1/min %
T ITERESHL,

4 =RAEFREEEREL
4.1 HEHERE

FI = 4 B Solidworks X = #5152 N
TR B S AT A SRR, AR S HR =
90 mm.e = 12 mm, TR B 32 mm, * Ansys
Fluent 18. 1 Xl i 5 AT BUE AL, ZEHL SST £ —
o it LI | R T B I SR PR o RE T AL B 5 3%, A o
I TR B T AR AN BT IR B, i R T R AR
o FRH A e ) o EE R AR A PISO Uik, R
JITR FH Standard A% 2, HARITUER FH B JUkg =X
e e 1] 545 T = () 42 fh T ) FH A2 18T (interface )
B WSS E N 1 x 107, 43T RD
SEBR TAEGOL, 1 A& R B i
J1i#EE7E Fluent HH) FH 20 A& J5 2k ] CG 22 8K
Bl 138 Sh AT

FIFH AT AL FRAR 1 TCEM B AN 3 AR B8 R 4T R A%
R4y, N 8 s, R INTILE I J LTI AR B2 4 fiR 4

K8 MRS
Fig. 8 Mesh generation



394 P

AT A S

2018 4F

BEARIIME B AIE 25350 3 1 D00 % 1 285 R SR U
— L, BRIVl (] 50 43t A 4l 5 4 b R ke o
B8 RST HEA TR ARl s A PR 0 72 R Ak AR SR s
A B 5 22 A 3 A R 7 A ) R A B R R A%
DA FH T Sl 25 A% (R AL T i 1 A 2 8 7 1
3R 5r R EER A . 3 FHAS K/NR T mm B
AT R IR AUARR 2 H 0. 8.,0. 5 mm i
e, —HBmE K 0.89% , et B AW N &
TEJG ST s (AR 3R IR 28548 DA 36 FH R
/N 0.8 mm AP WILR RS EE A 3 823 606,
4.2 HETEERSH

& 9 Sy 5 5 4 190 r/min B RCIIZE 5L | il
F- AL — PEl A A 0. 236 8 s, 7 1.2 TRl A, X

o0

At m* - W)

[=e—T{Ela ——T {ElEDb

A Y VR ¥

WAL & T A R AFIHES . B 2a ~2¢ K
—ANTAERS AT 1 AR 1 HE A g A
HrfiE 2a ~2d iz TAEREW AR, B 2d ~2g
FrHEH LR B 9a R PASIE T R B S U] A A
feh 2k, i i A IEME, W Ul B 9a Hh e
Bk 20 A 11 1 FEAR AR 2, HRh gk 11 1 B g R
JAXTI I 2a WA B B 20 HE O 1 W A I A #)
HKAE Q,, WK 2b ~2¢ R a7 B 7 o, B2
b | I W= N o 5 S o L T W <A
W 7R o B Z0A 2 D HE R B K Q,, M
Bl 2e ~2f 32 72 A 0] 43 B 5 76 o, B 200 18 10 1 30 3
20, BEEDH E 1 By OGP PR 2 B
I A

I ffRe :

A

At mt ")

i i) /s

(a) 3 2 A

001 02 03 04 05 06 07 08 09

T o
(b) TR

(e) Bt

Ko R ERERZ

Fig.9 Single cycle performance curve

& 9b 2y 3 AN T AR s 3 12 Bl e ] () A2 A il £, 3
AT AR BEAT W A TN HE | il 5 5515 3h 3
B T e B — A R s i AR 3 AN I R A 8
AP AFIHE S A ob H o, ) o BFEIBE, AT
VEWS ¢ A, 76 o B 20 5% 1067 F 1] 2a 00 B AL, i
FERFERE 0 0,55 X — ¥ Ards £ 505 ( EHh 3
W) I o, TAE IR ¢ BLit S X Ay /1 B
K 0° 5 7E 1, B2 5 A AE R 2b 5B 2¢ R
S B Ry 135° I T AR Jis W AU B 3k B e KA
TE ¢, B 205 A FE 1K 2d 67 &, B o 270°, TAEME ¢
BRUR BN, FF IR A A HE 76 ¢ B2 T
YERE ¢ HEH i1k B i KAE, Je ff1 B ol 405° 5 7E 15 B
ZETRERE 2g fEEAL , TAEE ¢ W TAEA B4 i
He, J2 /0 B R 540°, & 9¢ MR A Al 2k,
AT LAR AN 151 58 B0 HE R AR A o, 38 W0 A — i
S e R AR

9 rhnl Lk BREE 101 90 B sh K, H T B
BN R T TAE R E A BUR /ANVE R fe g
B TARZ iR, (EAS B AR R E PSR, i T AR 2%
BURSG B i b i BT el R R RS e,
QAL 10 Pk Sk B O s g b 5k 0 2 4
A TAE R IR E R A s IR AL, S e 1 i

A Y T AR RN

o MO e
32.05 = " L - HO2
' T P Al T ~ e
24.04 : :
s

L 16.03

| 8.014

1,
10 gk BB O A4l 2

Fig. 10 Flow and velocity vector simulation results

P 11 R AE 190 v/min I HY T TR 9 B T4 fi
BRVEACHTE R L, B th 403 4 4B B TAE
JE ZE B G R B R i BB R R
FrBe, i Sk 1.2.3 4 fion, TAEED 2 BB
TARREZS AR S/ ME v, B RAA v, 2B
HECTRY BRI S S ] R DG HAT IeB Be s R
J178 05 PR F B B - Y S ] BRI BE R S, AR R
B EKAE VN v, EB B O T 0 R
MG IR E T p, s Foe S B B AR 281
VB VBB DR R T A 18 T %
MR BRI T p, , AEaE B TAEE 1B Be; th
HEERRTEL: TAERABE B V3N R/ IME Y,
BT R O, L 171 B ) R B 2 G AT



PR A BT RUERH S S0 0 = A 5% TR RERT ST 395

2500

2000

1500 |

E |
o 1000
500
OF il I L L i L |..-I L card
0 20 40 60 80 100 120 140 160 180 200
HE i 7 Bl em?
K11 TARRE T
Fig. 11  Simulated and experimental indicated cycle

T 12 S AN [R5 3T e 0 i S 6 S5 40
{8, AT LR B, B 2 A o i 3 v, R R B B 4L
HREH AT ; B AR ) B S SR (W A
U RSB KT S 5618 5 190 v/min B 3L fE A HUL{H
4 8.96 m’/h, K JIBHUAE R 2 013. 92 kPa,

951 .

90F —w—5k 5-’-5{|’i_ .

gz
* U

8.5

8.0+
.51

i tAm=h")

7.0
6.5F
6.0

5.5

TO130 140 150 160 170 180 190 200

S (remin')

2200

2000+

1800 +

1600

H: /1/kPa

1400

1200+

1000

130 140 150 160 170 180 190 200
EEE (r-min')

B2 Wi R SE s S
Fig. 12 Simulated and experimental flow rate and pressure

4.3 HUAEIRARHFEDER

AT SEHARMERF B 4 FIHLAER 2 i) L SLME, AL
P 2 0 2 15 20T LA & BRI 2k 15 75 56 &R
AR, AL BAE 51T IS5 4 FhHLARAR 2 b2 o 1)
ARG (18 13) o L o S e Lo L, S L,
AR LN L, 5 L, BRI, TE—E Rl N, B
LI TR, 4 FiATUAMCARE 26 A WG O JFG v i T B 452
P b Lo d ey, BERE B L B K, 7E 190 1/min
WL, L, L, L4 FPHLBAR 220 50 103. 41825,
60.533.2 W, 5K 27.2% 48.1% 15.9% .8.8%
B Ry 379.6 W, BUEAL Y DL AL R 5 5L
BEE AT AR 1 FI7R R )G 80T 5256 I HLARS
T LB /N — L AR X 22 550/ )N, 28 Al 3

FEARAF— B0 Y55 3K 2] 190 v/min B HUBEER K
FEALLAE A S 56 (E 43 )3k 2] 92. 9% F11 93, 3% ; 24 %% 1k
IAF) 200 r/min B, Tz TSI E S LA A (E,

B TR AR i 22
450
ao0r ok
350F —a—1
oo Tk

-
250

200
150
100 - ._._/*—*”MM

S50F Mﬂ
0930 140 150 160 170 180 190 200

EEH (romin')
P13 HILAAD Ok Bl i ) 72 1k
Fig. 13 Mechanical losses varied with speed
&1 M ENRNES XKE
Tab.1 Simulated and experimental mechanical efficiency
%

LA /W

T/ (remin ™)
130 140 150 160 170 180 190 200
BE  90.2 90.8 91.3 91.9 92.3 92.6 92.9 93.1
SIB(E 88.3 88.9 90.8 91.3 91.8 92.1 93.3 83.9
MxFRZE 2.2 2.1 0.6 0.7 0.5 0.5 -0.4 11.0

2H

F 3RS B R AR SO B A AL K B
BERIFF & = A TR0 LB TARIG O, B 5%
PETE, JURP ML 26 #0A AS [R)RE B2 i 34 K, (2 MUK
BCRAMIE R T, Uk B Rl e s B w5 S AR A AT 3L
FHAHLT o LA 1% K, T3 67 28088 3 i sh LAY 0
FE(H
5 it

(1) LA Wankel & Bh#L R AL, B3t 1 — 380
WO = M7 R T = AT R0 TR
S5R S BGMA MR AR LA | 5 2 B A = ff
MEFIRRE R T T, e i S I X AR A
SERIEAT T HGUE, SCHR IR AN S WA M) A 8
U, BTG A 1, T AL s A UL (AR B S 4 T
B e ol A R ) BB 43 R 8.96 m*/h
2013.92 kPa,

(2) W EUERH A B, U 101 3 e sh R B
il sl BE A AR TR, 3 A T AR 3SR 58 B A RN HE
o il F AT 360°, S I A TARRE 1 IR A FIHE
W5 AR ORI A L 10 A 0 R S e AR ] A B AR
b, W R TRR TAERS 348 TR
25 PedHE R e PR 4 B

(3) FEAE 5534 190 v/min B, 38 355 AL 26 %%
ARG B S 2 379.6 WL, (L, L, L,



396 S 1 R = 4 2018 4F

S35 103.4182.5,60.5.33.2 W, (5 3l s AR AR K MLAUSOR A HULE 5 52 50 (H 4K
27.2% 48.1% 15.9% 8.8% ,Horh L5 e b A&, 73 92.9% F193.3%

DO -

e

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31
32

33

2 % x #t

WANKEL F. Rotary piston machines{ M]. London: Liffe Books, 1963.

ANSDALE R F. The Wankel RC engine[ M]. Cranbury; Barnes and Co. , 1969.

PENNOCK G R, BEARD ] E. Force analysis of the apex seals in the Wankel rotary compressor including the influence of

fluctuations in the crankshaft speed[ J]. Mechanism and Machine Theory, 1997, 32(3) . 349 - 361.

LEE C H. Design and fabrication of a micro Wankel engine using MEMS technology[ J]. Microelectronic Engineering, 2004, 73 —

74 . 529 —-534.

WF R IR RRSE. ST R EPLRRE  S R RS SR [ T]. HRAIL, 2006, 36(3) : 1 -3,10.

PEI Hailing, ZHOU Naijun, GAO Hongliang. The characteristics and improvement of rotary engines[J]. Internal Combustion

Engines, 2006,36(3) : 1 -3,10. (in Chinese)

DANIELI G, KECK J C, HEYWOOD J B. Experimental and theoretical analysis of Wankel engine performance[ C]. SAE Paper,

740186, 1974.

OZCANLI M. Recent studies on hydrogen usage in Wankel SI engine[ J/OL]. International Journal of Hydrogen Energy, 2018.

DOI: 10.1016/]. ijhydene. 2018. 01. 202.

BADR O. Wankel engines as steam expanders: design considerations[ J]. Applied Energy, 1991, 40(3) . 157 - 170.

BADR O. Rotary Wankel engines as expansion devices in steam Rankine-cycle engines[ J]. Applied Energy, 1991, 39(1) . 59 —-76.
ANTONELL M. Operating maps of a rotary engine used as an expander for micro-generation with various working fluids[ J].
Applied Energy, 2014, 113, 742 —750.

ANTONELL M. Experimental results of a Wankel-type expander fueled by compressed air and saturated steam[]]. Energy
Procedia, 2017, 105, 2929 -2934.

ANTONELL M. Numerical and experimental analysis of the intake and exhaust valves of a rotary expansion device for micro
generation[ J |. Energy Procedia, 2015, 81; 461 —471.

FRANCESCONI M, ANTONELL M. A numerical model for the prediction of the fluid dynamic and mechanical losses of a
Wankel-type expansion device[ J]. Applied Energy, 2017, 205, 225 —235.

SADIQ G A, TOZER G, AL-DADAH R K, et al. CFD simulations of compressed air two stage rotary Wankel expander-
parametric analysis[ J]. Energy Conversion and Management, 2017, 142, 42 -52.

VERBISKI N, BECKETT F, JERABEK O, et al. Pulsatile flow blood pump based on the principle of the Wankel engine[ J].
Journal of Thoracic and Cardiovascular Surgery, 1969, 57(5) : 753 —756.

MITSUI N, HAVLIK P, MSEANA T, et al. An electrically-driven rotary blood pump based on the Wankel engine[ C7] // Tokyo:
Springer Japan, 1993 . 281 —286.

MITSUI N, FUKUNAGA S, SUEDA T, et al. Study of left ventricular bypass using Wankel type semipulsatile blood pump[J].
Artificial Organs, 1998, 22(5) ; 419 -425.

WAPPENSCHMIDT J, AUTSCHBACH R, STEINSEIFER U, et al. Rotary piston blood pumps: past developments and future
potential of a unique pump type[ J]. Expert Review of Medical Devices, 2016, 13(8) : 759 -771.

R, AR AT SE AP, 1980(11) 119 -26.

DONG Jinghui. Triangular rotor pump [J]. Chemical and General Machinery,1980(11) :19 —=26. (in Chinese)

GARSIDE D W. A new Wankel-type compressor and vacuum pump [ C] // IOP Conference Series: Materials Science and
Engineering, Batu Ferringhi, 2017, 232(1) : 012065.

PENNOCK G R, BEARD J E. Force analysis of the apex seals in the Wankel rotary compressor including the influence of
fluctuations in the crankshaft speed[J]. Mechanism and Machine Theory, 1997, 32(3) . 349 - 361.

WAN S, LEONG J, BA T, et al. Numerical characterization of the performance of fluid pumps based on a Wankel geometry[ J].
Journal of Fluids, 2014 (12) . 1304 —1313.

ZHAO Y, WAI L, YHONG-SEE L. 2D CFD simulation of a pump with Wankel engine geometry[ C] //11th Asian International
Conference on Fluid Machinery, Madras, 2011.

LI X, YUAN S, PAN Z, et al. Numerical simulation of leading edge cavitation within the whole flow passage of a centrifugal
pump[J]. Science China Technological Sciences, 2013,56(9) :2156 —2162.

SCHNNER G H. Physical and numerical modeling of unsteady cavitation dynamics [ C ] // 4th International Conference on
Multiphase Flow, New Orleans, 2001.

ROSE S W, YANG D C H. Wide and multiple apex seals for the rotary engine: (abbr. ; multi-apex-seals for the rotary engine)
[J]. Mechanism and Machine Theory, 2014, 74 (6); 202 -215.

BEARD J E, PENNOCK G. Acceleration of the apex seals in a Wankel rotary compressor including manufacturing process
variation in location of the seals [ C] // 15th International Compressor Engineering Conference at Purdue University, West
Lafayette, 2000.

KNOLL J, VILMANN C R, SCHOCK H, et al. A dynamic analysis of rotary combustion engine seals[ C] // SAE International
Congress and Exposition, Detroit, 1984.

00I K T. Design optimization of a rolling piston compressor for refrigerators[ J ]. Applied Thermal Engineering, 2005, 25(5) :
813 —829.

ZHANG Y, WANG W. Effects of leakage and friction on the miniaturization of a Wankel compressor[ J|. Frontiers in Energy,
2011, 5(1): 83 -92.

A, R ZA%FREIWLIM]. dba. ERE T, 1990.

ZHAO Y, WANG G, HUANG B. A cavitation model for computations of unsteady cavitating flows[ J]. Acta Mechanica Sinica,
2016, 32(2) . 273 -283.

MENTER F R. Two-equation eddy-viscosity turbulence models for engineering applications[ J]. AIAA Journal, 1994, 32(8):
1598 - 1605.



