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Design of multi-stage turbine comprehensive performance test rig and
joint commissioning verification of 1.5-stage turbine
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Abstract: The flow and heat transfer phenomena within the air-cooled turbine of heavy-duty gas
turbines are highly complex and coupled. Accurately predicting these phenomena is critical to the
successful development of turbine components. To meet the test validation requirements for turbine
components, this paper developed a multi-stage turbine comprehensive performance test facility with high
mass flow rate, high speed, and high power output. This facility was designed for aerodynamic and cooling
performance verification of key turbine components. Based on the specifications of the typical heavy-duty

gas turbine and similarity scaling theory, a calculation method for testing requirements was proposed. The
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test facility operates with inlet total pressures ranging from 0.2 to 0.8 MPa, inlet total temperatures from
573 to 773 K, a maximum mass flow rate of 110 kg/s, a maximum output power of 30 MW, and a
maximum speed of 5000 r/min. The facility comprises subsystems including an air supply system, inlet
system, exhaust system, cooling air inlet system, and transmission system. Detailed analyses and
optimizations were conducted for flow field uniformity, pneumatic hammer effects, exhaust temperature
control, cooling air regulation capacity, and rotor dynamic characteristics of the drive train. Design criteria
were established, such as limiting the maximum post-shock pressure to <1.3 times the design pressure,
ensuring post-expansion wave pressures above 0 kPa, and maintaining a temperature variation rate below
20% for air piping design and equipment selection. Commissioning of the test rig was accomplished via
test validation with a 1.5-stage turbine test article. The measured energy balance efficiency was 86% and
the shaft power efficiency was 76% at the design point, Under different conditions the measured energy
balance efficiency exceeded the shaft power efficiency by 4% —13%, which provides a basis for the
accurate power loss quantification in turbine design. Analysis of testing power losses, including bearing
friction losses, windage losses, and leakage losses, was conducted through testing verification. The
commissioning results demonstrated that the test facility exhibits stable structural integrity and smooth

operation, meeting the design requirements and possessing the capability to conduct comprehensive

%41

performance testing of multi-stage turbines.

Keywords: turbine test rig; similarity scaling; performance test; system design;

test commission
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Table 3 Branch air flow variations of cooling air system

S8 AL %
2 St -23.31
AR 9.54
AL/ 1.54
SR -0.87
KA ES e PR L T
; llq
il [=] i
I g S o e

B 13 R SHE S RS

Fig. 13 Composition of the transmission system of test rig

A i 1 0y 23 A T I R A5 % 4 2
R I o X0 R e AT R T
251 KIMThEE

¥ H Froude 7 & HS-890 % =5 i i 27K /1
Wy 28, F T W R S 356 14 9 Bt T 2, R
JK F1I ) 8 AR | Texcel VX100 $ il 2 48 Mk &
KRGHM . BITRAA LS FeHE . . I
B4 PP A, 7T AR IR 50— R e i A
RS, R A R, 7K 0 T 25 o
1o Texcel ¥l R G % s L i5Hf5 5, S E
1) H bR A H A, AR M 22 (B4 5 T4 K

Jrim TR i HEK R, R T K T T #% 13
TR 4 14 2 3 7 A A 7K 00 oy i o 1 £ 2848 4k
R, BRI FE AR A
252 HrEhisEsa b

I A T XL B RGN s )2 Rt il T
AR BOR o AR AR R P, Tl R kA
et 2 4 BRI Y HR S R, O 5 1R A 200 B4 i
ANTE T ARSI B P o R, I A 5537 5 TAE
B R BROR RS — o R TF AR B, DLRIEIZ 4T 1Y
R S aart, Ah, RGN A RIFHT
PRBE 1 A Bh AR e 1

R 2 bR TESR, a2 K R 58 4 1
R RGBT T 2B S ik, O
FARACIG SR TT S T 56T sh J128 . R L
PERECE AT ;v Bl B 9 S R SR, K T3
Ty #8%  h W E TR dh il R SR, IR 1 7 T
D H P s R SOK, Bl R TR LA 14,

1 25 JC BELJE e S T A 1T B 45 R an 8] 15

K14 fhARHE R

Fig. 14 Shaft calculation model
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Fig. 15 Campbell diagram of forward and backward precession

of the test rig shaft system

x4 BTG IRMR LA IR FREE
Table 4 Undamped critical speed of turbine rig shaft

BN 534/ (r/min) F T
1 26170 #)/2 732(1E#E) I
2 2950( )it )/3 008 (1) TR
3 3988(J it )/4 420(1EHE) SRk
4 4766(JZ3t)/5 166(IE ) Fh ]
5 6 706(JZ k) /7 002(1EHE) KIS
6 7397(R k) /7 973 (IESE) KI5
7 5516(x k) /8 193(IEE) TR

FRIE 1SO7919 Fyk v X} 347 JE i 7 <7 7K 5 - Yl 20
Ab YR S AN T 0 - DG (L A B SR UL S A8 AN IR 48 IO T
DU PR30 FRAE 5514

S, = 4800/ v (7

Hor S, o0 Bl B AL A1 1 $5 R U -0 {41 3 137 7%
QLA pm, ARG AR, HARpeLiz 177
T A 2 000~ 5 000 r/min, X 37 4 14 - 04 5% 1 PR
HI{EH 68~89 um.

TEAS -5 e 17 53 By v, 4% BB IS0 1940 b i
FRE 1 G2.5 - 58 SRt AN A 120, 4%
BT Al RE R W B KR IR o /A 45 SR o, 1
7 B LU SE i AR R, b R A R KA L i
R, A3l ) A P A g g - I {15/ T 16 pm,
T 12 1SO7919 Xif I 2k i {14 BR il 22K

253 (EH ARG G 2R

TR0 7 A 8 4 W I = A 55 S 7 A 9IR Bh
AV 00 R R I s W 4 Sk R S e —
2 R FH R IR IR 20 57 8 A% T Xt A 1 A G i B
HEAT 2 2 W, A% A o A e Al L 1Y
WIS BS54, PG IR 22 90038 XA i, UK
YU = v 1) S B A6 B 23 . — 2 T i Pl iR
Sl AR SR, FH 0 e R R 1) s X iR B, B
HH A A 7 Ak ) HR Bl BE AR o AR I i
K 300 T 25 5t - S P AR CR FH VR Sh o, X AR
Pl 4 J Y 3 AT 2 6 W vl T R T 5 1
W TSPl oR Ol T sl R, WD A RO 4 TR

R TR0 1 Al 1) g A0 B e s 5 e
e~ I HE BT AR SZ A ) 2 A o R R v X
Bt A s Bt - T S s 10 ) R AT D A 9
S5 G 4 I A Kb AR il 1 ) SR TR, R
T 7 55 TR 3 1 7 1 AR A A il ) g,
T B A 2 Ak o

£S5 RERPSYRREE

Table S Safety protection parameters and limit values

ZH R L
KA1 Eh R/ ( mm/s) 4 6
TR ITIN T2 AL /K 358 368
r bR 2 2/ (mmys ) 4 6
rh R dIR 3 A28 /mm 0.13 0.195
EREIE ILHIVERITY 1 368 378
b ) e I R /K 353 363
PRI 4% 2 18 2/ (mmy/s ) 4.5 9.3
R IR /mm 0.071 0.133
RIS IR /K 368 378
TR VI 1 R /K 353 363
IR ) HE /KN 100 120

3 RS

31 S EZIER

SRR EEHZHER T RAE G,
RIS PR T 228 Al A XUR

WA EIEE ERHERLRE RRARESHE
[EGEMH, #FTRRHFSTRE MR, 5L
G5 FW]: FRHREIIN 0.9 MPa, = L E K
7779 K, B K4 110.4 kg/s; B HESIEH K
0.92 MPa, HES IR N 353.2 K, K& N 25.6 kg/s;
HE R Ge e KRAESUE 1 0.50 MPa, fi = HE R
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e RHER TR T, W5 HE R I 3 745 K Y,
il R AR 18 4T EEK s RO RS WoR, WS
s B R 10 1.2 45, AR Y
15%, FEA Bt N . 25 002 805 0 e i s
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IK R GV HIK WK i HEK R F 2 55 A
THEER; ARG Rt fe, UPS TAEIEH,
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K SR RUR S AL 2 905 T 25 A PR R
IS E #R 04T TG I IR 1.5 9
Bic &, AR AL L R ECH 0.6, 35— S Fl— 2%
i RAHSRRIT.
3.2.1 I AR S IR IR

TR A 2 A8 I UE 32 B A% L F IR R TR
B 2T B R e M A nT SR, 00 A A [
S TRRAA TN S M 58178 300

WG, R E R 5 TR XA,
RIS ORI B R B TR, BRI LT

J5 T :

1) KT ER 2 1A e, e s 4 RS B 18 3]
0.05%, i T Wi Am 225K 5 29N 5 ¢ me 7 )k, 345
AR AT, B RAFM AT RE T .

2) RIHe BT & TIERE, TRk TFERE.,

3) 45 B ER A (0 4 Bl R PR i R 1R TR K
F1 I T SR B /N T 1.26 mm/s, H A bR B
BE/NT 0.78 mm/s, IR FE/NT 0.133 mm; 5014
PRsh# E/NTF 2.19 mm/s., JRsIHAI2/F 0.133 mm,
A i 30 2 B0 e P S P N I T 40 IR
BITIRE R AT

4) W R GeE W BT, U A% A v i
G5 [m ] T IR

5) i T R G RE, ReE A S dE
TR0 T 32 B Bl 1) 7, R e A R Y 2 A A
322 SFhMERERIE
3.22.1 ATk

iy 4 X (8) 15

P=M-2n-n/60 (8)
MR, B S Nemg noh ik 56 4 B0 6
B4 r/min,
B Ih &R R RE B i 30R H 0 (9) At (10)
T

P
1y = — — 9
cp'm'TS~[1—<p§/p5> v +Zcp~mc~T§-[1—<p’£/PZ> ’]
) cp-m-Tg+Zcp-mc-T;‘—cp-(m+ch)T§ (10)

y-1

Ky Rt o e R, AR
kJ/(kg-K) ; mIEU 560 & A0 &, AN ke/s;
Ty B 30 32 ACHE A 48 T I, BT Sk K p R
TR F s E AR SR, B A Pag ppHUES
HE I A B, B A Pay m oA iR g o —
B S, BN ke/s; T B Horp— 64X
W EE, B K pr i g Horh — B SRR,
A7 2R Pay Ty HCGR 5ot 1000 488 T S0, B R Ko

Ira AT a AR (1D FN(12) 35

mcorzm'\/T_g/pg (1D
Peow = P/T} (12)

Cp-m-Ta‘-[l— (ps/py) 7

E
+Zc,,-mC-T:-[1—<p;/p;) v ]

3222 ISR

SN PERRIR A IR U G T R T AR | AR
M B T o0 F AP e o 386 (5 i K L
4 3.0, it #3270 r/min,

Kl 16~ 18 i & R H ik 244, M
KRB R>0.95, MRk HeFe =8 (1) 315, B F1 A
JEHHE R, Bl 16 JBR T 38 - HACE M, t
PRI, FEAS TR AE X 47 45 76 3R, R e - i
TRV D SR T A B 1935 V- ORI K L
AR (b I AR — 3, B 204 558 5
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S, 2B Dy A S R A S B L il 2 AR R el
TREESEASR | 5 RSN IR R S5 1
PRI, 075 4 b 2h R AR T 32 - 52 B i o il 2 R
T EGhDRCR AR R A

K17 s 1 i -t i, 3G i i =X

= 0.7f55H  —— 20,75
0 0.75f% 5558 —— ZIR0.7545 548
A 095k —— ZIR0.9f5 5k
v 1.0f55EH —— Z51.0f% %k
o LU —— 231 U5
< LISfERG . —— 201 1 515
> L3R —— 213
o LAEREE  —— ZI 1A

20
18 1 *
Y,
16 - N/
o 141
¥ 3
12 <
&=
4z 10
=
- 8_
6-
4t ae
2

16 18 20 22 24 26 28 30 32 34
iz ik e
B 18 Fre R Bk L A Lt £k

Fig. 18 Corrected shaft power curve with expansion ratio

(LDIFEE. Al A, B K LE B3I, 34 00
IO, M T 2E T, T
TG, XA AEAT 32 - e Y i R
AR o Bl 2B AK L B R, A g i
Bl AT Bl N, O S A b K A W
i, JEB I T 1, RIGA S BOR ST /3% 28 1T
0, DTS 75325 1 14 300 3L 38 7 40 58 o 7 AH [ i ke
FEARPETR, AN RT3 e s X IO ) 3 O o A A 22
S AT A T 00 I I R AR LA, A
o T M S R . R,
TER R MK LU, s 30 B2 Bl 3T e 3 4 T v i 48
R, S BUTAE — S b i iR B /), <
PRI R AR, HE TR 4T 5 U i TR

P18 &R T3 A& il D A, 7 Al
DA 2R w37 & i 2 R B
K E A8 3 i S BRI B I B A A D)k R A B
AR IT 8 T BB X TR) D9, 3 il D R i 2 9
TH A8 52, 22 9 0y ih 2R ARG, BRIV i R fik
FE KR IERR R . IR R, TERCR T %
brBL, RAE &) HA—E R RE g 1, 1
A R D R 0 £ TR L e, S i
AG TR T AR R TARRAS

P19 F1E 20 205l R 1 ISR 1 AE P
i 2803 Bl D R A R 5 TSR (ELX B L
FhT T AT AN, 7 A B A B b PR — 2, R
BRI A5 R A B R BARBUE AR 22 5, et
SR BT SR ELR B B S PRl B B R, B
AR 0 1 O 1K iy D 2803 A T A T 2 1 S B

20250297-11



%41

s J 12k
2.41 2.5
> s o™ > il
T, .......1 TN ceenn y S fofe v coe@eee ] A
OOMRHE 08 o olimf  Lofsti 08.e el DR LIREGE 088 Tl
A oG Al
L 04 M = 04 04 .
3 “ % ’ 2.5 3.07 q__ o ,.‘_, 2.7 3.1 q‘. o5 ? 2.7
. ¢ g % ¢ x b 0 /
Qs ‘ ' IR TP, .'.j'.'.'.'.'.'.-.-.u'.-.-.-.‘.-.-.-":
2.9 2.7 3 2.9 3 2.9
K19 e PRI ST EXT
Fig. 19 Test values comparison with calculated values of energy balance efficiency
2.41
I 1.0 v HEE o> Ny~ o 2.5
2 P RIS M b oo A 0 e i
TRos e TR o 0g e CSURGH LHREE o5e e i
P SN e oG
3 2.5 et 04 . Lttt 0.4 T,
02 »”? T e ) = DR = Bk
[} 0 ::::- % g ¥ o - ¢ >k
" ............................ *‘ .. ............................. ‘ .".' ............................... ..
2.9 2.7 3 29 3 2.9
K20 HhTseRid g (E S EERT L
Fig. 20 Test values comparison with calculated values of shaft power efficiency
Al 7R R A R T S A G B TR R (A Sl 2 3500 1400
ORI AR T . A R, 3000 VE%MJK {1200
N > N =1 S ’ AL o
e D BBt TOCE, i Tl Rk o g R, 2500 11000
R 5 L] ) 22 B % 200 lsow 2
323 TIERPIRKIE 2 1500 | 1600 g
RISk iR R et F 1100
o e AP AL IR P 20 ool 00
PRSP NR

Ptﬁloss = I"t pearing + Ptﬁwind + Ptilcak ( 13)

P pearing AR I PF AR BESEI R 5 P ina i IR 1 35X
AR K5 P e RIS PRI ARG o 2o ] i PRk
SR PIRE  EUR L PRI FT T IR 5 U A
KPR 3 N Eh e e K B 2= A I PR 22 T A
B e A R i 1R A 1 e s R, e R T AR AR AL
i 2 UnIEl 21 i 7, % il 24U & O 15 K 2

¥ = yoe ™, WL LA Xl A A, yo M WIURHE T, o
L5 R FE B R ASC SR IR P kU,
BRI 1 5 R T B R TUE, R P e
] 20, TR A A AR R T B Py pearing A1
P ina B8, H P g — BB IS8 P BT I £ K
(ETF AR, 2 5 1 2y R 45 5K 19 10% LA
V;J[ZZ—Z}]O

— —— o
0 50 100 150 200 250 300 350 400
i) /s
B 21 R - oy Ze R s ) A8 fb il £

Fig. 21 Speed-power with time curve of the test piece
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