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It was found that the reduction in work coefficient with tip clears

ance was leas than that predicted by the model above., It was felt ¢

T S g e 43 o o ¥ A B o — s T E g 8ol £, T d e P - o o2
the scraping flow wewre analyzed in a more reaslistic fasghion, the agress

ment might be bettszr.
in the case of reduction in total pressure coefficient and efficiency

yw the changes were over-

it wag found that by including the

;3

b

estimated,. Neglecting the scraping flow, the reduction in eificiency due

to tin clearance was overesiimated neay 8ial) and undevestimated 2t the

Tt

dgh dow rate above design. Due to the scattering of experimental re-
sults and the gmall changes involved, L e., most changes weye oot much
moze than the order of acour acy of the experiments, it was felt that one
could only digcuss trends in evaluating the validity of the proposed model,

2,9

af the model wae & valid one, since the orderw

&

vas felt ¢

Joda
g

In this respect,
nitude of the losses was o ressonable agreement with @m&@mm&zi&%
rogults over a wide range of fow rates, and variations in calculated and
experimental efficiency drop with flow rate showed similar trends,

The agreement between theory and e:@’p@:ﬁ ment wag not as close as

B

that found by Rains, However, the tests reported here covered g much

>

than those of Ralne, and thelr internal consistency indicates

that they are a8 rellable as the provicus experiments,
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Por good efficiencyv of 2 zas turbine cycle, it is axiomatic that
the compressor have a high efficiency. Amonyg the logses suffered by .

the compresgor are ﬁw% due to leakage flows through the tlp clearancs,
1,2,3)

,&’m

It has been shown® that the variation of tip cleara.ce has an lm-
portant effect oa pump and compressor performang In particular,

s (2} : : hani
Rains'™’ invegtigated in detail the tip clearance flow mechanism and

variation in compresgsor periormance with tip cleararce at the design
flow rate. He introduced a perfect fluld fow model and corrections foz
real {fluid effects to compare with experiments, so that variation in com-
pregsor performance tould . be estimated for other operating conditions

aad other machines.

g concerned with determing

ol
futn

The present investigatios

xw

of tip clearance on compressor periormance, not only at desgigs
tions, but algo through a range of flow rateg from near stall to well above

purpose of galning more understanding of the tip flow

£
(6]
@
s
&4
v
©
by
o
4
o
s
&
=]

naechaniem and to extend the range of comparison of the experiments with

the perfect fluid model and real fluid corrections given in Reference 2.
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“E.
. RESULTS

A, Estimation of Inlet Gulde Vane Losses

l.osses through the inlet gulde vanes should vary as the sgquare of

{7
the flow rate' 3, A8 seen in Figure 5, the off-design values are too high,

ivj

accoxding to the above criteria, using the design flow rate value as a ba-
sis. Though the circumferential station selected for off-design surveys
wag not in a strong wake at the design flow rate, i€ is felt that wakes
could have shifted with change in flow rate giving higher losses than the
circumferential average. Therefore, those detailed surveys faken al the
design flow rate are averaged circumferentially and assumed to vary as

the square of the average flow coefficient.

P. Rotor Performance - Averaged Resulls

-
&l

The average flow cocfficient is determined by numerical integra-

tiono,
o

$6dg

fusn

« _ mean axial velocity _
tip speed

<

o
£
yre

F—— g g —g
L2

ot

The average pressure coefficient is determined similarly,

- _ p‘gz - p‘a}' - '35

= 2 L ©

; g
° JARELY
5

2

Zpa
The vaziation of average pressure coefficient with average flow
Figure 6, is seewn to be almost linear, where %’{ increases with

v below design. The varia-




investizated,

fon
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£
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The variation in average work cosf
coefficient, Figuve 7, is similew to that of
tion is more nearly linear as would be expected.

learancs 2t

1t

The variation of average pressure coefficient with tip
the various flow rates, a8 shown in Figure &, 18 seen to be erratic. Vale
ues plotted in Figure 6 have been referred to common flow rates before

being cross-plotted in Figure 8. Though erratic, the resulis rhow that

the pressure coefficient drops nearly linearly with increasing tip clear-

ance at each flow rate. The drop in average pressure cosfficient with tip
clearance i8 seen to be greatest at the lowest flow rate and decreases

with increasing flow rate.

; Vs 0to A =0.0254
6, 343 0, 025

0. 40 8. 025
0. 45 0. 029
0. 50 8. 015
0. 55 8. 010

The average work ecoefficient g determined from rotor torgus

. o .
measurements, ¥ = '}:f%gﬁz@ R A$. As seenin Figure 9, the average

work coefficient is nearly congtant with changes in tip clearance over the

rated. Resulte are simdlar at all flow rates. The slight

]
g&h
,m&.:
Gh
gsa

change shows 2 trend of decreasing work coefficlent with tp clearance,

éifi‘?g? 3’ :}. {5{350 if@?ﬁ :”‘\, = 5.3 é@ ?L =4 é}o @aﬁ{,

The efficiency of the rotor is defined as the ratio of the average

hrouzh the rolor to avers ge s work input by the rotor,
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The fiow of a perfect fuid through a tip clearance can be thought

. s o S oo % o N
gymmetry. through the slot. Flow Mﬁ*m%bz‘ a slotted wing !

ne theory; however, the assumptions requirved for this type

of treatment are that the vortices be shed at the trailing edge of the wing
as the civculation drops to zero at the tip and that the slot be large come

pared with the wing chord,

&

A more reasonable model of the flow thmugh a narrow slot is one

<% &

in which the vortices are shed along the edges of the slot rather than at

{2)

the tralling edge. Flow visualization ewperiments by Rainsg'™’ have shown

oF
that the above model, where the Kutta eondition is satisfied along the
chord at the blade tip, is a valid model of the flow considered. The probe

a

len that Immediately follows is how to apply this model to 2 turbomachine
to determine the effect of tip clsarance on efficiency and work input to the
flow, and what correctiong should he made to account for real fuid ef-

fecis.
The flow in the tip clearance can be thought of ag having uniform

velocity in the direction of the chord, which is carried through from the

pregsure to suction side esgsentially unchanged for blades of gmall thick-

£

ness, The veloecity perpendicular fo the chord is
1
2{p, - ?g}a
w, = - »

where p, and p » are static pressures on the pressure and suction side of

the blade away from the tip, ard ingsneral, e varies along the chord,



o l4e
A5 shown by Rains'™’, the most impozrtant real fluid effect is the

blades, In 2

compressor, this action fends to increase the pressure on the pressure

side of the blade, thus increasing ure drop across the blade

and the flow through the tip clearance.

B, Reduction of Work Input

‘The factors that cause a reduction of work input by the rotor due
to tip clesrance are; (1} phvsically there can be no work done by the
blades on flow through the clesrance; {2} the pressure drop across the
blade serves to increase the flow through the clearance, thus reducing
the availeble duld on which the blade can do work.

The werk done by the rotor may be expressed as

R &
G
& o —
{(2) W = Spu gx_@éﬁ??ﬁf 1;:’ dr
e
i

25¢
where ¥ is the average work cosflicient and ¢ = mg«»il g« Then the
usw(x-é:::}

reduction in work due to the nhysical reduction of blade working area is:
7 =]

-

The reduction of work lnput given by the pressure difference

B ¥ oy - 3 % PSP S 2 - % AT NP Jgrae—
dade can be determined by evaluation of the flow into o sharp-



ﬁ”

Je
Q{ggvés

weth

@

be solved usin

QW can D

a il

4
&

3

while

Lo

9
b
e
B4
2,
&
i3

a5

he tip

Y
&

5
i3

4
a

gentially wnaffecte:

]

13

thon on t

gv=0

YL

3

18 alo

Ty
==

& gnown L

tcan b

i

e 23,

.
gu

%

2 ¥
14 e
4 3
P

4 &

iency,

2

o
Gy,

defi
in clearance to account foy

2
By

ba

il

& B
9 o
B 5
e *

€4 [ew]
2] y B e
5 g B
D a Y
‘w.w o Al =
eod o " Mw
i ki 3
Bog Ty Vo
© L e B
4 ey o wejed Mm
ow — o
¥ . @
# M - b
el " .
b el o3 -
E R o

) i, @
EX i 24
Q L]
el o$a

@

ffective tip clearance is seen to be

Then the

sure deficiency.

e

X

i I
83
e

i

ce, prede

a3y

efore leaving ¢

hes D

T

senarates and reattac

2
“

e Eleywr

ik

I

<
per

L4 4

Equatl

iy

&

"
b

¥

a
&

DRroGuces

e boundary

1y

»

d

oy s
e

s

v e £
ERE ¥

s

y

the



4
ihe

° i3]
.
b4 2
| P Mm 28 g :
Iy N m Wﬁm o % aget W ﬂﬁm mmwm
i s & e Y & ; i
2 Pk # : Py Y w& o
" i @

%3
=

splacement
¥
@
eoef
P

?
&
EH
£
i1
&
wWoTR
at ob
£
e

o
® &g
ol = s 2
b Mﬂw =g mwsmw s
By ey P T @ o O
o, f & £ s i | y
w, mf il . A4 ox . ey
Ko M : o, a3 a7 S £ &
S QM el . g, 3 2 MW 4 .
oo} - & L 1% by b il w1 23 A
Mwm 1 e me - -~ il £ el
1 ww.w o @ o & o i wwm B £ &
. op R 4 oo 4 ) & = ¢ @ o
o @ {33 o L g x b ) o
P =4 o § £ 4 . € e -
et vy @ o o) % z L e &
o i -2 o P i : o M s & 5
W & KN # ey w@@ @ m > M“w @ % o s
g ™ 1 H g g B % g g 4 ¢ B &
i < ] 2 £ ; . . ) m L S ]
. 9 s o) &8 7P - BRI BV - A
o @ w b o & et o 5 0 2 = &
< e 4= e b &5 1 LB
@ & oI5 & e, »me el g & wmw wﬁ o A .
o ko -t IF i 2 w & B 0§ B S
& & &b tED = g ol oy % i d B 8 3! & ol
,ww i o £a8n3 “ S (2] s g&% & ,ﬁw = o J
oo B ‘ - L g = B8 B 2
b - i $ g © @ A 08 2 B~ B <
58 O - B g g - 8 & B o5 @
e i3 WA m« [ E » 8 [ b o it at.m
b i ] dmw‘k 2 i .au,.\w mw Fiad i ) owmm i
e ﬁw &0 § ,wam ww.. ﬂw.w T @ " wm X K ﬂ
& o 2 ! = " FEEE - B4 & 3 A 4
. @ i By 2 b e 8 & & b .Ww @
&) % % % P4 % N ‘
# RWW R g ° % 7 Homo op 2
h 4 o N hoa © & (T 4
2 # B = %8 g 8 g & ¥ .
3 b . a5 @ p & @ o8
, % T a @9 5 2 o
b = & | o w Hu § @
ia e o - ® P S pat b B o
— 7@ ‘ o @ O s o e @
. , : ¥ e
oy & al.° o T v oo 2
“m,,u s} 2 ? o5 P o8 % e o _Wm
o 0 ; & ey W 9
¥ iy p=i - ) p;
N ® o i g B & o
T e ; R & 7T =
4 j £ L3 Tl i3 2 G v
¥ ; i H i 3 . - % =y 2 a3
&3 S am.w =y W«u ?Mw, 9 ¥ emm e r,m« o a3
o 2 < =2 2 2 @ S & 5 o
! o o & 8 w8 am e
A @ g - @ oo = A o
o g o = . g 2 &
& i PR+ S~ 2 , £
oA o L 5 b
T - R 2
o et
: =
e




Bt & L3
2 4 %W . 3 Mmﬁw m
B¢ oo 8 2
www ) b w ot s o Ba [
by A =W Boow U b o
¢ W ; : :
wed 7 &3 ! o w.w 24 ww
& ﬁw i a p=1 - =
~ &S B w g 1o £ o
ot g W & = {
27 & o . s § s
5 g £ @ A 5 i 8
3 ¥ 5 & B o B
N B o, a ,v g 55
" e 2 T4 | o
@ . wdst & P . € e @ e
@ e 5 & 5 & < . &
a g i m% F2 4 b5 & e
R £ m‘w«m ot ot oy MM
"I . G ke : &
: 505 0y o ot e :
; ¢ a g9 8 @ e M, £ @
P o3 wpol a3 . : MW P
{ o h & % s - L - )
oo 3 " 5 8 & & ' B
B e & e " N mu -
8w 0 ] 2 & - 2 o
tm e e W 3 o
7 ¥ . B : 03 B
M B 9 O 5 @ﬁw & g N g
@ = s 5 o, 23 fex . -
g g & = PO T AT PR
ek b . & mm am i// T & ww
K " & & = . 2
o5 5] MW W Pt - ..III.J 4 o o %w
o A2 i 3] <l o8 £
@ 5 5 o 2 & & @ < b
K %,W e o 3 > 9 (3] wod e m
= 1 PR v & 3 g =i 4
R4 b &4 i P ol & e
3 M Lt
& £ & ¢ & o ; "t b
e = 4 Pt o o e
= L Y 7 & - & 7 7
& 9 @& h & B . 2 v b
b ol s ] ¥4 v g e el
£ i B o o D : ) | s 2
2 & m > b i g
o - B @ =0 i sujed O
¢l o { . K ; ] 72
Wv amw p-2 E.w w«.w m E fm oy Aﬂwm
. ey B ] ol b 4]
ww . ; R 0 & ] o
ﬁ i A2 ﬁm B 5 & m J* mum
Pty ' fomp o
. & QWW ﬂmw a w @ mw +d g 3 ot it
B D B S = w8 g X
b o 2 I o w & & o T4 . u o
¥ o £ &y -4 o ma.,.w §
b = bod S G2 , @ oL & & 2 o
& R = o = Ry = W ot ® & @ &
,wav g = e s aww o il e 3 Mrzw @ ] s
B4 W % . a3 £ty 4 P & = 4 w..m 3 & w&
oS } , - Y & :
SIS S-S B R 5 0 & % 4 = i <
et Pk ¥ 5 A aw i ) & e s =t
@ 0w @ wm ' B 9 o £ N
o ¢ 1 e o g = oy
o Lk iy e i @ @ nmm a T o \Nw ht
s & g2 8 O s L B & £ gt
& 8 2 9 B & Yo" B 5 02 &
§ w.zyw g ta j o ¥ @ Wmu. l.xxsm 3 P N}
L < S CS R B T A & T . A
g W . > 6 b , - B - et e
s &E B (& g Mw&.n P ot
b b




e
#y
o)
P
j]
£
g,
i~
P
w
i3
st

E

£
b

3
& 3

.
v gl

E
> i

on 1

2
9

aq o

St

R

o 5
Tt

&%

PN
ol
WMW
Wuw
¢
e
23
1Y
1
Yeurgt
&
v
oy
it
Fai]
Mg

isncy

sffic

W

2

quation as

&
gy
gond}




1
Aé.:

Lon
-
i
!
!
I
-
at

2
%
44

uate

Vil ta

i
il

5 475
W

o
Bl .“Vl...lllstl\l(.ld
3 m e
b
B ' P P
12 e ! -
.,W% e Mé M £7%
8 ; e e
2 v ] o Mo
& Y | o T
: L it 31 @ 4 I
" % e e
P o o . g 0y pedm “ia
b ot i : B,
: i | B o 3 el
R@W Iy e ﬂm e d
d i B ;
m P S§ 834 m» — P
“ ooy §
L MQ MW & =2
e v = -t
mw w ) ME.,
R =) 2 et
2 bay #;
& Wi 24 %
L] M.ww s
& : s & 3
b 3 &
] Ly " M_mm i
. K
& 54 . L1
# 23 Al
] [0S &
. i 3
i ' o :
G f
vmw.m
b © {2
a ot =
& 3 '
wbw ol MWM
o a sy mmM
o o= &3 i3 o
P ©~d e M ot

3

R

+]




T}

St P
LA

e
D

roy Gy DT
SRLe wi

e
23 A

&

Yo

iy

sove rela-

E3
r
H

he a

&
@

vyt
L

3 v
T
,»ﬁ&m}

& as

gl
e

ke kikg

ong to pred

k)

qu

-
P

Siek g

1
Loy

e &

ey

L g1

P
WA

%
&

were nged

Fig

%3

&g frov

LT
GLRLG

ay-

ey :&u»fj«

AT

)
@

i

P

polating

i
fe

vty

P

s

&,

A

ey

LRl

3
ka

w

2

nt

AE

-

£ g
LY

¢ load-

eBEUr

2 N S
agtant pr

&
O
&
3

TS

PR e

2
24

&

2%

i one-guariey

I
L&

‘§;‘

wag at

v 4]

UL

frdian




-
3

el
g

@
G

utal ¢

i

&
B
E2
g

T}

e I

TR

i

2
ks

0

'3

give

&
sgure coeif

&5

flow pa

i
%3

ea)

Lear

a.
45,% £
BLe

ey

'Y

ad in

b3
el

i

€

Z

£

7. B

5 of

#

Tigy

i

g

ﬁ

T
eaf

Z

-
&k

"
o

3

ol B

e

predicted

.

it

=4

ery woll wit

ITEE

&
5
3

L

wits &

al

.

vnt

.
e

per

v g
48

@

g}éf}?,

rate o

s

Rai

%ky

found

2k

%

4

8 not as cloze ag t

stion i

4
&

2 e
ig

g

)
T

v thig i

i:i

et

b
E:

s

RO P

».q,%;r i

5
o

L

{5

Iy

of

range

LS
&

larger

P

Py

frayyiss

B
by

£

ar

Ton a2
R

ig felt ¢

&

A

s g

b
At

P BLP Gl s

%

j&

a

#
e

3




Peg =

wid be
5o
o

Y

Pa

*I

57
&

T S i 5

L2 e £y vy

S

RCS W

mmd
b 3

Sy

&

23

&Lia

o SR
SARRFARI

2y

.
&

i
&

5

of &

&7

cal valw

.m «ﬁw

2
b
RN

# it
3}

(4
&

r

3
i

h

¢ vaiues over §

3 g
Aot

o

ST

-
A

i

wally curve

Lo
e

a
b

iong

nens

iy

et

ol

W

e,
L

BT

earay

¢l

P Y

&




7o

Eekert, Bruno, "The Influence of the Radial Clearance of the
Rotor on v@m;sms@ar .@fﬁmieney Part CV of ‘;ii“ Influence of

?Zfz‘}“ﬁi(?%l Dimensions and Flow Conditions on Compressor

LATACIeriStics, Ue S NAVY LUrean Of Saipd Job, whe §o«108,

TTy757.

Raing, Dean A., "Tip Clearance Flows in Axial Flow Comprese
sors and @ﬁmgﬁg” California Institute of Technology, Hydro-
ﬁ}h&&z wes and Mechanical Engineering Laboratories, Report MNo.
5, Mavy Contracis Né-ori- ﬁiz, Task ‘sz}m IV and NOed 9612,
{June 1954}

Ruden, P., "'Investigations of Single Stage Axdal Fans', NACA
TM 1062 (1937)

Fullep, T.W. and Acosta, A.J., "Report on Design and Con-
struction of the Axlal Flow Pump Test Facilityy, Dept. of the
Navy, Bureau of Urdnance, Contract NOrd 2612, Report No.
E-12. 1.3 {(June 1953).

Rz anie, W. ., Sabersky, Rolf H., and BDowen, Joim T.,
3%*@3&%‘&3@&} mm Eup @ﬁm ntel kv&mzm:mwg of Axial &f}.@w

Compregsors', Summaeary Report, {"‘biafm:qm Ingtitute of Tech-

nologys @é@gﬁa@%aaﬁ. Engineering Laboratories {January 1949)

-

&

£

sustein, Joseph, "Ezxperiments at Low Reyunolds Number,
ars 1L, Axial Flow Turbomachines', Californie Institute of
ﬁsm@mggz'. Hydrodynamics and Mechanical Engineering Lab-
ratories, Mavy Contract Nonp-220{23), NR 097-001, Repoxt
Mo, 6 {(March 1957}

it

2 gl

D A

ﬂ R

e

¥

Wu, Chung-Iua, 'Survey of Available Information on Internal
Tlow Losses Through Axial Turbomachines', NACA RM
iﬁ%ﬂ% {19515

Miine-Thompsaon, Le M. Theovetical Hydrodyvnamics,
Medfillan, 2nd mwm&m i 507%




o

g
pr

(el
R

i

By
¥

ENDIX

Hotation

Blade height
ade chopd
Lbeclute axial valocity

Absaolute tangential velocity

Tip clearance velogity normal to the blade chord

Velocity velative to the blade
Coordinates

Diarmeter

Pressure datribution function

Mumber of blades
Fower

Reynolds number, © ;%ffzﬂi’v based on fow velogity &
Torgus
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& row {angle between chord Une and machine
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¥ Absolute flow angle (rneasured from macidne anis)
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&
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gplacement thickuens of boundary layer

i

Local efficiency

=3

Timengionless tip clearance §/b
W Hotational frequency

& Ghange in any guantity

" Finemetic viscosity, /g

axial velocity
iip speed

& Integrated average flow rate coefficient

¥ Total head coofficient = local total heat rise across the
rotor/ :53@%@

W Integrated averngs total
¥ Local work cocfficient =

y wwork conffician
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Average guide vane pressure loss coefficient,

0.03
o
©
Gircumferential
average of 4 o
radial surveys — =
002 + ;
© Single radial survey with ©
correction factor determined 5
from average o
' o
B Single rodial survey B
without correction :
0.0t ™
1 { | | |
0 0.1 0.2 0.3 0.4 0.5

w—

Average flow coefficient, ¢

FIG. 5 ~AVERAGE GUIDE VANE PRESSURE LOSS AS A FUNCTION OF AVERAGE FLOW
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