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Influences of several parameters on aerodynamic performance

of micro-radial turbine
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Abstract: Based on the characteristics of the millimeter-scale radial turbine, the corre-
lations between turbine performance and the aerodynamic parameters were studied by com-
bined theoretical analysis and empirical correlation. The laws and the scope of the influences
of the key parameters on micro-radial turbine performance during the aerodynamic design
process were discussed. These criterions were proved to be reasonable through the design
procedure of a millimeter-scale turbine and the related 3-D numerical analysis. Contraposing
the unsuitability of the adiabatic wall condition of millimeter-scale turbine, the effect of heat
transfer on turbine performance was discussed. The guidance was given to micro turbine

aerodynamic design through those results.

Key words: micro; radial inflow turbine; numerical simulation;

aerodynamic performance; heat transfer

90 s

:2011-12-16
shttp://www. cnki. net/kems/detail /11. 2297, V. 20121015. 1020. 201210. 2287 018. html
(YWF-10-01-B03)
(1987—), E



2288 27
MEMS( ) . [s]
-
20~30 M, .
MEMS
90
sl
1
10 ,
10 mm , Uy s Q.
s 160000 r/min, a
28 W L1, (14l
' Nabd = 2u, {gDCOSmM* Diu, +
’ D,gcosp[Q+ ¢ (1 — ) + Diut —
[7]
[8-9] ZalgDCOSal«/ﬁ]%} @)
10 mm 40 mm, Tpebd “
. (3] (
, 900 000 r/ min
), B (
), D,,
15%, 2
’40% (28] S[} 7
R 1 ’
35 mm 4 ’
[10] ,
FU Lei - ’ -
10 mm Nis = 2f<q>ul{gDCOsam/l_.Q—Dgul +
s : D.geosp.[Q+ ¢ (1 — Q) + Diut —
2;1§DCOSQ] MJ%} (2)
(D) 7 s T
\ f(Q . 1
? ’ ’ XY
- ) -Q ) )
’ 907$[17\Q ’
’ @
, Dambach"* Re ,
] 4 [9] 50 Sb
0. 85 0.8 JASD) )



2289

10
[3]. (157, 1 =
= 1
’ TCis 1— 1 (l — ) (6)
1. s
s h-S 2
A—B —C —C( D. , 1
’ /
’ A—B.B — Nabd = w = W 0
) - Ahabd.is 1
,C —C 3 CPTX(li *u)
2: A—D B —(C Mo
3 3: A—D
w w
B = Uls*ATH: 1 :f(q)ﬂabd
A C/)Y‘X (1_ +/‘Tl)
ﬂis
(8
X
2
A
A A F . N
B
P./\ H‘“ 5 N N . ®-
=" ~: 2
2115 b Y
............ \ 2.1
v v b, % C
Py 1 [l
z
0 5 e R €D
2¢,T™ u,
1
s 2 9
-
Fig. 1 Non-adiabatic expansion of micro radial
turbine in A-S diagram ’
b
2.8
z 1 A R\ : 1, =450 mfs
D B — N U A B B 1, =460 m/s
N\ ———————- u|=470 m/s
’ ARINN 1,480 m/s
1 1 .E : \""\ '\ - u,=490 m/s
g NN RN - <
C/,TB' (1 T TEl np—c — C/,TX (1 = )77/\7[) = L . T ’ ul—Sf}O ful
o ) £ 20
(3) )
3 N~ = NA-D > 16 - — 1
_k_ |
1 =1 |
_ * 1 i |
Tis = 1—T/; 1*5 ¥ 1.2 I A I | T S
Ty T[al’;(l 060 065 070 0795 0.80 085 090
SI](’E'II |':'|ri{|
. hy — /
flg) = A}ikQAB (5) 2
LA Fig. 2 Variation of expansion ratio with speed ratio

in micro radial turbine



2290

27

0.84

0.80
[16]
3 (2) N 0.76
=
0.72
0.80
0.68
0.75 {
7 ¥ s 0.35
2 0.70 B s -
E b,
g I 2
= [ I —a—— (=035
= 065 b —r = ——— =040 4 B
: o gzggg Fig. 4 Variation of efficiency with g, and
\ ——— =055 d »
0.60 T T T T T —e—— =060 lameter ratio
[ \ —s—— ()=0.65
i \ \ —e—— ()=0.70
0'55....I. PR S S i S TS IS SR
0.5 0.6 0.7 0.8 0.9 1.0
Speed ratio
3
Fig. 3 Variation of efficiency with speed ratio
and reaction
3 s
[9) U,
s 0 ,
) o,
’ U _
D,
0.7, 5 Ma B,
Fig.5 Variation of absolute Mach number at outlet
with B, and diameter ratio
b
) 2.3
2.2
6 ‘81 a1 . 7
4 B a
5 Ma ‘82 al 14°~25° .
B
’ ay 7] ’ al
M(l 1)
Ma H 23]
4 ’
0.6, 0.4 0. 55



10 2291
b b b b
, @ 14]
130 0.80
075 |
128 -
z 070 f
£ .
@ & i
126 = 0.65 7
0.60 A2 -
124 :
0.55
0.5
Speed ratio
8 B
Fig. 6 Variation of
Fig. 8 Variation of efficiency with speed ratio and
0.80
reaction at constant 3
0.78 2.5 N
9
0.76 | |
= | T |
L I I
0.74 - — 1 I I ! ’ 7 =
B | | | I | o,
| | | | | | 7]min ’ up
| I I [ [
I I I ! [
0_72 TR 1 1 L P
16 18 20 22 24 ’
a /(?) , N
7 ai Y b b
Fig. 7 Variation of efficiency with ¢, in micro
radial turbine I L/
075 \f Z
2.4 = ff
TZ
< 0.60 -
- -
= B
o < g
B 90° B B B |
0.45
b b -; Y 60,7_ 1
A
- 70% 680, 66% 64% O2% - aEle
. 0.30 ? BFIDOO o ,3]=9()° ,,,,,, a|=18°
| B=110° —— B,=80° a,=20°
- L L L 1 L L 1 M | L L L L L L L L L
B 0.3 0.4 0.5 0.6 0.7

80°~110°. 8 B

0.64~0.72

’

Fig. 9 Variation of efficiency with reaction and

speed ratio in micro radial turbine



2292 27
2.6
10
b
b
b
b
s 11
3
b
3.1
b
b b
2.04 ’
2.02
- 0.399N, 0. 24 kg/N + h,
’§ 96. 18 g/h.
.S 2.00 .
z 1200000 r/min, 1.
o
(=9
s g/s, 1.97, 0.75.
1.98 s 2
| s 1
[
1.96 b—e | I ST BT ST R
0 0.15 0.30 0.45 0.60 ( 12)
Heat load—as a percentage of shaft power :
1
10 . .
Table 1 The main geometrical parameter
Fig. 10  Variation of expansion ratio with heat load . .
of radial turbine
in micro radial turbine
0.82
i | I I I [ /mm 5.8 4.4
I I I I [
| | | | |
N /mm  3.93 /mm  2.11
: : : /mm 1.88 /(Y T2
350-30}*7 ****** I****:****:** /mm 0.69 /mm 0. 69
5 : ' ‘ 14 10
= [ I \
50.79-747—— I S i
[ [ I I [ 0.71 0.507
| | | |
B | | | |
08 F -7~~~ N7~
| | | | | Fhezzzees I
| | | | |
0-77 MR | PR | PR T TTE NPT T
0 0.15 0.30 0.45 0.60
Heat load—as a percentage of shaft power
11 N
Fig. 11 Variation of efficiency with heat load

in micro radial turbine

N

12

Fig. 12 Schematic diagram of the radial turbine



2293

10
3.2 080
CFD ANSYS CFX
~ - 0.79 S
AutoGridb =
ks
b N é
) H- = |
0.78 il
O-H s 637863,
251955,
385908. 0.0Z2mm,
0.77 —
13 shear stress transport L 26
(SST) , gamma—theta model Expansion ratio
, 15%. 14
N R s Fig. 14 Variation of efficiency with
s expansion ratio
b
’
s 0. 001 15
mm, [15] ,
700 K.
3.3 1.0r 1.0f
13, 14
0.8+ 0.8+
0.6+ 0.6+
: = =
0.4+ 041
b
’ ’ 0.2t 0.2+
b
(]9 I 1 0 1 1
-80 -60 40 -20 0 1.90 1.95 2.00
Qo Expansion ratio
(a) % th DT A3 A (h) ELENE K LE
13 15
( )
I Fig. 15 Distribution of performance for
12k = rotor exit (design point)
3 15
% |
= | 10° , 65%
1.1 =
b 9
| Ma
i O. 35 ’ ’
1.0
85% ,
Expansion ratio
13 16 N S1
Fig. 13 Variation of mass flow with Ma
expansion ratio
b
Ma 16(0)



2294

(a) 5%H | F b)50% 55

16 Ma

Fig. 16 Contour of Ma of rotor vane at different

blade height

3.4

3.4.1

(177,

3.4.2
17, 18

18

(b)

(c) 959 75

Deviation from adiabatic effeiency/%

27
[ I I I I
204F — 4 - - - -4 - - = — - =~ — - =
r I I I I
| I I I I
e
2 I I | . |
2 I I T I
E 2_00__J____J___!¢____J___
] | | L] 1 |
) | . [ [
4 I I | I |
| e B T th R T Ry Rt
| " I I I
| I I I I
[ I I I I
] A S
1 1 | 1
0 0.2 0.4 0.6

Heat load-as a percentage of shaft power

17

Fig. 17 Variation of expansion ratio with heat load

at constant shaft power

T T T T
| | | I
OF L t \ T
| | | |
I I I I
-lS5Fp---r-=--+r—-—=+r—-==+ - ==
| I | |
| | | [
B0 ---F - - -+ - ==
| | | |
| | |
—4.5—777F77—E—.——#———+———
| | | [
| | ol \
60F- -+ - =
| | | ] I
| I | .\
T R
FRRRRVIRTINN RIS IS S NAVET MR S MR
-0.2 0 0.2 0.4 0.6 0.8
Heat load—as a percentage of shaft power
18

Fig. 18 Variation of efficiency with heat load

at constant shaft power

19
Ma
0.8
L | | | ]
F I | | Al
[ [ |
06F - - — — —1— — — 1 _ L _
L | I
F I I
) | | I
0 7 S de e
= I I
F ]
[ I
02k - - - 1o o L L _
B | |
: | |
ol : | 1—Ariiahal I
- | =:=:=+=:= Heal—transfer
- | R R el e L
0 0.25 0.50 0.75 1.00

Streamwise

(a) 109155



10 2295
1.2
! [ [ [ [ [
0.8 : : : : [ [ [ [ [
Fo | | | [ [ [ \ [
| I ! [ [ [ |
Lo [ N i Au (Y N s AR D | SO (SR S | L
06fF —1-—-—-—-1—- - -+ = - 1'0_
Fo I I .
[ | | <
o L | | =
S04AF 1- - - - — - - - - -
= Foo I 08—~ --A-————"—"——-———--
[ I -
[ I
02F |- -+ — 2 B
[ | s
| i 06F - - - — - - - T———=— Adiabat
of o7 _ L _ o= Adiabat \ e =+ Heat—transfer
L | ———————— Heat—transfer ] A T R I ! ]
L1 ] I L ! 0 0.2 0.4 0.6 0.8 1.0
0 0.25 0.50 0.75 1.00 St .
Streamwise
Streamwise (a) LO%H] ¢
(h) 50%IH25
1.2
0.8 L I | | |
b | ! [ | | | | | |
o | I | | | |
Lo ! ‘ ‘C L | |
I D T R~ L _ I
061 I I - [ \ 10f - - -L--L__ ' et
Fo | [ \ ‘
. [ [ I I 3 L ‘
< Ll L 2 L
S 0.4 C | = | I
[ | oslk N7 e N
[ \ I
[0 3 S S N L _ | I
- | I I
i | I I
I | ' ' i |
oL - | ‘ Adiabat 06F — -~ - —7——7 Adiahat
I ‘ : » : . ‘__._:__ ll-lc:atl—l‘ransff-lr . | [ R =+ Heat—transfer
o . METEN B Lo L |
0 0.25 0.50 0.75 1.00 0 0.2 0.4 0.6 0.8 10
Streamwise Streamwise
(c) 0% (b) S0%0 | 7
19
1.2
Ma
Fig. 19 Isentropic Ma of stator at adiabatic
and non-adiabatic conditions 10
. ai
=
0.8
b
.
’ 06F 1 —— 71— Adiabat
I —————— = Heat—transfer
| | = 1
20 TN I BT BT BRI BT R
Ma , 0 0.2 0.4 0.6 0.8 1.0
Streamwise
Ma (c) 90% N5
. Ma ’
20
Ma ) ’
Ma
Fig. 20 Isentropic Ma of rotor at adiabatic

and non-adiabatic conditions




2296

27

(1]

(2]

[3]

(4]

[5]

D
2)
B D, ,
H ay 77is ’
3)
4) ,

Epstein A H. Millimeter-scale, MEMS gas turbine engines
[R]. GT-2003-38866.2003.

Epstein A H. Millimeter-scale, micro-electro-mechanical
systems gas turbine engines[ ] ]. ASME Journal of Engi-
neering for Gas Turbines and Power, 2004, 126 (2).
205-226.

Gong Y,Sirakov B T, Epstein A H, et al. Aerothermodynam-
ics of micro-turbomachinery[ R]. GT2004-53877,2004.
Fréchette L G, Jacobson S A, Breuer K S, et al. Demon-
stration of microfabricated high-speed turbine supported
on gas bearing[ C] // Proceedings of Solid-State Sensor and
Actuator Workshop 2000. Hilton Head Island: SC, 2000
43-47.

Peirs J,Reynaerts D, Verplaetsen F. A microturbine for e-

lectric power generation[ ] ]. Sensors and Actuators; Physi-

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

cal,2004,113(1) :86-93.
Peirs J,Reynaerts D, Verplaetsen F, et al. Development of
a micro gas turbine for electric power generation[ C] // Pro-
ceedings of Micro Mechanics Europe Workshop 2003.
Delft; Eurosensors turbine extended,2003:215-218.
Isomura K, Tanaka S, Togo S, et al. Development of mi-
cromachine gas turbines at tohoku university[ C] // Pro-
ceedings of Educational Notes RTO-EN-AVT-131 2005.
Neuilly-sur-Seine, France: RT0,2005:10. 1-10. 34.
Isomura K, Murayama M, Teramoto S,et al. Experimental
verification of the feasibility of a 100W class micro-scale
gas turbine at impeller diameter 10 mm[ C] // Proceedings
of the Fifth International Workshop on Micro and Nano-
technology for Power Generation and Energy Conversion
Applications. Tokyo:Power MEMS, 2005 :25-28.
Matsuural K, Kato C, Yoshiki H, et al. Prototyping of
small-sized two-dimensional radial turbines[ C] // Proceed-
ings of the International Gas Turbine Congress 2003. To-
kyo:GTSJ,2003:1-7.

, . Lyl

,2004,25(4) :329-332.

WEN Quan, LIANG Dewang. Flow behavior analysis in a
radial inflow turbine for very small aero-engines[ ] ]. Jour-
nal of propulsion Technology, 2004, 25 (4):329-332. (in
Chinese)
FU Lei, SHI Yan, DEN Qinghua, et al. Aerodynamic de-
sign and numerical investigation on overall performance of
a microradial turbine with millimeter-scale[ J ]. Journal of
Engineering for Gas Turbines and Power, 2010, 132(3):
032301(9 pages).
Dambach R,Hodson H P. Tip leakage flow:a compar ison
between small axial and radial[ M ] // Moore M ]. Micro
Turbine Generators. London, UK Professional Engineer-
ing Publishing,2000,97-108.

. . . [JJ.

,2006,21(3) :448-454.

FENG Tao,ZHOU Ying,ZOU Zheng ping, et al. Numeri-
cal Simulation of the flow inside radial inflow turbine[ J].
Journal of Aerospace Power, 2006, 21 (3) . 448-454. (in
Chinese)

[M].

[ ,2009,30(10) ; 1643-1647

GONG Jianbo, LIN Feng, Xu Gang, et al. Analyse of a
thermodynamic model of a non-adiabatic small gas turbine
[J]. Journal of Engineering Thermophysics,2009,30(10) :
1643-1647. (in Chinese)

Mehra A. Computational investigation and design of low
reynolds number micro-turbomachinery [ D]. Massachu-
setts: Massachusetts Institute of Technology,1997.
Verstraete T, Alsalihi Z, Van den Braembussche R A. Nu-
merical study of the heat transfer in micro gas turbines

[J]. Journal of Turbomachinery,2007,129(4) :835-841.



