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Duan Lianteng, 2ong Bacchang, Wang Zhaclocng

{Shenyang Aercenging Ressarch Institute)

Abstract

Single stage compresscrs wlth and without part span shroud were
designed and tested to investigate the effect of part span zhr:ud on
aerodynamic performance of the compressor. Test results indica<ted
that the part span shroud effected not merely the local region
adjacent to the shroud, but influenced almost all height of the
annulus. Analysis indicated that the flow condition in the coamwpressor
related to flow continuity equation and radial equilibrium equation.
However the local disturbance caused by part span shroud not only

results in radial re-equilibrium, but also causes the viscosity loss

bt
e
(&

to increase and the elastic deformation at the blade tip resulted

centrifugal force to be prevented. This means that the effect of p

7}
t

span shroud spreads to all span. The local blockage and loss in

reglion adjacent to the shroud should bhe considered in designing a

-
ul

3

ot

compressor rotor with part span shroud. Thus, the effect of part span

shroud on the flow field within the compressor could be included

objectively in the design.

I. 1Introducticn
For the aerocengine design of this date, the part span shroud

usually is added on the compressor rotor such that the compressor

*¥This paper wacs precented a2t the Conference nof Heat ZEngine Aerndynamic

Thermniynamice held at Shamen, August 1081,

................




[ §]
(A1
w
«f
‘-
vy
3
1)
Y
(]
{

[ T

ad -
ex <

deal wizth the efte

e
(@]
L8]
O
[{7]
O

-
1 -4

aercdynamic design. An oxperimental compressor, which is scudied ani

analilyzed approximately by a simple method called "egualizing zhe
effect of part span shroud", is introduced in this paper. The ide=3 :@&

L
of

)
14

this methcd is that the rotor efficlency is reduced by 1~2% and
affect due t>o the blockage ¢f part span shroud is corrected zvy
increasing the correction coefficient at the attached layer, which ic
equally considered at the rotor's inlet and nutlet calculatinsn
stations. This method may not truly represent the real 3erodynamic
behavior of the rotor with part span shroud, and whether this method
can be applied to the pratical engineering is still not Known because
of the lack of practical experience. 1In this paper, we repor%t <he
experimental results about the performance of a single stage
compressor, with and without part span shroud on its first stage
working blade, of a certain type of low pressure compressor which ic
designed by the method mentioned above. The observed effects of par:
span shroud on the aerodynamic performance of the compresor are also

discussed in this paper.

IT. Experimental Compressor

For the single stage compressor whose working blades do not have
part span shroud, its rotor blade can be divided into two parts:
ultrasonic first-half and surpass-sonic second-half. For the
ultrasonic first-half, the relative Mach number at the inlet is 1.1 ~
1.385; the mliddle section of the blade has an S-shape curvature and the

surfaces of its basin and back are composed of straight lines and
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Ayrpevysilas,; 3T The intew, Tne suvface:zs of blades nasin and 332 3¢
3re =z=ralight lli-ss; the =zurface of the rear section i5 compessd oF
sTtraigat lires and hyperbola. For the surpass-zonic seconi-half, =he

curve 2: middle blade and zhe surfaces of blade zasin and -lade zac«

are ail hyperboclas. A BC-6 -ype blade is used as the stator. l.

rg

roetor withcut part span shroud is shown in Fig.l.

The single stage compressor whose working blades

(99
O
5
o1}
~
(1)
)
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span shroud is called a J223A single stage compressor. Its rotor hniszie

is converted from the previous working blade without part span shrcud

>

by adding a "simple" part span shroud at the 55% designed flow line.

v

PRENE]
A

The shapes of its stator and annulus are the same as that of the Lt

experimental compressor without part span shroud. The detail of

Ot e

e .
,

bt b

its design can be found in Ref.2. The picture of J223A is zhown Iin

-

\ o
it

Fig.2.
The experiments were performed on the single and double stage

compressor tester in our institute.

III. Experimental Results and Discussion

1. Experimental results and comparison of the general properties

The experimental data of the single stage compressor with part
span shroud are quoted from Ref.3. The experimental data of the
compressor without part span shroud are guoted from Ref.4. The
measured general properties of the experimental compressors with and
without part span shroud are plotted in Fig.3 for comparison. As can
be seen from Fig.3, after the part span shroud is added on the rotor

blade, its maximum flow rate is reduced by 1%; its maximum efficiency

is reduced by 2%; and the maximum pressure ratio ls reduced by 2.°%%.
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(1! 3ingle ztage comprasscr without part sgan shroeoud; 2@ szingle zTajgs

X¥3/sec; 3: note; 6: wvalue with part span shroud; 7: value without zarc

Clu-u L7 (. L g {9 & & S'
, i
/ TOARE | 63,76 0.849 1.539
I
2 Hoass 1’ €3.20 0.833 1.507
1 wwsea -1% -2% -2.5%
2. The effect of part span shroud on the property - Zaze

elements,

We compare two experiments whose flow rates are almost the same.
Their general property parameters are listed iIn Table II.

Table II. General property parameters of two experiments with the

same flow rate. (l: single stage compressor without part span shroud;

:L-j 2: single stage compressor with part span shroud,; 3: Kg/sec)

[

!:- '_‘ Gaep (’Aﬁ/v)’ L4 . nt

*‘,:‘ } Zoasg 62.55 1.508 0.844

(..

A A AORRE 62.:4 1.458 0.826

. u
E.-__. The effects of part span shroud on the property of a single stage
b':'~'

;:;'.j- compressor base element are shown in Fig.4. The effects of part span
.-

o shroud on the property of a rotor base element are shown in Fig.5. It
i-' should be noted that the results in Fig.5 are calculated by a computer
.
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Zlrection 22 Z1:ow Line (3ame assumpticn and 33AmMe DIMputey frijracm ozxrs
2npllyed Doth Itz Tne fases Wit oand without parct zpan shrooud Tor
simgplicicy, =Tnis calcualaticn 2ces noc consider <The miming a2 =t
v oA N =" = - mlha SrgeAy RO A R o~ i vogiil+ald v A lha w < A
radial £lzw 37T the stator tlade which is resulted Zrom the ralial

-~ w ., -~ - - - PR = - - = v -
pressure gradienc Fer the rotsr with part span shroud, tne gfrezzir:
-vva~1 - .- ~ “ — o v a, Pke ra. -~ ad_aceh,- -~ - R - e - < N‘b"
Jrag.snt .8 CTl33J€er < T regicr z nt To i Sual.et ZnrTud =

air £lows through the stator slot, the mixing due te radial flcow
Decomes severe, If the above assumption is employed, then zTh=e

calculated flow parameters of the rotor with part span shroud will

have greater error than that of a rotor without part span shroud. The

calculated property parameters at the outletof the rotor also can rot
reprasent cthe real situation., But for gualitative analysis, this

calculation is still applicable.

From Figs.4 and 5, we can see that:

te

a. After part span shroud is added, the flow lines of the ai

O
th

flow in the annulusof the rotor andstator shift to hub. The change

W
e
[

flow line distribution reflects the change of the flow field. So, the
flow must undertake radial re-equilibrium. According to the

calculation results of Refs. 4 and 5, at the outlet of a blade without

,“""‘
n""..

part span shroud, the first ring surface (the outlet ring surface is

v
AR A
s
P
A
. e te

divided into ten parts) at the root allows 11.8% of total flow to pass

v 1 e
'

through; the tenth ring surface at the tip allows 9.1% of total flow

-
1

P

to pass through; and the sixth ring surface at the middle of the blade
allows 10.2% of total flow to pass through. If the part span shroud
is added to the rotor blade, then the ailr flow passing through the

tirst ring surface at the root lncreases to 12.4%; the air flow

6
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and tne alr flow passing Throlgh Ttne DiKoh rlng Zariace agpriwimatel
3T the posicicn where the gart =gan zhrould lscates  -f =nhe zlads iz
3.3% The re-distributlion 2f che fl:w rate Wwill -ause the ZroperTy o
the base =2lement change

o. After the part span shroud iz added, =the wor< auzmenzTatiin i
reduced fcr alli span. The abso2>lute wvalues 2f work sugmentaticn £1r

ail span are listed in Table ITI.

Table III. The change 0f work augmentation in the span directi:on
{l: single stage compressor without part span shroud; 2: single ztage

compressor with part span shroud; 3: relative wvariation value; 4:
root, 5:flow line; 6:middle; 7:tip, 8:note; 9:value with part span

shroud; 10:value without part span shroud;

* / P i

k> J
"' P &K
AT | osmana) | G A (5% mas)g ¢ =3
legnpman 0.1465 0.1479 0.1464
PANARE 0.1403 0.136% 0.1373 q {o
T LT —4.2% -7.9% —~6.2% acm-iJ{_ﬁ &~ ToRE
4 mé‘ EOAE o

The change of work augmentation iz mainly due to the £fcllowing
two causes: the first one is that the part span shroud at the 55%
designed flow line of the rotor will restrict the elastic deformation
resulting from centrifugal fcrce, which will reduce the wvalue of Z..
and then reduce the work augmertation; the second one is that the part
span shroud will change the radial equilibrium of the air flow, which

also forces the change of work augmentation.

c. Part span shroud affects the efficiency of the base elowent for

The efficiency of one third of the blade, which i< arcund

all span.

SR Sai- Rl A i i fegn Ao _Safl
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T2 ZavT Ipan :nriii, fersvsesxss:z o ZeTioge IoTne InIillEnTe Do ZorlLl
In rToey wIYls, Tme range ssfiected oy opart ozpan rnroaid LEoazctat L
Times I oTne ThiZkne2s:z 32 oshroud  ~dmmg The maximin =sfiolenty Lz
reducad Ty LI%, and tne average 2:ificiency is reduced oy 3% Tor o
Sther cne third 2f the tlade, which s around the nnk, the sffizianzy
(s imprzowved The e2fficiency of the tase element ig incresz:z:zd Zy I ~
R

3. Sinzte work 3augmenzatinn and efficisncy change, =The frezsive
ratis will alzz change. The pressure ratios 3f +the tas2 =2l2ment wizn

and without zart span shroud are listed in Table I7.

Table IV. The effect of part span shroud on the pressure ratic c¢f
case element. (l:single stage compressor without part span shroud;
Z:single stage compressor with part span shroud; 3:relative variation
value; 4:root; 5:flow rate; 6:middle; 7:tip; 8:note; 9:value with par=

span shroud, 10:value without part span shroud)

b

" = e
" P F3 « =9
~t 156 i)l (55% ML) | (85% Wikt
on' Ry P 2
EoNeR | 1.498 1.52 ; 1.491
i , .
‘_ .S15 1.40 : 1.447 B
i 1 e_‘m?& YT
- HOEE-TOHE
31!!9!&! 1.3% ~7.9% 3% ] BqEELE ToAE

3. The effect of part span shroud on the radial distribution of

£l>w parameters at the inlet and nutlet of the mo

ct
O
rs

3ince tnere s no direct measurement at the cutlet of the rotor, the
inlet and outlet flow fields of various blades are estimated by using
the measured values of the single stage compressor at the inlet and
outlet and by using the "flow field calculation (8,) program". In the

calculation, the effect of part span shroud is considered by the
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22 the rozor cutiat is 3ddeld -y Tne whole ZllIdagE
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According to the analysis of the experimenta. data, =the =2:IzZ=c>T &
E?‘ part span shroud on the flow fleld at the rotor inlet (3 wvery 3small
o
%ﬁ The radial distributions of flow parameter at trne inlet and
Fé‘ outlet of the rotor areshown in Fig.6. As can be seen from Fl3.<, the
E{ elastic defofmation of the rotor blade isc restricted =y <he zars crgan
;' shroud such that the work augmentation is reduced. The average axial
!. velocity of air flow coming out from the rotor is faster than <hat of
.
" the rotor without part span shroud. The velocity ratio W, /W, also
?? increases. So in general, the rotor load ls reduced (the diffusion
_ factor D is reduced by 0.05~0.1). But at the region around part span

shroud, due to “he plockage and disturbance of part span shroud, the

local axial velocity becomes smaller. The axial velocity M., 3t that

region is very close to the velocity without part span shroud.
Because of this, the axial velocity at the regions of hub and tip will
B increase correspondingly. The flow field inside the rotor annulus e
?f will thus re-distribute and cause the flow lines toshift downward. As
;5 shown in Fig.6 (b), at the one third of the blade adjacent to the hub
E; £ the rotor without part span shroud, the rotor load is larger and the
i’ efficiency Is lower. 1f part span shroud is added, due to the
-
&
o ‘

. . . s
PR oo [ Vo ettt K] PRI ~
WP .Y ¥ VU PV.OR " VPRI LW AR T PRV RT R Te. T




R i s r"

Yo insrease & fllw rate EFriund The o, tne riTIr Llad dzlriare:r

K

.h".-

h\- 3

- . A R R = - ~ s TS -- M Pl o - s — - -

N Jasue i3 reduced from J.333 T2 J.3%) 3and Then tne efflzienly it T

N

{ < : : = e a3

root O the rotoris impr:oved This means that the part spar zhrcoul
influences almost all height -f the rotor annuluis., Whanever <oz

radial sgquilibrium of air flow in the rotor annulus changes, the roLlr

t
1

1

P I .
32 acernt T.
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property will alsc change. Thereiore, the local DlockKag

- - - -

dered in the caliculation 2f the Ilow filel:

[N

par=< » shroud shculd be cons

3

1]

pa
such that the calculation can be better applied tc the real
situation.

As can be seen from Fig.6, the pressure ratio at the root region

-

is improved. As an example, the pressure ratio at 15% flow line :s
increased from 1.546 to 1.562. This is because the loss is reduced.
Due to the éffect of part span shroud, at the 35-~70% flow line
adjacent to the part span shroud, the work augmentation decreases and
the loss inéreases such that the total pressure ratio decreases
greatly. As an example, the total pressure ratio at 55% flow line lic¢
reduced from 1.536 to 1.415 and the relative variation value is 8%.
This bad performance area is about one third of all span and is about
10 times of the thickness of part span shroud. At the 75~90% flow
line adjacent to the rotor tip, the inlet and outlet velocity ratio W./W,

increases and the rotor load decreases. But according to the previous

experimental results, under the condition that diffusion factor D«0.4,

the total pressure loss parameter does not show a decrease clearly with
decreasing D value. Since the elastic deformation of the blade is
restricted by part span shroud, the work augmentation is much less
than that without part span shroud and the rotor pressure ratio is

ot also less than that without part span shroud. As an example, at the
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| st St and a0 st ot R Culicliatd -
.
N 3% TLtw o Llne ze23lln, T TCT&. presSare ratilo Lo oreisTed feomo LTl
~
e T 1.4 AT tne =3% flow llne adfacent o the clade iz, too Lotz
i increacze:z This zan e e2xplained 3=z telow AfTer psrc zparn Znz.luloi:
o added, the 2lastic defzrmaticn oI the blade (s sma... 115 Ztazzer
: 5 [ . R .
S angle !s about -2°. On the other hand, i{f the part span 3hroui .z nos
ia added, the elastic deformation of the tlade under the centrifiga. f.rce
R will increase the stagger angle at the blade tipby 2 ~:° Trniz implies
e that the plade tip is working under 0° stagger angle. I iz :owicuz
i. that working under a negative stagger angle is worse than workinj inier

0" stagger angle. So, the loss will increase after the parc

shroud is added.

4. The effect of part span shroud on the flow parameters at the

inlet and outlet of the stator

The radial distribution of flow parameter at the inlet of the stator

i{s shown in Fig.7. The radial distribution of flow parameter at the

outlet of the stator is shown in Fig.8. The effect of part span shroud on

the inlet stagger angle of the stator is shown in Fig.9.

As can be seen from the figures, both the inlet Mach number and

the inlet stagger angle of the stator have distinct changes after part

span shroud is added. At the one third of span which is adjacent *to

the hub, the value of M., increases by 0.03~0.05. The diffusion

factor of the stator decreases by 0.05~0.1. The stator stagger

angle, in general, is reduced by 2~6° for all span. The stator of

our experimental compressor is the model of BC-6. Without part span

shroud, the values of M.3 and D; are not too big (at root region, M.,

0.65~0.82, Dg 0.33~0.38). So, after the part span shroud is

added to the rotor, the stator still can adapt itself to this change.
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. is shown in Fig.10. This figure shows that part span roui ch

iz is, the smaller the effect is. 1In gereral, the air f.Iw 3t

{‘ the reglion between part span shroud and the hub is affected more, and

- the air flow at the region between part span shroud and the <ip i

&)

atfected less. This is consistent with the experimental results

reported in the other countries.

- IV. Conclusion
1. Comparing the results of single stage compressor without
part span shroud, the part span shroud reduces the maximum flow rate

-f by 1%, the maximum efficiency by 2%, and the maximum pressure ratic by

about 2.5%.

o 2. The effect of part span shroud on the arecdynamic performance
- of a compressor is not restricted toa local region. The effect spreads
ot almost to all span. This is because the flow condition in the compressor
E.] is related tothe flow continuity and radial equilibrium equation. The
i{? local disturbance caused by part span shroud not only results in

E radial re-equilibrium, but also causes the viscosity loss to increase
‘ and the elastic deformation at the blade tip to be prevented.

ot 3. To design the rotor with part span shroud, the effect of part

span shroud on the radial distribution of efficiency should be
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"localization of blocking shroud". By this way, the effact -:f pars

sgan shroud on the change of flow field distributicn can re

reflected.

5. The inlet Mach number of the stator should be as smal. as

possible in designing a campressor rotor. It is better to use a sub-sonic

blade such that the adaptability of the stator to the change 2f air

flow
can be enhanced.

Finally, the authors wish to thank colleagues We! Yubing and Chen

Baoshi for thelr technical assistance.

16

. . . R L. R S I TN

. R IR "
B B T - - . Tt a T e D U T N M ~ * _ ~ -
P I S AN S G O WO e Y T U S T L A L R P TSR s, L S R S K S S 19

.

"_'?




s

P
.' S

ool
R A e

A
¥

B
i~
)

v
s

.

PREAERE N NE]
1

o
.

A
e S

[

)

3

- i

.
~
£y
-

[ sivyom a2
aelizslclilices
- = "o ~vian ' & . 4 - = -~ = ~ - e
- --w 30U39, N8 nanua.s Ilr Tne Leslge 23 Zertal LS.z Sl age
- - == " - « a ~
2Xp2rimenta. COMpressdr’, prcegress :epurt 2L sShenyang P«.er:e*;- P

L0
L
9]
(3]
'
(21
()
vy
b A
o3
w
ot
4
(&
f.
1
14
~
b
w
(o)
to

rJ
[N]
oy
Y
jo }
Q
4
-
41}

yi, "The design of a certain double =tage aerodynamic

fan", progress report 2f 3henyang Aerocenging Research Instizute,

th

.32 Duan LlLianferg, "The first conclusion 2f the £irst +tost fcr 3
certain double stage fan ", progress report of Shenyang Aercenzing
Research Institute, 1980.

4. Duan Lianfeng, "The first test report of a certain II type

compressor", progress report of Shenyang Aeroenging Resesarch

Institute, 1978.

" Folinn Bas tat e man Sl St St et et et SR Mgt S et Shuf it I e Tt St i A 2 el A RN i Yt N AL S I A N AR A "'“."-‘T




0w A s A e Seuriis S e g e na ek el e B AU S b ML B A SeE ane o\ UM I aee aseNBA—II s te W et aahotan et el St et il el ARl A0 A Rl A "

Tiiame sf Tri o Sagzy Jmaza TRIfc: Tristrent o Tre Tues
Faer<-rmanse o3 MultizTags Axial-oclow Itmpvenzocy *
Gact Yaolir
Shenvanj Aercengine Zompany
Li Keming
Shenyans A2roengine Research Inztituta
ABSTRACT
A -Trouble shooting test progress repcrt on "I" comprezczoir s

cresented. It mainily describes the test results concerning trne
affects of casing treatment and varying the stagger angle 5% the rotor
z.ades a%t stages 7, 8, and 2 on the overall performance cf 1
multistage axial-flow compressor. The test results zhow That <The
Zasing treatment of the rear stages is a very effective method =¢
axtend <the stable operatling range of the compresczor at high speeds
I. The Origin of Test and the Choice 0of DProgram

After a "C" compressor, which is converted from the prototype

compressor, is mounted on a certain type of engine, a stall breakdown

b SaCin S0 S S A

occurs at high altitude after successive thrust augmentation.

According to the measurements in the relevant test flight, <his stall

Dk

is caused by the gasp wibratlion in the corpressor, When stall ~ocurs

“

v

speed of the campressor N is in the range of 1.03~1.08. 1In order to

Ty ry

fully understand the mechanism of this stall breakdown and to find ocut

the solution of this problem, it is necessary to perform some tests =n

vy r_vf'f':

the performances of the relevant compressors.

Y,

a There are five compressors which are under testing.

& e e e e e e - - o . .

- ¥This peper vac precente” at the Conference nf Heat EFngine Aero”ymamie
E Thermoiynamics hel” at Shamen, August 1981.

).

u

! 18

L

.-t - . b « . - - ™
PR . - - . i R . - -,-','. - - . i < . .. BN .
c e te BRI . - . . . s A . L - Ve e o e . S
L’-A‘J.A'- ] PP L SPUST SUIR T UL SUU ST S, Sy L PV S, M Y U iy T DAL R TG N, V U SR S Sy S JE N PRI GNr A W A SN S USRS PEPR g




- ” " T T e -.\'."2""“"-"'-"'."'-_"-1?1
ﬂfl - TroTOoT gt Itrpreizlr Ltz oslmgpliTiTy, we Iall o Trnls
32 cimgressry L Trlz 1z Toe ning ETAZRE AWIALSLIW ILULIeZFir o wNnLLE
o
sl¥sT 2T33e 1s surpass-sonic

}L Z "I" Compressoy (¥ Cempresscr 11 Trne -n.y ilifwxzrarn:
jﬁ; v cetwes2n This comprasscr and compressor I is that they have Ziffzranc
ne r23r -3Tin structures
i; : "Twist tlade" compressor (cr compresscy III: This

? compreszor s cenverted from compressor II, where the stagger ang.es
"
fﬂ cf 2lade <ips Zor the rotors of the last few stages are reduced -y L~ 27

: The £ta3ger angles of the blade r2oot remain the same, and the stagsger
;{ angles between the tip and root arevaried according to a certainnatuiral
.!A regularity.
j 4. Casing treatment compressor (or compressor IV): This
;: compresscr is converted from cempressor II, where the extericrs cf the
\ seventh and ninth rotors are treated by ring slot casing treatment
3} (see Filg.l)
;; 5. "Twist blade" and "rcasing treatment" compressor [or
!? compressor V): This compressor is converted from compressor I1, where
ii both <the treatments of "twist blade" and "casing treatment" are
;ﬁ employed.
®
;: Iz Testing Results and Analysis
f; The seven equal speed contours, n= 0.7, 0.8, 0.5, 0.95, 1.0,

é 1.05, 1.10, of the above five compressors are measured while the

.

outgas valve is closed. The data of n=1.05 and 0.95 are missing for

e
s et
e ]

. Catt o 2t
" "l .

N Bk

compressors III and IV. These experiments were cancelled at that

moment because of the reason for safety. When we tested the jasp

tAY e

v

.
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better understanding and

S

gasp vibration for ZOmpressor

equal speed contours are also plotted

the gasp vibration allowances and the efficiencies

compressor are described below in more detail.

1. Comparison of the gasp vibration allowance
The variations of the gasp vibration allowance

compressor, while the engine is operating under the

"augmented" conditions, are shown in Fig.3.

As can be seen from Fig.3,

vibration allowance of compressor II is higher than

1. This is consistent with the observation in

the "speed of the upper boundary of gasp vibration"

n > 0.8, however, the allowance loss of gasp vibrat

II increases with increasing the speed. 1In the

when n=0.9~1.10, the allowance loss

loss is 12 ~36%; in the "Augmented" state, when n=0

allowance loss is 3.2~ 7.9% and the relative loss is

high altitude stall occurs,

1.08. At this range,

are plotted in Fi

in the range of n=0.

"specified"

'
§
t
r
v
.
ur
18

[}
jo1]
¢t
w
S
tg
O
<
8]
ih

tor each

"specified"”

7—-0.5, the

that of

the test engine

is reduced.
ion in compz

zta

.95~1.10, ¢t

18 ~ 44%.

the engine speed n is in the range of

Lt

h

J
B4
t

v
0

in Fig.2. The compariscns =t

and

n

3a

-
1 4

compressor

that
When

233CY

te,

is 2.6~ 8.4% and the relative

he

When

1.03—

the reduction of the gasp vibration allowance
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Zta323, nas o loroer Time C2fzre 3ta 1Zcurs and naz 3 hizher CiZratoos
3_.iwance BuT tre r2luction 2f 3%tagger angle Wwill maxe T2 wors
FuSTentation zmallsr. 25, thne ~verall tbration 3llcwanz= =&
simgrezszciy II0 des: T lnsresse as wach as compresscr II.

As an exarmple, in the "augmented" state and n = 1.0, the allwanze
cJnly ncreasez 1.1% and the relative increment iz 2 3% It zrneoald e
nxted that the twisting of the rotorblade will cause the charactarizcic
lires to shift Tc the position with less flow rate. Although the 3asp
pressure ratio is reduced, the reduction of flow rate wi.l lower
the operating peint. Consldering all these effects, the gasg

vicration ailowance is only enhanced slightly.
After casing treatment is performed in the 7th and 9th stages,

soth compressors IV and V have bigger gasp vibration allowances,

esgecially in the designed high speed range, than comprescor I2 In
~he "sgecified" state, when n = 0.95-~ 1.10, compressor V has an allowance

increase of 2.8~ 9.1% and relative increment 14 - 60%; in the
"augmented" state, its allowance increases 2.8~ 9% and its relative
increment is 19~ 390%. In general, the stable operating range of

s 31ightly larcer than that of compressor I. If only

b oae

cr 7

zompres

w

m

the casing treatment is employed (i.e., compresscr 1V), the reszult is
even better. Although the data of n = 1.10 is missing in this
compressor, from the trend of the data of the other speeds, it shows

that the gasp vibration allowance of compressor IV is better than that

of =ampressor .
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Th oreszolTz: % orasing TY2ATmENT AL3I JAn e fean I Tl
Jimparing sompressor Vowith o simpyeszscoy IID, an onos LD~ l.lL, o
i2rmer 'z 3asp vibration allowance (35 4~ 98.8% highevy <nan —hnst 5 ==
iatter and the relative increment (g 22~ 57% in the "specifiizl" zutatz,
in the "augmented" state, the former's allowance :increases 4.t~ 7.3%

¢
3
L
ot
3
(1)

v

n

sor IV Wwith

(b

iative increment is 35~ 80%. Comparing compre

r

t

Z 3..0wWance

2

0]

comp sor II, in the "specified" state, the former

s
m
[&V]
~3
(oY
[
o

~

increases 6.4 ~9.5% (estimated) and the relative increment

W
V)
o

in the "augmented" state, the former's allowance increases 5.§& -

t
b o

(estimated) and the relative increment is 49~ 24%.
Ir Fig. 2, 1f we compare the gasp vibration boundaries cf each
compressor very carefully, then we will find a common regularity: I*%
does not matﬁer if it is a casing treatment compressor or a sclid
casing compressor; their stage loads are reduced due to the twisting
of the rear stage rotor blades. Because of this, their gasp pressure
ratios also decrease. But the gasp pressure ratio of the casing
treatment compressor is higher. A very important requirement £or the
casing treatment thus can be obtained: The effect of casing treatment
is most obvious if the treatment is performed on the stage where the
stage load is largest and the stall is easier to occur.

2. Comparlson of the compressor's efficiency

The efficiency of the operating point in the "specified" sztate vs
the compressor speed is shown in Fig. 4. As can be seen from this
figure, for all speed ramges, the operating point efficiency of
compressor Il is close to or slightly higher than that of compressor
I. So from the point of view of efficiency, changing the rear cabin

structure is good for compressor I1I. The efficlency of compressor III

ol
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S RALIIEZT TLE OZANS R TO&T I IImpresiiro 1l ToLLS Lo ilranelooToa e
TwiZT Llade na: liTtle 2:Iifesc I th2 tgerating poinc o esiiliorncy. =
I.r Tampreszoz ion s Treactad ofoth Zy zasing Treatiment anl o he bwiz-
z.ade, i1zz :rperating point 2fficiency i3 slightly lower <narn znat X
compressor III which is only treated Doy the twist blade., The 2£ficziency
s only zeduced 2.8% in the range of 4 = 1.0-1.10. The Sgperating

pcint efijciancy 0f compresscor IV with Zasing =Treatment 12 a.mcst Thns

same 33 that of the camressor with solid casing.

Conclusion

(]
+-1
=

1. An appropriate rear stage casing treatment on the multistage

axial-£flow compressor can enhance the gasp vibration allowance

[{7]
th
th
(¢]
0

tively at a high speed range.

[

. For the compressor without twisting the rotor hlades in the rear
stage, the casing treatment almost does not have any effect on its
efficiency. But for a comressor With a twisting rotor blade, the casing

treatment lowers [ts efficiency for all speed ranges,

3. The inlet stage casing treatment on a multistage axial-flow
compressor is mainly used to improve its ability of distortion
resistance and its performances at middle and low speeds. The rear

stage casing treatment, however, is mainly used to improve its gasp
vibration allowance at high speeds (especially at ultra high speed..
It should be pointed out that not only the type of structure and

parameter 2.J need to be considered in the casing treatment cf 3

w

electer

o

multistage compressor, different stages and parts have to be

for different compressors.

4. The reason why "C" compressor stalls at high altitude is that
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ABSTRACT

55: The sercdynamic performances of swept-cascade of axial-Zlow

{j_ compresscr are researched in this paper, and the calculating methols
Li{ 0f ccefficient o0f total pressure losses, critical Mach number 3and

iif turning angle of swept cascade are provided. The flow features or

g‘ swept blade along span direction are also studied, the average wake
E}; contours and experimental data of various locations in span 2irection
if at given operating condition are presented.

:i§ I. Calculation on the Performance of Swept Cascade of Compressor

‘ﬁ; Critical Mach number M, : According to the swept-back wing theory
‘!t of the aircraft, the critical Mach number of the =zwept cascade can be
i; obtained by the following equation:

(Myr.s/Mgr.p) = (Va/Va) = cosi (1)
.' M. = Mgp.g/ cosd

: where Vg and Vg represent the flow velocities of the vertical cascade

(sweep angle A =0) and the swept cascade (sweep angle is A ) of

the same

type of blade.

So,

by comparing with the vertical cascade,

the

increase of the critical Mach number of the swept cascade

is:

AMgp »= Mxrol[\(l/“"l) - 1]

Total pressure loss of the swept cascade:

According to Egq.

(2),

L. *#This paper was precented at the C . 7

o wa: ece : onference of Heat “ngine vnami
e Thermo?ynamice held at Shamen, August 1981. sat Fngine Asrofynamic
"
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AM, = M, g[(1/cos1) — 1) 5

According %2 Ref. 1, at 3 certalin cascade inlet Maor rnumisr My,
The TItal preszure 1o0ss coefficient & of the vertical CTasraie &
axial-flow compressor is

By = ,(tinﬂ./tinﬂ,)’é,(l - éﬂn)—’ L
. 4”3/(3”,— ])

where M, = £(M,) is called the cascade inlet Mach number parametsy
(its relation with M, is shown in Fig. 1); &= (8/8)x(o/dnp)  :s
the momentum parameter of the attached surface layer; 5 = b/t is the
cascade density; and H, = &%6, is the shape factor.

Comparing with the vertical cascade, the increment of inlet Mach

’ AMl
number M, of the swept cascaéEX{s smaller. Let's assume (1} in zThese

two cases, the flow parameters ﬁ,and /L and the characteristic

parameters ;f the primary attached layer 8.\ 6,\ H, , etc do not change
much; (2) ﬂ.../ﬂ,.;-M,.;/M..,. . The latter assumption is almost ccrrect
for each point of the §]~—M‘ curve in Flg. 1. According to these two

assumptions, we have the following egquations:

(3)
and By =~ M,.a(sin g,/ sin £, Y81 — 6,H,)™ - 4H,/(3H, — 1)
ﬁ;.g - ﬁ.-g * M:-I/Mn-n
’ (©)
1£ Eq. (3) is considered, after some calculations, we have
ﬁ,.. band ,.‘COSI (7>
Substltuting Eqg. (7) into Eg. (5), then we have
(8)

@a = M.y« cos - (sinf/sin ,Y0,(1 — 6;H:) + 4H:/(3H, ~ 1)
Therefore, the w value of the compressor's swept cascade (sweep

angle isA ) can be calculated by Eq. (8).
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“he correspcnding vertical cascade.

tanag = tanay/cosl 9

3,
y
D
g
(8]
o
+
ui
(]
r
[31]
th
th

ey~ a3 - -
Lnacomlng cr=a Tne Z3

locw angle he

m

cade., Iinzz a=vyr—pg,
the gas inlet angle of the swept cascade lis

Ma= 7 — tan"[tan"(¥ — B,.54)/ cos] (19,

So, under a given operating condition, the flow turning angls (Af)g <%
the compresscor's swept cascade should be

(A8)g ™ Par.g — {7 — an™[tan™(7 — B,.4)/ cos1]}
where 7Y 1is fhe stagger angle of the blade; .ph.is the corresponding
gas inlet angle of the vertical cascade;

Bxs.a 1S the averaze gas

outlet angle of the swept cascade.

IT. Experimental Investigation on the Swept Cascade of Compresscr

The wind tunnel experiment of the compressor with swept cascade
was performed in the subsonic plane cascade wind tunnel of North
Western Polytechnical University. For the detalls about the structure
and performance of this tunnel, the geometry parameters of the swept
cascade of this axial-flow compressor, and the automatic measuring
system and the automatic recordling system of this wind tunnel can e
found in Refs. 1-3. A series of wind tunnel experiments had been
performed on the swept cascade with various inlet Mach numbers M, and
various gas inlet angles. Comparing the measured total pressure loss

coefficient and gas outlet angle (or backward angle §) of the swept
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Fig.2. The change of total pressure after cascade P,, wake contour an”?
position at various locationes in span “irectIon from upper wall to
bottom wall of the swept cascade of compressor. (1l: the change »f
wake contour and position from the upper wall to the middle of cpan;
2t the change of wake contour and position from the bottom wall to
the midAle of epan)
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jas cutlet angle 311, 1In the waxe contcurs 0f tThe Compr=zzr Wit

(o)
T

swept cascade, are measured at the outlet measuring ztatlon

from the rear edge 0f cascade’ for wvaricus lccations in zpan Jirec-cion

of

(A0

rom cthe upper end wall tc the bottom ernd wall. 2Zn the stheaz

i

* X » .
the total pressure PHF , total pressure ;OSSAAP , and <he <2cal
pressure loss coefficient « are calculated a3t the corresponding

locations in span direction.

(9]
3

The variatisns of these parametars 3

ul

the span direction are shown in Figs. 2 and 3, respectively. During
the wind experiment, the inlet flow Mach number M, before the rcascade
is 0.44.

On the adsorption surface of the swept blade, the low ener

Q

Y 3as
molecules in the attached layer can move along the span directicn.

The moving direction is from the location, where the leading edge of +the
swept blade and the end wall form an abtuse angle, to the location,
where the leadingedge of the sweptblade and the end wall

form an acnute

tal

[®)]

angle. In the wind tunnel experiment where M, = 0.44, the ¢t
pressure loss‘AP* and the total pressure loss coefficient « of the
upper wall are about 50% higher than those of the bottom wall. When

the inlet flow Mach number M, 1s increased from 0.44 to 0.8, according
to the calculation, the total pressure loss coefficient & at the

bottom wall is twlce as much as that at the upper wall.
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50 Welizso 3and Zhang Yuming

Institute 0% Engineering Thermophysics, Academiaz Zinica
ABSTRACT
Although ceranic coatings are remarkably heat-resistan:, interna
czoling £o0r a high temperature turbine musst still be anhanced o rircue
of the limiting temperature 2of the alloy bond ccat. Analysis carriel
cut in this paper shows that the ceramic coating effectiveness iz

lower fcr a leading edge than for a flat section of the turbkine wvane and
reduces with an increase in ceramic coating thickness. 1t strongly
Jdepends upon the cooling intensity of the turbine vane, and for this
reason several ways of heat transfer augmentation in the turbine
cooling passage are suggested. The relevant perameters of the first
stage guided vane of a SPEY MK202 engine are used to calculate the
temperature of the ceramic coatings. Calculations show that <he

thermal performance of the turbine vane is satisfactory and encouraging.

List ¢f Primary Symbols

A radlation absorption coefficient Symbols of subscript

C Stephen- Boltzmann constant b bond coat

de hydropower eguivalent diameter ¢ heat transfer by cocling

F heat transfer area of the coolling alr or convection

passage in turbine vane f flame

G flow rate of the cooling alr g gas

h,h+ height of the rough rib, m material of turblne vane
dimensionless height r roughened surface

*Thi< paper wae precente” in the Heat Tranﬁferwﬁg%é;iai-Cbﬁfor@hco
held 2t Huangchan, OJctober, 1981,




afi IR T zadlaz sz oJariolg LAayers 3 smIcT o Zurracs

t;f LOToE Lealing 243e tIoTurnine wvane N Z07L lnner wall i o Tuirnniie
- § n2d2 sgacing f rouagh rio or vane

ﬁ§~ disturoing Zclamn 0 leading edge 0f wvane or

k?; T temperatura ceramic surface

- J perimeter 1 boundary surface oetweer

X ccnvection heat transfer ccefficient ceramic and Scnd Zcax

”;{ § thickness o0f various layers In 2 boundary surface Zetween

“ curbine wvane with ceramic coating bond coat and wvane

. A heat conduction coefficient 3 inner wall of vane

o § radiation coefficient

q.

fi? Increasing the gas inlet temperature not only can improve the

é%;f properties of the aeroengine, but also can increase the thermal efficiency
- of the dynamic gas turbine. But the higher the inlet gas temperature of tre

turbine is, the higher the cooling requirement of the turbine vane,

. Too much cooling alr and too complicated vane structure will largely

" reduce the benefit due to the high inlet gas temperature. Therefore,

3 a new method for cooling the turbine vane is needed. The best way

L;;f is, obviously, to use a high temperature resistant and high pressure

fj resistant ceramic, which does not require cooling, as the material o°f

?i. the turbine vane. But unfortunately, this kind of high Juali-y

ii; ceramic material is not available now and further investigation is

::z still underway. On the other hand, however, anair cooled turbine vane

E; with ceramic coating is proposed. This design can increase the heat

:?: resistance between gas and turbine vane such that a higher gas inlet

\" temperature can be tolerated. It was shown by experiments 17 that a ;QL&

e mam o N
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turbine vane with ceramic co

I. Relationship between the

internal cooling intensity.

The heat of the combust
ceramic coating and turbine

air inside the vane cavity.

3 nlet temperature, chccsing an
thicxness, and using necessary internia.
roi vane ., In this paper, -y zTheor=2iT3.

and study the interelationship betwee

out the thermal performance I this

ating.

ceramic coating effectiveness and the
ion gas, after transmitting through the
vane, can be carried away by the cooling

If the internal cooling intensity is not

high enough, increasing the thickness of the ceramic coating alone can not
jearantee that the temperature of bond coat will not exceed 1367 X. This
can te explained from the heat transfer process in a compound £l3t
wall which consists of ceramic, bond and metal. (see Fig.1l) From
the thermal equilibrium equation of the heat transfer in this flat
wall, the following equation can be derived.
;—T‘—l+(‘ /( a,+) (1)

If T, and T, are fixed, then the derivative of Eg.(1l) with respect to
S.1s :

jlg..(LQZJEL/Q}-+£L4~50

43, 1 ¢« b ta (2)




NIzl TS T T I S OIS 0TI InNoYEaRSeE, TOe 3L Ll NS
TImnusTi JRE Tenmg2raTiire TAn De inrreassd coyrespondingly owitnnaw
Jamazing Tn= Zond Z:oacs It we et Trne increase 2 310 wel 33-
T2amperature 3iter increasing .1 mm of ceramic coating as 7, which is
/
Talled tThe =2ff2ctiveness »f ceramic coating, %hern EZ3.°2 Zan o=
Y24Y.TT2n 33
T,—T 1 3 8 , C2
n- 10‘-(‘——‘ — 4+t 4= K/0.1 &%
4o > B i, )'.
b . . . ; L . :
- AfzTer ccomparing the values o0f each item, we £ind cut ¢that the heat
b»
3
pﬂ transier coefiicient X, is the most important term in the denominator
|
- - popd I
20 0L Eg.(2")
Fo -
Pﬁj The analysis above about the compound flat wall is only good fox
P . : . ‘
tﬁf the flat section of a turbine vane. For the leading edge 0f the vane, the

various layers have different curvature radii and then have different

Dutgin i e 4.

heat transfer areas. If Fig.l is a compound cylinder, for instance,
then the radil of each layers are : Ry= Ry +8m, R, = Ry+ 8, + %,
and Ry= R;+ 8m + 8, + &, Therefore, Eg.(1l) will become:
1 + 8,
Te=Te o (Rt 8.+ 8 +8) " L(R +8,+8, +8/2) (3)
Tl‘- Tc l + _*.-‘—!__--___*_ ,.

a Ry (Ry+82/2)  L,(Ry+ 8. + 8,/2)
Take the derivative of Eq(3) with respect to £., the formula of 7 for

the leading edge of the wvane can be obtained by comparing each term

wvith *he same order (lower order terms are neglected), which is

,'.w._,,(_T,,;—”____T_.)/[l(l+ 18, + 23, +.oa)+g_.,_(l+£,.+za,+ao>

o, 2R, 1, 2R, + 8,
(%)
/3
+2% (1 + _“ﬂi__‘!ﬂ“)]
’ 98 2Ry + 28, + 8,
Comparing Eq.(4) with Eq.(2'), it can be seen that the 7 value of the
36
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It zan be seen from Eg.(4) that increasing the inner radius Rg;
the vane's leading e=dge can alleviate the decreasing 2f 7, where the
decreasing 2£ 7 is caused by the fact that each layer has a Zifferent
curvature radius. I£ the curvature rsdius R

3 0f the vane's leadingj

edge 1s equal to R,, then Eq.(4) will become:

7100 = /[ —J——z’+")+5!(1+___2"+")' ..
2R, 1. R, (3)
m(h*q+5ﬂ
_ 2R, + 8,

It is obvious that the 7 value calculated by Eq.(5) is higher than

that calculated by Eqg.(4). But in order to let R; = R,, the curvature

center of the leading edge's inner cavity should be moved backward.

In this way the wall thickness, $m, around the station point of the vane

will increase and then the heat resistance of the vane will also

increase. If we take the first stage guided vane of SPEY MK202 engine

as an example, then the wall thickness around the station should be
increased from 0.76 mm to 1.9 mm. In order to compare these two

cases, the leading edge parameters of the SPEY first stage vane, i.e.
Rz =1.1 mm, R, = 1.86 mm, and Sm= 0.76 mm are substituted into

Eq.(4), and the following data, Rz = Ry = 1.86 mm and Sm= 1.9 mm are

substituted into Eq.(5). The other data which are needed in these two

equations are: &,= 0.1 mm, R; = 1.96 mm, Ry =(1.96+ S,) mm, T, =
1360 K, T, = 800 K, Q,=1.1, and A,=24 Kcal/m-hr-K. The results of

these two calculations are shown in Fig.2. The ceramic coating

effectiveness of the flat wall is also shown In Fig.2 for comparison.




the ” valus at leadi:

ad 3
and %7 value increases when R3 = R
In Fig.3 we show the calculated maximum allowed gas <emperz-ure
'G“ans the function of & at various §_ , where JS=IOOOO Kcal/m* - nr-K

and R; = R,. It is obvious that iju. increases with increasing o,

and 5,.

—
4

Enhanced cooling for the turbine vane with ceramic coating

As was described above, the enhanced internal cooling is very
important for the turbine vane with ceramic coating. In order to
enhance cooling for the turbine wvane, the following methods can be
employed: |

1. The inner cavity of the vane is divided, according to
different required cooling intensity, into front, middle, and rear
cooling passages. These sections have different shapes and passage
areas and are connected together in series. The cooling air after
passing through these three sections will come out from the chord at
the tail section.

2. The inner wall of the cooling passage is cast into a
rib-roughened surface with 45° tilt angle such that the heat transfer
is more efficient. A lot of papers had shown that the roughened
surface can improve heat transfer. The semi-empiric formula of the
tube with repeated-rib roughness obtained by Webb et al.Z4l has been
used intensively. But according to Refs. 5-7, where the heat transfer

and hydropower experiments with different passage shapes were

performed, the heat transfer of tilted-rib is better than that of

ks
[ Aa
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can De app.i=2d t> tThe case with tilted-rib roughness., I: =—nlo papor
we use the Webb's fcormula as a substitution for our zalculatizorn. The
ratio of the nea<t < chiszs flrmula

ransisy agugmentation Nur calculated oy

o1

and the value Nus calculated by Dittus-Boelter's turbulence hes

“ransfer formula for <he smocth tube is shown in Fig.4.

Lt

3. Increasing the inner radius of the vane's leadin; =213=
casting a Zented duct can enhance the cooling at the front statizn. The
heat transfer coefficient at the sharp corner area is about 20% less zhrarn

that at flat section..8. It is not a good idea to use roughened ril

[£7]

at the corner area because an obstruct section will be formed and =zh:
will hurt the heat transfer enhancement. Increasing the inner radius
not only wiil improve the heat transter at the corner area, the
increased wall thickness (due to the increase of inner radius) alsco
makes the duct casting at the corner areaeasier. Besides, the rib
roughness at the break point of the corner area can disturb the gas flow
coming from the side. According to the experiment in Ref. 9, the
rib roughness can enhance the heat transfer at the area without rib by
40%. If the effect of dented duct at the corner area is also
considered, then the total heat transfer coeffliclent at the corner
area can be doubled.

4. The duct with disturbing columns at the tail section of the
vane can enhance the convectional heat transter at a narrow slit. It
also can solidify the structure at the tail. Since the length and
diameter ratio L/d of the disturbing column is very small, the wall

effect can not be neglected. The conventlional heat transfer formula

for the horizontal disturbing clrcular column can not be employed
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5. ?urbin§ vane with ceramic coating and its cooling paccager.
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Nu = [0.023 + 4.143Re—®%exp{ —3.094(d/s) — 0.89(s/L )**®}JRe*Pr*®

III. Temperatures at front station of the turbine vane with c2ramic
ccating under Jdifferent conditions
In this section, the temperature at the vane's £front station vs
ceramic thickness is analyzed under different cooling conditions. The
calculation was done on the first stage guided vane cof the SPEY MK20?
engine, where maximum allowed gas temperature is 1850 K. The shape
and dimension of the turbine vane with ceramic coating is shown in
Fig.5, and gﬁe other data are guoted from Ref. 11l. Since the cocling
passages are in series, the air temperature of each section is
gradually increasing but the pressure is gradually decreasing. The
leading edge of the vane is irradiated directly by the flame cof
combustion. 1Its thermal radiation flux tis
§r = ACle,(T4/100)* — (T,4/100)"] -

The energy emitted and reflected from the leading edge of the vane may
come back to the vane surface again, but it is negligible. This is
because the absorption coefficient A, of the combustion gas is very
high. Since 4-(,.—81(7;/7.)". . where ¢&;= l-exp c-2.9x10%Lp(r1)”’ Tf-/'j

£123 The value of ,4p can be determined, by substituting the known
values into the above expression, to be 0.93. So, the radiation
energy, after passing through the combustion gas, will become very

small when it comes back to the vane surface.

In order to allow for unfcreseen circumstances, the absorption
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Gr== 2.48[13.2 - 10* — (Ty/100)']

Substituting X,.=3710 Kcal,/m--nr-K, whicn is guoted from eI, 1., ani
Tg = 1850 K into the convectional heat transfer €formula, then we rivss
q = 871001850 — Ty)
the total thermal flux at the front station of the vane (=g <ihen

fo= 9. + 9, = 8710(1850 — T,) + 2.48[13.2 - 10° — (T4/100)"] bl
Cn the other hand, the temperature difference between the Ceramic
surface and the cooling air, where R3 = R,, can be calculated by the

following eqguation: 20:R, 8.R
sy

S S S
’ ’ A(Ry + R) 1.R,

18, R, Rs ]
+ +
l.(k. + R.) GR.,

(LL

The average cooling air temperature Te can be calculated from the heat
transfer formula for the front section of the vane (see next section),
where s/h=10, h/de is varied, « is obtained from the Webb's formula
24., and the weakened coefficient at the corner area is 0.8.
Substituting various values of X, and 5, into Egs. (10) and (1l1l), T,
then can be determined by iteration method. When T, is known, T, also
can be determined. These results are shown in Fig.6. From the
calculation, we find out that, by using $.=0.1 m, h/de=0.01, and
s/h=10, the temperature T, at the front station can be ascured less
than 1367 K. Figure 6 also indicates that T, and T, can be reduced
remarkably by using roughened surfaces, The variation of the roughness
parameters, however, only has a small effect on the values of T, and
T . Therefore, for the purpose of real appllication, a passage with 4

o

bigger size of roughness !s better than a passage with optimal
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. IV. Temperature distribution in the turbine vane with ceramicz c.azing
Using the roughness parameters mentioned obove, i.e., 5.2 2.2 mm
- and S,= 0.1 mm, the temperatures at the basin and the zack :f =zhe
different seczticsns (front, middle and rear sections! cf tthe vane, 33

well a3 the maximum temperatures at the Zront station and at the tail zan
De Jdetermined. The tail's maximum temperature is at the

beginning of the cooling duct which is on the back side of the vane. This
i3 because the heat transfer coefficient is the highest at this
position. Let's first calculate the temperature increment, T,, of the
air in the cooling passage. Since

dQ = X (Ty-Tc)dFe = Gccp AT,

AT, can be obtained by integrating this expression, which Iis

12
AT, = (F, -~ T,)(1 — =) ()

where m= (WF/GCF)C, T., 1s the cooling alr. temperature at the passage

inlet, and %W is the average wall temperature between the vare basin and the
}‘: vane back of that section.

e Since the gas temperature, gas pressure, passage cross section,

and the surface temperature of the vane are variable, the caculation

of thermal radiation flux ?eis very difficult. Since the maximum gas
temperature is only 1850 K, g} is estimated to be about 3% of the

value of ? . 8ince the effect of radiation heat transfer must be

taken into consideration, £,= 1.03 ;cis used here just for simplicity.
The temperature of the inner wall in the cooling passage can thus be

determined by the following equation:
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Fig. € The temperatures of ceramic coating and bond coat at the front
statisn of the turbine vane. (1l: emooth csurface)

28] | weax2l mEmx 3| omax esuxs | msax.f
o T, 1661 1602 1589 1573 1591
7 » T, 1234 1229 ' 1263 1249 1307
8 M Te | 1519 E 1463 1468
- o# T 1184 | 1182 1169
" (ROMEK (O 780 a0 %7 900
1._ ® | RAOEHam i 19.7 15.6 15.2 14.0

Table (1ls item; 235 temperature at station; 3: temperature at front
section; U4: temperature at mifddle cection; 53 temperature at
rear cection; 63 temperature at tail cection; 7: vane back;
8s vane basing ?: cooling air; 10s inlet temperature; 11:
inlet prescsure
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1.03 [1 + 2.063, 2,068,
o Uy la,Uy  20(Ug+ U,) 3,(U,+ Uy
2.068,, + 1.03]
ln<Ul + Ul) “rUl

-Tl-— T: -
T,—T.

Tne vaiues £ T,, 7., and T, can be calculated zZrom =Tiisz
eguaticon and Eg. (12) by iteration method. The temperature at bond

zzat, T,, can be calculated by
T,— T, _ [ 1, 2.068, ]/[ 1 2.068, + 2.063,
T, — T, , .'Ul 2(Us + U;) a,Us L, (Us + U,) l.(U, +1,)

2.068, 1.03] B
L.(U,+ Uy  aUl’

A 0.6 mm slit {s made on the tall of the vane such that cooling can be
achieved by convection. According to calculation, smooth passage :is
good enough for heat transfer here; the disturbing column to enhance
heat transfer is thus not necessary. For the turbine vane with
ceramic coating, which has the maximum allowed gas temperature 1850 K
and cooling alr flow rate ratlo 2.9%, the calculated surface
temperature T, and bond temperature T, are listed in the table below.
The maximum restriction value for T, is at the beginning of the
cooling duct of the tail. This value is 60 K less than the maximum

allowed temperature of 1367 K.

IV. Conclusion

1. The ceramic coating can reduce the vane temperature
effectively. 1In order to prevent bond temperature higher than 1367 K,
the internal cooling of the vane must be enhanced. The ceramic
coating'seffectiveness increases rapidly with the increase of theinternal

cooling Intensity.

2. The ceramic coating effectiveness is maximum at the flat
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diameter c¢cf the leading edge.

3. The internal cooling can be erhanced Ly using a rouwrenc!
surface and Dy series connection fcr all cooling gpazzagzes. The
roughness parameter has little effect on the bond temperaturs 37, =
is Detter <2 use the roughness e.iement with higher values :-f =, de zand

s/h, which s easler to be made technically, such that the maximun
al.owed gas temperature can be increased to more than 2000 ¥,

4. The calculation for the thermal performance of the SPEY 202
“urbine vane with ceramic coating and enhanced cooling shows that, by
employing appropriate cooling structure and 0.2 mm of ceramic coating,
the maximum allowed gas temperature of 1850 K can be reached bty using

only 2.9% of cooling air. This implies that the average temperature

in front of the turbine is 1600 K.
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