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An Experimental and Analytical Study of Blade Tip-Clearance

Effects on an Axial-Flow Turbine Performance¥

Atsumasa YAMAMOTO**, Kitao TAKAHARA**,
Hiroyuki NOUSE**, Fujio MIMURA**,
Shigeo INOUE** and Hiroshi USUI**

ABSTRACT

In order to investigate the effects of rotor tip-clearance on a highly-loaded axial-
flow turbine, for application to high-temperature engines, a cold-air test on a single-
stage axial-flow turbine was conducted with three rotor tip-clearance to rotor blade
height ratios in the range of 70 ~110% turbine equivalent speeds and 1.4 ~2.2 turbine
equivalent total-to-total pressure ratios. The radial tip-clearance of the rotor was changed
by increasing the diameter of the rotor shroud ring, while keeping the rotor blade tip
diameter unchanged.

The main results of the test are as follows;

1) As the ratio of the rotor tip-clearance increased, the turbine inlet mass flow in-
creased and the turbine adiabatic efficiency, based on the turbine torque measured
by the 1600 kW-electric dynamometer, decreased. Turbine efficiency of 85.5%,
84.2% and 83.0% was obtained for 1.5%, 2.6% and 4.2% rotor tip-clearance ratios,
at the designed equivalent turbine speed and equivalent turbine pressure ratio.
Corresponding maximum turbine efficiency obtained at the designed mean wheel
speed-to-isentropic velocity ratio was 86.5%, 84.7% and 83.8% respectively.

2) Fine measurements of the gas flow state in the turbine stage show that the region
of blade tip-leakage flow inefficiency extends to the mid-span of flow passage. The
decrease in the relative outlet flow angle from the rotor blades is remarkable in the
corresponding inefficiency region.

In a comparison of the present experimental results with the theoretical and em-
pirical equations of other authors, the following equation proved to be most appro-
priate in describing the rotor blade tip-clearance effect on the turbine efficiency;

Aty =np -1 =_B??T[CL/(S/C)]§236033m,R
ro AT AT (VadlUnm Y (Un [ Va3 P

k
v
where,

B =105

* Received October 23, 1981,
** Aeroengine Division
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For multi-stage turbo-machinery with any degree of reaction, the above equation
can be expressed in general form as follows;

—nr i{BN[CL/(S/C)]?vsecsam,N k

AﬂT = (Vad/Um)I & (Um/nz)z (_’;')N
Br[CLIS/e)) R sec* B,k (k)
(Un/Va3)? D
where i is the stage number.
& ®

ZAERER - VHAOBARIO—BRER L — ¥ v ouT, TOEHRECRIZTE
BB OEEY AL OEREBERC L ARB YT ot THENPRLI=ZBOHE >~
25U FYV U IREAWTLES, 26%, 4.2 BDKBEBEOBAELOWT, XRAKF -
E VoLt ERUABRE Y FMICEIE L, TORKE, BHRERBRILL — v Ol
BRSIC AT CHBYEL D, BANA—C VLW ORBREC 15 L Bbh 3 RER
BROE TN Ep ot Ehe, NERBOKERYL, TOEBIROERMI
BT, BOFHBRABICETELTVAZ EHHB LA, i, BERMBEOBERIR
FTEHEYRETIREORX Y FTHNOCER LARORRER L KT 5230, B#

LR AHERYRT L
SYMBOLS diameters
G : Inlet mass flow of turbine
A . Area g : Gravitational acceleration
Ag : Annular area H; : Total enthalphy
Ag,Ax’ : Annular area of blade tip-clearance, AHp - Turbine thermal head
effective area of blade tip-clearance h : Blade height
B . Coefficient of function of blade drag : i stage or i number
coefficient in formula (18) for blade  J : Work equivalent of heat; 426.9 kg-m/
tip-clearance effect keal
Cp, Dpo : Drag coefficient of blade; formula k, k/h  : Blade tip<learance,
(14),Cp whenk =0 blade tip-clearance ratio
Cpk : Blade drag coefficient due to blade K : Flow coefficient through blade tip-
tip-clearance clearance; formula (B4)
Ct, . Lift coefficient of blade; formula K : Ratio of lift maintained at blade tip
(15) versus two-dimensional value of
c : Blade chord length blade lift [10]
cp : Constant pressure specific heat Ly : Turbine output
D : Diameter AL . Size of overlapping part; see Appen-
Dygy, : Shroud ring inner diameter; see dix Figure 2
Figure 9 ! : Arm length of dynamometer;
dp, dr : Leading edge, Trailing edge blade 1.4606 m

This document is provided by JAXA.



Tip-Clearance Effects on Axial-Flow Turbine Performance 3

M : Mach number

N : Turbine revolutions per minute

N* : Ratio of actual corrected revolutions
versus design turbine coerrected re-
volutions;

N*= (N/\/a_cr)/(N/\/B_cr)des

n : Number of blades

0 : Blade throat width

F, P, : Static pressure, total pressure

b, ,Pg ,FPc : Pressures measured at left, right and
center of three-hole pitot tube

R : Gas constant

r : Radius

IR : Drag coefficient of flow through
blade tip-clearance

) : Blade pitch

I, T, : Static temperature, total temperature

U : Peripheral velocity

Unm : Mean peripheral velocity

14 : Absolute velocity

Vaa, Va3 : Axial velocity at stator outlet, axial
velocity at rotor outlet; see Appen-
dix Figure 1

Vagq : Adiabatic theoretical velocity cor-
responding to total stage expansion
ratio np of turbine

Vo : Velocity corresponding to turbine
thermal head; V2 =npV2,

W . Relative velocity

W : Dynamometer load

Y; . Total pressure loss coefficient of
blade

Greek letters:

a . Absolute outflow angle

Qppy : Mean value based on formula (7) of
absolute inlet flow angle a; and ab-
solute outlet flow angle a, of stator
blade row

B : Relative outflow angle

Bm : Mean value based on formula (7) of

relative inlet flow angle 8, and rela-
tive outlet flow angle 85 of rotor
blade row

8* (85, 8p):

NTo
A nr <

M

N1-3

nr

PR

SermT

Subscripts

: Specific weight
: Ratio of total turbine inlet pressure

versus standard pressure

Boundary layer displacement thick-
ness (blade suction side &, blade
pressure side §7)

: Mass correction coefficient; refer to

section 3.4

: Turbine adiabatic efficiency
: Turbine adiabatic efficiency based

on ratio of total stage expansion and
total enthalpy drop of turbine;
formula (6)

: n when blade tipclearance k =0

Difference between ny and 174 ;
Any = 90 — 1710

: Turbine adiabatic efficiency calcu-

lated from dynamometer output and
total turbine stage expansion ratio

nr

: Adiabatic (local) temperature effi-

ciency based on total temperature
ratio, total pressure ratio; see section
34

: Velocity ratio; see section 3.4
: Specific heat ratio
: Ratio of —An7 to (k/h);

A = —Ang/(kfh)

: A of rotor blade; formula (1)
: Stagger angle of blade row
. Total expansion ratio of turbine

(total inlet
pressure)

pressure/total outlet

: Degree of reaction;

PR =1 — (W2/W,)?

: Turbine torque
: Velocity coefficient of blade
: Axial flow velocity ratio;

¢ = Vo/Un

: Total stage corrected expansion ratio
: Blade load coefficient

: Axial direction or annular

This document is provided by JAXA.
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ad : Adiabatic

cr : Value at M=1.0

des : Design

i : i-th number

k : Blade tip-clerance; see Figure 9 Fig-

m : Mean

M : Mean blade value

max : Maximum

N : Stator blade

R : Rotor blade

r : Relative

s : Static or suction

st : Standard state

t . Stagnant (total) or turbine

thr . Blade throat

Tip . Blade tip

u : Peripheral velocity or peripheral di-
rection

w : due to flow in blade height direction

0 : Value when k = 0 or orifice position
(section 3.4, Figure 4)

1 . before stator blade (turbine inlet po-
sition)

2 . behind stator blade or before rotor
blade

3 : behind rotor blade (turbine outlet
position)

— . Arithmetic mean

1. INTRODUCTION

In order to improve the cycle performance of
jet engines used in aircraft, for example, the
cycle maximum temperature, that is the inlet gas
temperature of the high pressure turbine, should
be as high as possible. The energy of this high
temperature gas is converted into work by the
turbine, and it is desirable that this be accom-
plished by turbines with as few stages as possible.
For this reason, the amount of work per turbine
stage should be as great as possible; each blade of
the turbine should operate under a high loading
condition. The turbine of this study is a relative-

TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-466T

ly high loaded turbine, which has been designed
for the operation in such conditions that the tur-
bine blades are characterized as follows: I) The
surface pressure difference between pressure side
and suction side surfaces of the blade is great.
1) Gas expansion through the blade row is large.
II) The gas flow is greatly deflected by the blade
row. IV) The flow through the blade row is of
high density, low volume at the high pressure
operational condition and the turbine flow path,
therefore, becomes small, so that the blade di-
mension should be fairly small. V) The blade
chord length should be large, while the blade
height should be low, because of the requirement
for the high loading and large gas deflection, so
that the blade should have a small aspect ratio.
All of these characteristics required for the high
temperature turbine blades would result in a
greater efficiency decline due to the existence of
blade tip-clearance.

It is important to note, in determining the tur-
bine performance, that the thermal expansion of
the turbine parts, that is blades, disk, inner and
outer casings and so on, would result in different
change in size of the rotor tip-clearance between
in the performance test condition using unheated
compressed air and in the actual turbine operating
condition of high temperature burning gas. More-
over, care must be taken so that the rotor blade
tip does not contact the outer shroud casing under
high temperature operational condition and also
at the starting condition, taking into considera-
tion the thermal expansion of turbine parts. This
leads to that the rotor blade tip-clearance should
originally be kept in the design stage. In general,
the blade pressure loss due to the blade tip-clear-
ance is a major portion of the overall pressure
loss and, especially in the case of a high loaded
turbine with the characteristics indicated previ-
ously, a greater efficiency decline due to the
blade tip-clearance would be brought about.

In order to investigate this problem, a single
stage high loaded turbine for aeroengines were
tested, changing the tip clearance of rotor blades

This document is provided by JAXA.



Tip-Clearance Effects on Axial-Flow Turbine Performance 5

in three manners. The experimental results were
divided into overall performance results and
measurements of the internal gas flow conditions
at the rotor outlet. In addition, various calcula-
tion methods were consolidated which would
predict the decline in turbine efficiency due to
the rotor blade tip-clearance, and these were
compared with the present experimental results.
The overall performance results indicated a de-
cline in turbine efficiency due to increased rotor
tip-clearance. However, abnormal declines in
efficiency due to the high blade loading were not
evident. The internal flow results indicated that
the blade tip-clearance affected the flow near the
blade tip, and the greater the blade tip-clearance,
the greater the local efficiency declined, especial-
ly near the blade tip. Those effects were found
to extend to the center of the flow path.

2. DESIGN VELOCITY TRIANGLE
AND BLADE PROFILE

Table 1 shows the major design specifications
of this turbine [1}. Figure 1 shows the design
velocity triangle at the radius positions of the
TIP, MEAN, and ROOT. Figure 2 shows the
blade arrangements of stator and rotor blades at
the MEAN section. As Figures 1 and 2 indicate,
the stator and rotor blade rows were designed to

have a great deflection angles. See [1] for details
on the turbine and the blade design.

3. EXPERIMENTAL METHOD
AND ANALYSIS METHOD

3.1 Experimental Equipment and
Measuring Device

Figure 3 shows a cross section of the main
body of the aerodynamic test rig used for the
present aerodynamic performance test.

Non-heated compressed air (about 100°C at
the turbine inlet) from a 3700 kW compressor
was used as the operational gas of the turbine. A
JIS standard disc type orifice was installed in the
piping (495.2 mm inner diameter) before the tur-
bine inlet for measurement of the inlet mass flow
rate. See Figure 4.

The torque and the revolutions of the tur-
bine were measured by a 1600 kW direct current
dynamometer,

The gas state before and after the turbine stage
was measured by the thermocouples and 3-hole
pitot tubes shown in Figure S. The instruments
in front of the turbine inlet were fixed to the
center of the flow path, while the instruments
behind the turbine stage were traversed in the
radial direction. Figure 6 shows the positions of
each measuring devices.

TABLE 1. MAJOR DESIGN SPECIFICATIONS

Item Notation | Design value | Unit
Gas flow rate G 395 kg/sec
Inlet total pressure P, 25000. kg/m?
Inlet total temperature | T3, 1423.15 K
Adiabatic efficiency nr 0.85
Adiabatic heat drop AHyg 63.25 kcal/kg
Revolutions per minute | N 13300 pm
Peripheral velocity Uy 366.7 m/sec
Expansion ratio nr 2.02
Theoretical velocity 727.5 m/sec
Velocity ratio Up/Vad 0.504
Degree of reaction PR.M 0.464

This document is provided by JAXA.



TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-466T

TIP(r=279.3mm)
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=

D72,
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<
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Fig. 1 Design velocity triangle

16.7mm

&=11.2

—
l'—5=23.124mm—-|

12.164 mm

S=

Stator Rotor
biade, blade,
r=2613mm | r=263.3mm

Leading edge diameter ratio  (d./C) 0.126 0.111
Trailing edge thickness ratio  (d7/C) 0032 0.056
Max. blade thickness 1atio {d . /C) 022 0.26
Solidity (C/S) 1.37 148
Aspect ratio (1/C) 103 1.86

Blade nondimensional values based on MEAN

Fig.2 Blade arrangements (MEAN)
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b ) Stator Rotor
blade blade
Inlet belimouth
v/ B
} Disk —
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E Sl ﬁr = T §
= (:> - - — £
— M nr, _qj i
a
\
- 9 Y
Strut Shroud
| ] i ‘ N
Y i
HE !
’ +—

Fig. 3 Main body of aerodynamic test rig

Figure 7 shows the measuring and data pro-
cessing system. Figure 8 illustrates the several
main devices.

3.2 Rotor Tip Shroud Rings

Three types of rotor blade shroud rings
(termed SO, S1, and S2) with different inner dia-
meters were manufactured to change the rotor
blade tip-clearance in this experiment. Figure 9
illustrates those dimensions. Experiments were
conducted with these three different rotor blade
tip-clearances. Excluding the SO (nominal) shroud

-ring, the measured values of the tip-clearances
shown in Figure 9 were obtained by the follow-
ing way; After raising the upper lid of the main
body of the turbine test rig, then putting several
lead lines of suitable thickness in several spots on

the surface of the blade tip, and closing the lid,
we measured the thickness of the broken lines by
a point micrometer and calculated the average of
the measured values. The calculated average
values include two measured values (by a clear-
ance gauge) of the gaps between the inner surface
of the shroud and the rotor blade tip in the
horizontal plane, where measurement is possible
when the lid is open. However, the lower half of
the rotor blade tip-clearance below the axle of ro-
tation was not measured. The average outer dia-
meter of the rotor blade tip is Dyrp=555.73mm,
which was used to determine k/h for the shroud
ring SO.

Figure 10 presents photographs of the rotor
blade rotating part and the three types of rotor
blade shroud rings tested.

This document is provided by JAXA.
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(a) Stagnation type V(b') Tip exposed type  (c) 3 holes pitot tube  (d) Moving part of

CA thermocouple CA thermocouple (3P, —1,3P; -2, electro-traverse
thermometer thermometer 3P;3—1,3P:3-2) apparatus
(T,-1,T,-2) (T5-1,T5-2) ,

Fig. 5 Pictures of measuring sensors
and moving part apparatus
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X thermocouple thermometer
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QO wall pressure hole

(b) Peripheral position
(front view of the test rig)

Fig. 6 Arrangement of various measurement devices
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Control panel of] _ Dynamometer] Wy

traversing device panel

Turbine test ; R

section /L ———L—ﬂ
P

M Electric

%____ dynamometer|
P

)

|

Pressure
converter

Scanner

A-D
converter

1
¥

Frequency
counter

r———=7777

Interface

!

Computer | ____ _ | Typewriter

I
|

IR R S———

Fig. 7 Measuring-processing system

(a) Main body of turbine |  (b) 1600kW DC electro-dynamo-
test rig operation meter control table

(c) Electro-traverse apparatus (d) Data processing conputer

Fig. 8 Photographs of experimental apparatus
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I Rotor blade tip- Ratio over blade | Remarks
Name of ng inner clearance kg height 2 (=33.4) | kymeasure-
sbroud dlamete§ (k/h)g (actual e
ring Dsi(design Design Actual measurement method
value, mm) value, meas.,
mm mm
SO 556.7 0.4 0.49 1.5% Actual Dy
measurement
S1 557.5 08 0.88 26 D me
S 2 558.3 1.2 1.39 4.2 ”

Turbine exit measurement hole
Turbine inlet measurement hole

Shrond ring
(3 kinds)

O
[3e}

Stator
blade

]
L

=ik

Fig. 9 Different rotor blade shroud rings and dimensions of blade tip-clearance

560#

Rotor blade tip diameter;
(actual measured value)

D= 555.73mm

(b)‘ Three types of rotor blade shroud ringé
(photograph shows the half portion)

| (a) Rotor blade rotating part

Fig. 10 Rotor blade rotating part and rotor blade shroud rings
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3. 3 Experimental Method

In this experiment, the turbine expansion
ratio and the turbine speed were set at several
target values; The experimental points were
every 0.2 at an expansion ratio of 1.4 — 2.1, and
at every 10% for 70 — 110% of the design tur-
bine speed. After the inlet turbine gas tempera-
ture was virtually constant, the gas temperature
and pressure were measured in several traverse
positions in the radial direction. The turbine in-
let gas temrperature was about 90 — 110°C during
the experiment. It took about ten minutes to
obtain a performance at a target point by five
traverse measurements.

3.4 Analysis Method

The turbine inlet gas flow G was measured by
the orifice flow meter. The orifice Reynolds
number in the test range, R,, o (EVd,o/v), was
about (3 ~4) x 10° (d;, is the piping inner dia-
meter (Figure 4) and » is the dynamic viscosity
coefficient).

The calculated formulas used in analysis are
shown below:

Turbine torque 7: 7 = IWp

. 2m
Turbine output Ly : Ly = @771\7
. . Lt
Turbine specific output AHy : AHr = <
, o Py
Turbine stage expansion ratio7p : 7y =35
13

Here, P, is the arithmetic mean values of meas-
urement conducted by two pitot tubes (fixed)
at the turbine inlet, while P,5 is the arithmetic

means value of total ten data, which were ob-

tained by the two pitot tubes at five traverse
positions of the turbine outlet.
The turbine adiabatic efficiency n; is:

AHrp

- =
cpTyy {1 —(ﬁ) K}

ne =

Here, c¢p and k are the constant pressure specific
heat and the specific heat ratio corresponding to

the arithmetic means temperature of the turbine
inlet temperature and outlet temperature. T}, is
the mean total gas temperature at the turbine
inlet. In the experimental condition, we assumed
¢p = 0.240, and k = 1.40.

The local adiabatic temperature efficiency
7,3 in the radius direction (blade height) of the
turbine flow path is:

1_T1_3:l
Ty,
M3 = —
; k—1
1_{1‘_3’!) X
Py,

T,,, P;, are the arithmetic mean values of total
temperature and total pressure measured at two
locations in the peripheral direction of the tur-
bine inlet. T3 ; and P, ; are the total temper-
ature and total pressure arithmetic mean values
measured at the same radial positions of the tur-
bine outlet by two thermocouples and by two
pitot tubes, respectively. The total temperatures
were obtained by correcting the measured values
with tested temperature recovery coefficients of
the sensors (which are functions of Mach num-
ber).

The local value in the blade height direction
of the gas relative outflow angle at the rotor
outlet was calculated from the local values of
absolute outflow angle, absolute outflow Mach
number, local peripheral velocity and local total
temperature as follows:

_ﬁqs_)j

;i = tan™! (tana, +
63 ! ( 3 M3COS&3

where,

Moo= aN ( D )
U3l = 60 \Jk.gR VI,

The term i indicates the value at the local posi-
tion in the blade height direction. a3 and M5 are
the absolute outflow angle and absolute outflow
Mach number at the rotor blade outlet, respec-
tively. Ty, ; is the arithmetic mean local static
temperature. measured by the two thermocouples
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at the rotor outlet.
The turbine velocity ratio Upy/Vgq is:

UM _ ﬂ&(N
Vad 60+/2gJ AHT 4g

where,

=
AHT, 44 CpTrx{l—(;-T-)K}

The Mach number is found by the following
method for three-hole pitot tubes [3]. The test
variable H of the pitot tube is defined as:

H - Pr + P
Fc

Pr, P;, and P, are the pressures measured at the
right, left, and center of the three-hole pitot
tube. When the pitot tube faces the direction of
flow (Pg =P;), H is a function of the Mach
number and Reynolds number. If the Reynolds
numbers at the time of pitot tube testing and at
the time of the present experiment are virtually
equal, // would be a function of the Mach num-
ber only; the H-M curve was obtained by testing
and used.

The experimental values to express the tur-
bine performances were corrected into the values
at the standard state in the following manner:

flow G — corrected flow

fch‘/E:r/ 8
number of revolutions NV - corrected revolu-
tions
N/\/Bc
- corrected specific
output AH7/6,,
— corrected torque
&rr/é
- corrected expan-

specific output AHp

torque 7
expansion ratio wp
sion ratio @g,mp

where 8,,, 8, €, and ¢, are correction coeffi-
cients as follow:

r = (k"’] Zl)/(k RSI‘TI SI)
§ =PulP g
kel B kgt L
€or = kot (5T (k By ke 1} |
1 k+1
¢cr‘E{l (k +1)( )
kst
(1 —TTTT)}H(“

The sufix {st] indicates standard states.
The adiabatic efficiency n; can be expressed
as follows with these correction values:

AHT/6c,
l k_yt—l

Cp,st Tt,st {1 -(¢cr7fT) kgt }

Nt <

The standard state in this report is of the
following values:

Ty s = 288.2K
P = 10332 kg/m?
Rge = 29.27 kg-m/K-kg
K, = 1.401

In this case, €., =8,, = 1.0 can be used for the
correction of experimental values, while €., =
1.038, 6., = 1.037 for the design values, since
kges =1.31. Table 2 shows the major design
specifications and their corrected values by the
above method.

TABLE 2. DESIGN VALUES AND THEIR
CORRECTED VALUES (kges = 1.31)

Design | Corrected

values values
Inlet total temperature T3, (K) 14232 2882
Inlet total pressure Py (kg/m?) (25000 10332
Turbine output AH7 (kcal/kg) 538 112
Turbine mass flow G (kgfsec) 395 3.71
Revolutions N (rpm) 13300 6071
Expansion ratio r 2.02 2.09
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4. EXPERIMENTAL RESULTS clearnce on turbine inlet flow characteristics, the

DISCUSSION

4. 1 Overall Performance

flow at a constant expansion ratio and constant
turbine speed increases as the rotor blade tip-
clearance increases; Generally speaking, the mass

(a) Turbine inlet mass flow characteristics flow characteristic curves of each turbine speed
Figure 11 shows the effects of rotor blade tip- were sifted in parallel in the vertical direction
4.2
N*=80,100%
*_ano,
a1l N*=80%
¥ 4.0F
=
©
N
l& 3.9 N*=100%
Q
& 38+
s
z P .
é N* Ratio of experimental corrected
- 3.7+ rpm over design corrected rpm
$ N/ 2 YN/ Daes
@
E —— (k/h) =15%
O 361 ———= 7 2.6
—_— 42
3.5(
| 1 1 1 i
T4 3 5 30 22
Corrected expansion ratio #.,7;
4.2
N*=70,90, 110%
0 N*=T70%
L AN R
4.0F
391
38+

Corrected flow rate &G /0.,/6 (kg/sec)

3.7L

N*:Ratio of experimental corrected
rpm over design corrected rpm

(N//yc_v)/(N/fa:)des
(k/h)p =1.5%
36l —_————— 2.6
—_———— 4.2
3.5
1 _ L L L L i = 3
1.4 1.6 1.8 - 20 2.2

Corrected expansion ratio ¢, 7y

Fig. 11 Characteristics of turbine inlet flow rate
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due to the different rotor tip-clearances. The
mass flow rate at the design turbine speed (NV* =
100%) and at the design expansion ratio (¢¢,mr
=2.09) in the case of rotor blade tip-clearance of
(k/h)g =1.2% is 1.0% greater than that in the
case of (k/h)g = 1.5%.

In this fashion, the turbine mass flow in-
creases as the blade tip-clearance increases, This
seems to come from the increase in blade throat
area due to the increase of the shroud ring dia-
meter. Assuming an increase in the annular area
of the rotor outlet only by the amount of in-
crease of the shroud ring inner diameter, one-
dimensional calculation of off-design turbine per-
formance was conducted. In this calculation, the
relative outflow angle of the rotor blade row was
assumed equal to the design value of MEAN posi-
tion even under the off-design condition. The
calculation, as indicated in Figure 12, predicted a
1.3% increase in the inlet flow at (k/h)g =4.2%
comparing to the case of (k/h)g =1.5%. This is

15

virtually equal to the 1.0% experimental value.

Moreover, the changes in turbine inlet mass
flow due to changes in the throat area of the
stator blade and rotor blade of a single stage tur-
bine (A;ny, v and Aspy, g) are expressed by the
following formula based on the small deviation
method [4] at a constant turbine expansion ratio
(Anr =0):

A(€;G\B/8) = ayAdpny

+(1-a,)A4h, R

a, is the coefficient which expresses the in-
fluence of changes in the stator blade throat area
AAtpy, N, on the corrected inlet mass flow
€+ GV0c,/8. In the case of this turbine, a, =
0.70 is found when calculated by the method of
[4] using the experimental velocity triangle at
the design speed and the design expansion ratio
in the case of (k/h)gr =1.5% [1]. Thus,

A€y GO [8) = 0.7A(A¢hr, N)

+0.3A(A4¢thr, R)

1 Nt=100%
%|  $eomr=2.09
1.5}
2
2]
}
z 5
o —
= I
=
s | =
= < = 1.0+
ERQ P
3 lggl:
5 =lS
)
T
S 2lE
s QU
0.5
3]
w
>
E (k/h)y=2.6%

(k/h)r=1.5%
|

Calculation value based on
small deviation method (4)

Values obtained from turbine
performance calculation

x Experimental values

(k/h)r=4.2%

1

0 2

!
4 6%

Increase in rotor blade throat area
(roptkp Y —{rppt kp Piasnre=15%

(rrp kg Y (k/m)n=15%
Fig. 12 Relationship between change in blade tip-clearance
and change in inlet corrected flow rate
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30% of the increased rate of rotor blade throat
area, A(A¢ny, g), Would therefore become the
turbine inlet flow increase ratio. This result is
also shown in Figure 12. In comparison to the
case of (k/h)gr =1.5%, this predicts in the case
of (kfh)g =4.2%, a 1.5% increase in turbine
inlet corrected flow.*

The experimental increase in the turbine mass

flow rate was smaller than the calculated. Thisis

because the calculations were conducted at the
MEAN position or by using MEAN experimental
triangle, while the actual flow near the blade tip-
clearance includes the flow in the boundary layer
which develops on the outer wall of the flow
path, so that the actual flow velocity in that

* The literature {8, 10, 11, 14, 20, 22, 23, 29,
39, 40] on blade tipclearance, refer to calcula-
tions of gas flow passing through the blade tip-
clearance.

vicinity will be slower than the mean axial flow
velocity of the main stream.

(b) Turbine torque characteristics

Figure 13 illustrates the effect of rotor blade
tip-clearance on turbine torque. Examination of
the values of each turbine speed indicates that
the general discussion of the effect of (k/h)g is
not possible all over the range of total expansion
ratios tested, but in general, in the regions of
higher expansion ratio — that is, where- the
torque tends to decrease slightly with increase in
(k/h)R .

Figure 14 also shows the above results of the
effect of rotor blade tip-clearance on the turbine
inlet corrected mass flow and the corrected
torque, as well as the results in the literatures
[S, 6].

In contrast to the previous experiments [5, 6]
in which the rotor tip-clearance was increased by

40

T

30

Corrected torque & T/9 (kg.m)

10

]

N*: Ratio of experimental corrected

rpm over design corrected rpm

(N/V8er )/ (N/VBer )aes
(k/Wr=15%
—_—— 2.6
—_——— 4.2

i
14 1.6

1
1.8

2§0 2.2

Corrected expansion ratio ¢, 7y

Fig. 13 Turbine torque characteristics
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Fig. 14 Changes in turbine inlet flow rate and torque by
different blade tip-clearances

scraping off the tip of the rotor blade [S ~ 7], in
this experiment the tip-clearance was increased
by increasing the shroud ring inner diameter of
the rotor blade. Accordingly, the blade load,
that is, the turbine torque did not so much de-
crease as seen in the previous literatures; Figure
14 (b) shows that the rate of torque decrease
was far smaller than the increase rate in blade
tip-clearance in the present experiment.

{c) Turbine adiabatic efficiency 7, based
on dynamometer

Figure 15 illustrates the turbine adiabatic ef-
ficiency based on the turbine torque and the tur-
bine inlet mass flow. At lower expansion ratios,
the effect of rotor tip-clearance at each turbine
speed can not be generally discussed, but at
higher expansion ratios, the adiabatic efficiency
is clearly shown to decrease with increase in
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Fig. 15 Adiabatic efficiency characteristics

(k/h)r except in the case of N*=110%.

The indication [des. pt.] in the figure means
the point of the turbine design speed and design
expansion ratio, where 71, decreases about 2%
when the blade tip-clearance increases from
(k/h)gr =1.5% to (k/h)g = 4.2%.

Figure 16 plots the experhneﬁtal adiabatic
efficiencies at (k/h)g =2.5%, 2.6% and 4.2% in
relation to the velocity ratio Uy,/V,4. The points
include all experimental n, at N*=70%~110%.
In order to illustrate the effect of (k/h)g clearly,

all efficiencies obtained at same (k/h)g are
illustrated by same marks, regardless of N*. The
three kinds of lines show the lines which envelop
the points of peak efficiency n; mex of 7
(k/h)g =1.5%, 2.6%, and 4.2%. As these en-
velope lines indicate, the effect of k/h is fairly
evident. For example, at the design velocity ratio
(Up/Vaq =0.504), 0, max decreased about 2%
at (k/h)g =4.2% in comparison to at (k/h)g =
1.5%.
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4. 2 Internal Flow

(a) Spanwise distribution of adiabatic tempera-
ature efficiency

Figures 17 (a) — (c) show the local adiabatic
temperature efficiency distribution in the rotor
blade height direction for each experiment of
(k/h)g =1.5%, 2.6%, 4.2%. The parameters are
turbine expansion ratio and turbine speed.

In general, the efficiency, espeically near the
tip region, tended to decrease with increase in
the rotor tip-clearance. This is the case in all ex-
perimental range. The effect of the tip-cleance
is not restricted to the blade tip vicinity and it
extends to the mean radial position of the flow
path. However, the effect vanishes near the root.
(b) Spanwise distribution of rotor outlet relative

gas flow angle

The relative outflow angle f; at the rotor
outlet is one of the important factors of the in-
ternal flow measurements; Since this is a result
of deflection of the gas flow by the rotor blade,
it is directly involved in turbine work. Figure 18

illustrates the radial distribution of the relative
gas flow angle 5 at the rotor blade outlet ob-
tained by two pitot tubes. Differences in £,
between the two pitot tubes were evident,
indicating difference in flow due to the different
measuring positions in the circumferential direc-
tion. Examining the data by the same pitot tube,
however, one can see that f; would clearly
become smaller, especially near the tip, as (k/h)g
becomes larger. This seems to be a result of the
gas leaking through the rotor tip-clearance from
the blade pressure side to the blade suction side.
In this manner, the rotor blade deflection angle
becomes fairly smaller near the tip as the clear-
ance increases and the work of the rotor blade
near the tip, therefore, decreases. In addition, a
total pressure loss would increase due to the
mixture of the main gas stream with the leaking
gas from the tip-clearance. These results seem to
bring about the decline in the local turbine
adiabatic temperature efficiency n, 5 and in the
overall turbine adiabatic efficiency n, discussed
previously.
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5. COMPARISON OF VARIOUS PREDICTION A) The first is empirical calculation methods

METHODS OF THE INFLUENCE OF which determine experimentally the propor-
ROTOR BLADE TIP-CLEARANCE ON tional N Ao b . hat th
TURBINE EFFICIENCY WITH THE lonal constant Ap by assuming that the
PRESENT EXPERIMENTAL RESULTS adiabatic efficiency decline An, is propor-

tional to only the blade tip-clearance ratio.

5.1 Consolidation of Prediction Methods . iy
Various empirical formulas are presented

Various methods have been presented for pre-
dicting the effect of blade tip-clearance on the
turbomachinery aerodynamic performances, es-
pecially on the overall adiabatic efficiency. We
will classify and consolidate those methods here.
All the methods can be simply expressed by (for
the rotor):

based on different values of the constant.
B) The second is theoretical calculation meth-
ods derived from the theoretical formula of
adiabatic efficiency and the semi-theoretical
formula of blade drag coefficient due to the
blade tip-clearance. In this case, the propor-
tional constant Ap includes an empirical
Anp = — AR (%) R value of B and various factors concerning the

performance of turbomachinery. B may be a
and we will divide the methods into the follow-

constant, or a function of several parameters
ing three types depending how to determine the

representing the blade drag coefficient, Vari-

value of the proportional constant or function, ous formulas can be derived according to

AR; different values of B. We will call this group
TABLE 3. THE INFLUENCE OF ROTOR BLADE TIP-CLEARANCE RATIO
ON TURBINE ADIABATIC EFFICIENCY PREDICTED BY THE
REFERENCES WITH DIFFERENT Cpx (Any = —Xg (k/h)R)

: . . g value or Ag Mg for present
Classification | Formula Cited reference calculation formula Remarks test turbine
Erroiri Al Stodola (1925)% 1.55* Reaction Turbine 1.55
mplrical | py | Meldahl (1941)® 1.75% Reaction Turbine 175
(Ag is A3 Ainley  (1955)® 1.30* Reaction Turbine 130
constant) A4 |Kofskey (1967)% 1.67* 2-stg. Reaction » 1.67

AS Szanca  (1974)%) 1.39 Reaction Turbine 1.39
Bl |Carter] (1948)%22) B = 0.5, Eq.(20) 50% Reaction 2.29
Carter I (1948)%22) B =05, Eq.(22) Arbitrary Reaction 2.02
B2 |Ainleyl (1955)% B =05, Eq.(22) With shroud: B=0.25 2.02
Theoretical Aintey I (1955)% B = 05, Eq.(24) 1.72
formula I 10) _
(based on ex- B3 |Meldahl (1941) B = goospy B4 (22) 2.26
preésnor; of B4 |Vavral (1960)'V B = £\, (5/c),Eq.22) |f=0.29 used' 0.42
ok Vavrall (1960)') B = f\VC, (s/c),Eq. (24) |f=029 used™ 0.35
BS |Lakshminarayanal (1963)!*19)( B = 0.7, Eq.(22) 283
B6 |Lakshminarayana I (1970)') | B = 0.7+ B,,, Eq. (32) (%)R =15%T DA™ 4.89
B7 |Lakshminarayana I (1970)' | B = 0.7 9%, Eq. (22) 2.04
Cl |Soderberg (1953)'% Dok
Theoretical Amann  (1963)'7 /2 n
An T
formula I Rogo (1968)'® (1968)" thr o 2.12
; 20) moT; .
C2 Craig (1970) 1.5 Fx 7-”‘:’7 1o, For Fic:| consideration 1 59
See Appendix Fig, 2. of Ov. Ratio AL ’

* Taking 1/2 time of the original coefficient, see Appendix A for the reasons.
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‘theoretical formula I’,

C) The third is another theoretical methods in
which the decline of adiabatic efficiency
Amny is considered to be proportional to the
area ratio of tip-clearance versus blade throat
area. There are several formulas presented
following to the correction coefficient of the

We call this group
‘theoretical formula II'.

Details of A), B), and C) are presented in Ap-

pendices A and B.

- Table 3 consolidates these methods and the
column to the far right shows the calculated
value Ap corresponding to the present turbine.
In the case of A, the formula is generally A, =
—1.5 (:)R. In the case of B, Ag is somewhat
greater than in A. In the case of C, in spite of the
very simple theory, appropriate Ag values are
obtained compared to others. Among these

theoretical formula.

three, however, the B methods seem to be most
logical.

5.2 Comparison of various predicted values with
the present experimental data

Figure 19 shows the various predictions of
the turbine adiabatic efficiency by the above
methods based on the design efficiency. The
experimental data of the present study are also
included for comparison; The sign ‘o’ indicates
the overall adiabatic efficiency n; obtained at the
design expansion ratio and design turbine speed,
while the sign ‘A’ indicates the value at the design
velocity ratio of the peak efficiency line n ymax
shown in.Figure 16. The experimental decline
shows Ax =~ 1.30 approximately. This coincides
closely with the predicted values with smaller
values for Ag, especially with the Ainley method
(A3) and the Szanca formula (AS) among the

0.90
Calc. value Experimental value (efficiency 7
A determined from dynamometer)
- B Calc. eq A 7 max(point of design velocity ratio)
(Table3) . _
_____ C O 7, (point of corrected design rpm
A and expansion ratio)

=
&
T

/Y
Design value \ \\\\ S

\

0.75 !

Turbine adiabatic efficiency 7,

L | ]

0 1 2

o~
KN

(/R %

Fig. 19 Comparison between the results of the present experimental
investigation and calculated values by various equations
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empirical formula I, and with the Craig method
(C2) among the theoretical formula 1. In the
case of the theoretical formula I in which the tur-
bine performance parameters such as the blade
~ lift coefficient Cy can be logically taken into
account, the Ainley’s value of B (B =0.5) with
formula (24) was the best prediction method;
that is

Aqgp=—B"T [CL/(s/e)) Rsec? Bm, g ky
(K‘d_)2 (_Uﬁ )2 h
Un" V3 }
with
B=0.5
B-2 (IT)

The above formula can be rewritten for an
axial flow turbo-machinery with an arbitrary
number of stages as follows (Refer to note S in
Appendix A for multi-stage turbine);

-nr & By[C % sec?
Anp=—T PR wl LIG(S/C)]NSEC amJN(%)N
2 m

Vad 2
(IZ) (m)
. Bz [CL/(S/C)g;? sec” b,k ('E)R bi
Um.,
(%3)

Here, i is the number of stages. This is valid also
for the trubines with an arbitrary degree of
reaction,

6. CONCLUSION

Experiments were conducted to determine the
effect of rotor blade tip-clearance in a single-
stage, high loaded axial-flow turbine for air-
cooled high temperature turbine use by altering
the dimensions of the rotor shroud rings. The
main results are as follows;

1) Experiments were conducted at corrected tur-
bine speeds of N*~ 70%~ 110% with cor-
rected expansion ratios of ¢.,mp ~1.4~2.2,
and the overall performance including the
inlet mass flow rate and the turbine adiabatic
efficiency were affected by the size of the
rotor blade tip-clearance;

The turbine inlet mass flow at a constant tur-
bine speed and constant expansion ratio in-
creased as the rotor tip-clearance increased.
When the turbine inlet flow characteristics are
illustrated on the virtical axis against the ex-
pansion ratio on the horizontal axis with a
parameter of the turbine speed, the character-
istic curve of each turbine speed was sifted in
parallel in the virtical direction due to the
change of rotor tip-clearance size.

The turbine adiabatic efficiency decreases as
the rotor tip-clearance increased. The effi-
ciencies at the design turbine speed and design
expansion ratio were 85.5%, 84.2% and 83.0%
when the tip-clearances were 1.5%, 2.6% and
4.2%, respectively. Moreover, the peak effici-
encies at the design velocity ratio were 86.5%,
84.7% and 83.3%, respectively.

2) The internal flow at the turbine outlet was
obtained throughout the experimental range.
From the distribution in the radial direction
of the adiabatic temperature efficiency, the
efficiency near the rotor tip was found to de-
crease substantially as the rotor tip-clearance
increased and the influence extended to the
vicinity of the rotor blade mean radius. From
the spanwise distribution of the relative out-
flow angle of the rotor, the outflow angle was
found to decrease as the tip-clearance in-
creased; The defelection in the vicinity of the
rotor blade tip decreased very much. This
reduces the amount of turbine work done
near the blade tip and it results in the effici-
ency decline.

3) The various methods of predicting the effect
of blade tip-clearance on the turbine adiabatic
efficiency were systematically classified and
consolidated, resulting in a division of those
methods into A) empirical formula, B) theore-
tical formula I and C) theoretical formula II.
A comparison of the predicted results with
the present experimental data indicated that -
the most promissing formula for the predic-
tion could be expressed as follows:
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Anp=nT—NTo0
. 3 ﬂT[CL/(S/C')]Izi sec® B g (Zc_)
(LY (27 h
Here,
B =05

In addition, the general formula for predicting
Anr with both rotor and stator blade tip-
clearances in multi-stage axial-flow turboma-
chinery could be expressed by:

sp= 1 & EMGIEN s e

V 2=l 2
G m) (I/:, 2)
Bg {CL/(S/C)lfa sec*Bn R k

GIr Hi
(Va 3)2

Here, / is the number of stages.
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APPENDIX A: PREDICTION METHODS OF
THE INFLUENCE OF BLADE
TIP-CLEARANCE ON ADIA-

BATIC EFFICIENCY

Various calculation methods have been sug-
gested for estimating quantitatively the influence
of rotor or stator blade tip-clearance on perform-
ance of turbomachinery, espeically on efficiency.
Here, various calculation methods have been con-
solidated by the authors. The calculation meth-
ods were divided into three groups, (A), (B), and
(C). Among these three, (A) is based on empiri-
cal correlations while (B) and (C) are theoretical
formulas with or without an empirical constant
or empirical function.

The adiabatic efficiency ny used here is de-
fined by the total temperature and total pressure
at the inlet and outlet of turbomachinery, the so-
called total to total state. The influence on the
adiabatic efficiency n7 of the rotor blade tip-
clearance ratio (k/h)z (k: blade tip-clearance, A:
blade height) can be expressed as follows:

Anp = Ag ('fT)R (1)

Here, Anr =n7 — npro (M1, indicates ny when
k =0) and the value of Ag or the formula ex-
pressing A g differs depending on the researchers.

(A) Empirical formula (A = constant)

From the reaction steam turbine tests in
which both the rotor and stator blades had blade
tip-clearances, Stodola [8] presented the follow-
ing formula;

Anp =~ -3.1 % (for both stator and rotor
blades with clearance) (2)

and here if there is clearance only for rotor
blade, the following is assumed to hold by reduc-
ing the above constant 3.1 to 1/2 time:

k
Anr~—1.55 (F)r (A1)
AR Stodola

Similarly, Meldahl presented the following
formula:

An=~ ——3.5—2— (for both stator and rotor
blades with clearance) 3)
in a single stage reaction turbine, and developed
the following formula in the same manner as
(A-1) for the clearance of a rotor blade only:

k
AT}T ~-—1.75 (-h—)R (A'2)
R—
Ak Meldahl

The above Stodola-Meldahl formula has been
reviewed by Ainley [8]. Moreover, Ainley
achieved the following formula:

Anr =~ —2.6;lk~ (for both stator and rotor
blades with clearance)  (4)

from experimental results on turbines with 50%
reaction. Accordingly, the following develops for
rotor blade tip-clearance:

k
Anr~—-1.3 (?)R (A-3)
e
AR Ainley

Kofskey et. al. [6] showed, in their experi-
ments with changingthe rotor blade tip-clearances
of both stages of two-stage reaction turbine in
the same extent,

Anp ~ =320 (-E-) (for rotor blades of both
stages having same clear-
ance) )

Accordingly, the decline in efficiency at each
stage of the rotor blade tip-clearance considering
the form of formula (21) shown later would be
expressed by the following:

bap ~ -1.67 G (a4)*
AR Kofskey

*Note 1: Kofskey et al. [6, 7] and Szanca et al.
[S] express the experimental values in the form
An/nper = — const. (7), Where nper is 1 of the
minimum Kk tested.
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In addition, the following expression follows
from the experimental results on rotor blade tip-
clearance in axial-flow turbines designed for
single-stage high temperature turbines by Szanca
[5] (80.5% reaction at tip):

Anp = —139 (e (A-5)*
—— h
AR Szanca

(B) Theoretical formula I

The calculation formula of this category are
derived from the equation of adiabatic efficiency
and from the theoretical or semi-theoretical

*See note to Formula (A4).

a .
Cross section 1

Vi

VI-
Stator blade
(269
{ SjV-
V‘-

B. @
Y Cross section 2
Vaz
U
Rotor blade
U
L
W-
W..
Bs
3
Wi Cross section 3

Vas
Vi

U

Appendix Fig. 1 Velocity triangles and
notation’

formula expressing the blade row drag coefficient
Cpy or blade total pressure loss coefficient Y.
See Appendix Figure 1.

The adiabatic efficiency is expressed by the
following formula [16]:

1 _ Hyy —Hpzod _ AHr od
nr Hey — Hyy AHT
Vi, V2,
~1+{ DN(—)NE:EEQ_ D,R(j—)Rm}
- 2AHp
(6)

Here, the suffixes ¥, R represent stator and rotor
blades, respectively. Cp is the blade row drag co-
efficient and c/s is the (chord/pitch) ratio, while
Vz, and ¥, 3 are the axial flow velocities at the
outlet of stator and rotor blades, respectively. In
addition, «,, and §,, are the mean flow angles of
the stator and rotor blades expressed by the fol-
lowing approximate formula (with V,, = V,, =
Vas):

1 ,tana, — tana
am, = tan™ ( 2 L

2 )

-1 tanfy — tan
Bm,R = tan 1 (_&%)

(7)

On the other hand, the efficiency when the
blade tip-clearance is zero is expressed as follows
from formula (6) where H; is expressed as Hpg
when the blade tip-clearance is 0**;

P p/azz VZS
i =1+CDo,N (’;‘)NW +Cpo,r (Ir c05 B
nTo 2AHr,
®)

where Cpo comes from Cp y=Cpo, v +Cpxi, N,
CD,R = CDO,R +CDk,R (where Cpo is the
blade drag coefficient when the blade tip-clear-
ance k equals zero, while Cp is the additional
blade drag coefficient due to blade tip-clearance).
Considering

*+Note 2: Here, the changesin V34, Va3, 0m, Bm
due to tip-clearance variation are assumed to be

negligible,
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21
AHp ==V np, AHro =5 Vaanre

(Vad =V 2 9J A A7, 49)
~ and from formulas (6) and (8), the value of

Anr = nr — 770
would be expressed by**

Cp,n (—C-)N

ATIT= U
( )2( L )2 cos® am n

. Cp,r (‘f.‘)R )

Fadye (Ymyp o g, o

Un a3

The following holds when the stator blade tip has
no clearance, and only the rotor blade has clear-
ance:

**Note 3: On formula (9): Formula (6) would
lead, in stead of (9),

Con D
Anp~—nr 0 el
2y (7:?2 cos® oy
C
+ . CDi}R (Pr } (92)
2y (—IT”;)2 cos® Bm.r

assuming that the second term denominator
on the right side in formula (8), AHp, were
approximately AHr=AHpo (N7 =n70). It
would be i time in contrast to the right side
of formula (9). This nr time cannot be ig-
nored since Ny = 0.95 ~0.8. In particular, it is
important since it is effective on the slope (1)
of the curve of (Amp ~%), directly. The
formula corresponding to formula (21), there-
fore, is the following:

—nr 4

Anr = >z

’ (_I/“_‘f)?i:l
U

(

Vaz
BR [CL/(S/C)]R sec® By m,R ( LI
( )2

] (21a)
i

Formula (24) .is derived from formula (21a).

BN[CL/(s/c)]}V sec® G N (%_)N

Cp,n (P
2 Um :
( ) (F72)? 05° Bm g

(for rotor blade tip-clearance only)

Anp=— (10)

The above formulas (9) and (10) also hold for
the turbines with arbitrary reaction.

In general form, formula (9) can be rewritten
as follows for a turbine of arbitrary i-stages:

1 i Cp.n SN

}i €8]

In the case of 50% reaction, since the two
terms within { } in formula (6) are mutually
equivalent, and since [16];

we have

_nl_ = 14+ (2Cp/CL) cosec 2 ap, (12)
T

Considering that ny ~npe:

LAny =~ — 2% (Cpx/Cy) cosec 2 apy
(for 50% reaction turbines with tip-clearance
at both rotor and stator blades) (13)

The blade drag coefficient Cp and the lift co-
efficient C;, are defined by the following formula:

Py, - P )
Cp,n = -i—m-(z')w cosam, N

P, -
Cp, lrz r3 (s

=R cOS Bm,r

Cpn=2 (%)N (tanay +tana, ) cosamy N

+CD,N tanozm,N

f(15)

CrL,r =2 (%)R (tan B, +tan B3) cosfm g

+CD.R taan‘R

This document is provided by JAXA.



Tip-Clearance Effects on Axial-Flow Turbine Performance 31

In the case of a low Mach number flow, consider-
ing the incompressible relation that p, = p,,,
Vm cosay, =V, cosay, Cp and Y; would have
the following relation:

3
cos Qm N
C = SN, Y
o,n=Yin (N 52 a
; (16)
Cor = Yig O 5 Bmer
DR = Yir R 32 B

In addition, the following formula for C; could
be approximately used [8]:

CL,N =) (SF)N (tana, + tanag)

s (17)
Cr,r =2 (g (tanf; +tanf;)

Formula expressing Cpkp

From now, the drag coefficient Cp; due to
blade tip-clearance is expressed in the following
form:

Cpk = BCE (5)/(s/e) (18)

Here, the blade lift coefficient Cp is defined on
the basis of V2 (=ng VZ) for rotor blade and B
is a constant or a function.

The formula for the efficiency decline portion
Any due to blade tip-clearance for machinery
with a 50% reaction becomes the following from
formulas (13) and (18);

Ang~ 25 B[CL/(s/c)] cosec 2 am ()
(forpr = 0.5) (19)

Since this assumes the identical blade tip-clearance
for both stator and rotor blades, the influence
due to the blade tip-clearance of rotor only
would be 1/2 time the above decline. Thus,

Anp ™ — 5B [CL/(s/c)] g cosec 2B, g (%)R

(20)
Moreover, in the case of a multi-stage (i-stage

number) with an arbitrary reaction, (11) and
(18) would become

:21 BN[CL/(S/C)]N sec® apm, N( Ky
- 2
(,,;n)

+Br CLIG/O) & sec® Bm r & LIW

(ﬁf‘;)’ i
| e3))

By and Bg mean the values of B for stator and
rotor blade blades, respectively. Then, if the
value of B is known, Ans can be calculated for
any multi-stage machinery with any arbitrary
blade tip-clearance of rotor and stator blades by
the above formula.

In the case of a clearance for only the rotor
blade in one stage, the following is, therefore,
derived from (21) putting i =1 and (k/h)y = 0;

Br  [CLI(s/c)k sec® Bm R ( )R

Anr=-
(Va")z G

~ >l

Mg (22)

Various formulas which express B are given
below.

() The theoretical formula for Cpg by Carter
[22] is:

1 .
Cpk =5 €% (P /(5/e) (23)
In this case, clearly,
B =105 (B-1)
Carter

(II) Ainley [9] provided the following values
as the B value in formula (18);
Without blade tip-shroud: B
With blade tip-shroud : B

0.5 (B-2)
0.25 Ainley

Any can be calculated by substitution of these B

values in (22). However, Ainley [8] provided the

following for the absence of shroud, (8 = 0.5);
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Anp=—BTT [C;LI/]‘EZ/Z)]R sec’ Bm,R (%)R
7. G o
In contrast to the results from (22) with B =0.5,
here the right term becomes np time that of
(22). This is the same as the present result
achieved by assuming AHy, = AH (i.e.nro =n7)
and V,3 =V, in the present procedure*.

(1) Meldahl [10] determined

Cok = Faasg G G0/ 610 (25)

This corresponds to:
= 1/(4 cos B3) (B-3)
Meldahl

(IV) Vavra [11] derived the following for-
mula theoretically from the mass flow through
the blade tip-clearance and the kinetic energy of
the flow;

Cor = f & Bt (26)
Here, [ (%
blade tip-clearance and is theoretically derived as
f(%’ %—) = i%EIK'HP (K is a flow coefficient of

the flow leaking through the clearance, while IRis
a factor considering the drag of the flow within

{,i) is a function of blade thickness and

the clearance). This corresponds to:

5 =N KR e) (VT (B4)

ie., Vavra

As an example, Vavra [11] has given f=0.29 (IK
=0.5, IR=0.8).

(V) Meanwhile, Lakshminarayama [10] has
theoretically derived the following formula:

Cox =G (1-K)F & 5 1-K) | (he)

where,

*Cf. footnote page 30, Note 3.

2nh
. (e ¥ —1)(203+0.03 coth2K)
f=-——%n
47 21rk 27wh
0.03 [(1-—coth-——)+(l+c th==)es =]
(27)
He gave, theoretically, f/(k/s)~ 1.4, while

experimentally, K =0.5 [14]. Accordingly, the
following was derived:

¢ &/ sfe) (28)

This clearly is proportionate to:

Cpik = 0.7

B =07 (B-5)

Lakshminarayana
Adding the kinetic energy in the form of pres-
sure loss of the blade spanwise flow due to the
blade tip-clearance to the drag (28) induced by
the blade tip-clearance, Lakshminarayana [15]
provided a formula for a decline in efficiency of
turbomachinery due to blade tip-clearance. The
same formula as in [15] will be derived by a dif-
ferent manner here; for total pressure loss co-
efficient Y; , due to the spanwise flow, the
following formula was given {15] ;

5F+8% h
) C

C3/2( )3/2 12
W W,

(29)

tw =~

This corresponds to the following, considering
(16);
~ 2 (k
Cpw = By CL ()] (/)
where, (30)

5+ 6
B, = ﬁ V& & iciison

As a result,
Cpx = Cpx of (28) + Cp,, of (30)
= (B+Bw)CZ ()] (5/c) (31)

where

B =07 (B-S)
Accordingly, the following may be substituted
for the B in formula (22);

= (0.7+B,,) (B6)
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Therefore, the following develops* for rotor tip-
clearance only:

[CL/(S/C)]?Q Secaﬁm,R k

R
(P Gy
m 03 (32)

In (30), Lakshminarayana [15] established
¢+6
% 7 (const.). Accordingly, formula (32)

Anr=-(B+By)

_&

is written as:

In formula (33), the second term B,, within
{ } can not generally be ignored [15] . However,

¥*
since the term SS_:Sé is as small as few percent

[25—28] in the case of turbines, the second term
within { } could be ignored.** In this case,
formula (33) is identical to (22) with (B-5).

[CLI(s/O)) & sec® Bm, g

Anp=—-{07+7 h K
wr == 0TIV E & jeuseon —— 2 & (33)
N - _ (-34y2 (Zmy2
5, U Vs
AR
*Note 4: Using the pressure loss (AP);, _ k ,
Lakshminarayana [15] has defined the effici- — 6.188 ()r (1)
ency decline as An = (AP)L/(APt)ad, and this is ) )
identical to the Anr of this report. According- The following formula shown in (B-6);
ly, formula (15) in [15] can be derived also by B=0.7+B, =07+7], (%)R/ZO?
the method of this report.
Note that formula (32) is only for the rotor =0.7+5.33V &
blade tip-clearance per stage. For multistage (W)R
turbines, summation is needed;see the following is used, and we get
footnote**,) 2 k
Anp=— {4.32+32.9+/ (W)R} (F)R (32"
**Note 5: Two-stage turbine experiments of
Kofskey [6] and examination of By, : The fol- Here, putting that B,, = 0, then,
lowing follows from the velocity triangles at k
A = — 4, - 32"
rotor blade tips of both stages of a two-stage nr 4.32 (h)R (32%)

turbine of Kofskey;

(Vad)2 - 29JAHad
Um (771:’771]V)2
2x9.8%426.9%0.24x288.2% {1 —(~ong) ©286}
= - ' 1,225
(3.14x0.232x 12000/ 60)*
=1.54
Va3 Vaa =
(U )stgl ( )stg.2 0.291

Bm.r (stg.1) = Bm g (stg.2) = 64.9°

(CL/s/)stg.1 = [CLi(s/c))stg.2 = 2.07
(s/c = 1.16)

so that formula (21) (i = 2, By = 0) would be:

(2.07) sec® 64.9° &
1.54/(0.291)? h'R

Anp=—-2Bx

i (24) were used with By, = 0,(nr = 0.845),

Anp=-432nr o =-365Fr  (24)

In addition, if (21) were used with B =0.5
instead of 0.7,

Anp=—-6.18 x 0.5 (E)R =-3.08 ('E)R (217)
h h

Appendix Figure 3 illustrates the calculation
results of formula (32'), and the results of
(32”), (24’) and (21")with B,,= 0. The calcu-
lation results with By =0 agree with the test
data; the results of formula (21) with B=0.5
of Ainley of Carter’s constant is best. The

method of [15] assuming 5?_:6*2 =7 for By,

predicted an extremely large decline Anrina
turbine. In the case of turbines, therefore,

putting B, =0 seems to be better.
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(C) Theoretical formula fl

Based on some simplified assumptions,
Soderberg [16}, Amman et al. [17], and Rogo
[18] expressed the effect of the rotor blade tip-
- clearance on adiabatic efficiency by the follow-
ing formula:

= Atnr

nr = Nrp A + Ax
Here, Ay is the area of the blade tip-clearance
(A =nDr;p k, Dryp is the rotor blade tip dia-
meter). Ay, is the blade throat area (not includ-

ing Ay). Thus,
Dryip h
Anp = — ZZTip
T Atny

————
AR

(34)

nro (5)r 1)

Meanwhile, Craig et al. [20] have suggested
the following formula introducing a corrected
coefficient Fi into the preceding formula (C-1):

A :
A'f?T = —Fk mﬂj‘o (ShIOUd) (35)

’

Anyp=—15Fy Z,_;i_fﬂ 070 (no shroud)
(36)

2
Fy is ‘a function of reaction pgp (=1 —%—21-),
. 1

/ g4 L /
//// SRR AN 3 i / ‘
| T rl
aL : a
7 t
7 R AN
With shroud Without shroud
08 Ov'erap;ing
o ratio dL/h
- 0.6 = ﬂz
04 L L0
S é//// !
0.2 /; - /
3R L
oL [

0 02 04 06 08 10 12 14

Rotor blade clearance [l_¢2+p ]
4’2 R Tip

coefficient

Appendix Fig. 229

rotor blade velocity coefficient { and of over-
lapping ratio AL/h, as shown in Appendix Figure
2. A’y is the effective area of the rotor blade tip-
clearance. In the absence of blade tip shroud, the
following formula is an approximation of for-
mula (36):

Do h
b~ - 1SR e (€D)

~

AR

One of the features of this formula is to be able
to take account of overlapping ratio.

APPENDIX B:
CALCULATION OF Anp ~ (k/h)g
FOR THE PRESENT TEST TURBINE

Conditions for calculation of
the theoretical method I
In this report, the mean diameter values are
used;
B, = 43.6°, B = 63.5°,
s/e = 1/1.48 = 0.676, 2= 1.86
From formula (7), we have

_; ,tan63.5°—tan43.6°
Bm r = tan™' ( 3

) = 27.8°

From formula (17), we have
Cp r =2 x0.676 x (tan43.6° + tan63.5°) = 3.54
nr = 0.85 (design value)

From the design theoretical velocity ratio
Un/Vaa = Um/Vaa = 0.504,

(7L = 394
m

axial flow velocity ratio
¢ = (Vz3/Um) = (232.44/366.72) = 0.634

(load blade coefficient

1 Vo 1 =
¥=3(2) =3x085x 394 = 1.67)
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Conditions for calculation of
the theoretical method II
TIP diameter Dr;p = 0.556m (measured values)
h = 0.0334m,
Ay =0 x h xn=0.00515 x 0.0334 x 136 =
0.0234m?
AL/h =0.0007/0.0334 = 0.021

\ Yz
e =1 - (K0T
Y /Tip

1.31 x 0.79162
2

=1-023/(1+ ) = 0.84

W 199.87
PR, Tip = 1 —(ﬁ)zﬂp =1- (333%)2 =0.86

Calculated results
The Ag of formula (22) is:

_ _B (3.54/0.676)?5ec327.8° k
AnT - 3.94 1 , (F)R
(0632
- k
= — 4048 $r 229

For reaction of 50%, formula (20) leads to
Ang =~ — 0.85%B [3.54/0.676] cosec (2 x 27.8°)
Eyg = — 4598 (for pr =0.5)
(20"

Depending on the various values for B, the above
formulas will be as follows;

(B-1) Carter: B = 0.5

From formula (20°),
Anp=-2.29 (‘hk-)R ............ Carter 1

From formula (22')
Anp=-2.02 (%—)R ............ Carter II

(B-2) Ainley: B = 0.5
From (22°),
Anr=—-202(D ... .. S Ainley I

From (24),
Anp=—17209% .. oie.. Ainley Tl

(B-3) Meldahl: B = 1/(4 cos 63.5°) = 0.56
From (22),
Anrp=-226)% ...l Meldahl

(B4) Vavra:
K=0.5, R=08 (f= 0.29), then B=0.10,
thus, from (22°), '
Anr=-0.42 (7]:—)3 ............ Vavral
In addition, the following develops if (24)isused:
Anrp= —0.421}7(%-)1; = —0.35(%);3 .. Vavrall

(B-5) Lakshminarayana: (B = 0.7)
Formula (B-5): from formula (22’) when B = 0.7,
we have

Anr=-2.83 (%R . ... Lakshminarayana I

5%+5%
N

(B-6) Lakshinarayana: (
Formula (30) states:
By =7 x {1.86 x (5)5/(3.54/0.676) }*

=417 &g

= 7)

accordingly, from formula (32):
k
Anp=—{07+417 1 &),
= —283 (1+595 (0% 1 D)r
...... Lakshminarayana II

(B-7) Lakshminarayana: (B =0.79%, B,, =0)
From formula (22°),

Anp=-2.04 (;:—)R . . . . Lakshminarayana Ml

(C-1) Soderberg, Amman, Rogo:
From formula (C-1), we have

Anp=-2.12 (%R e A.mSoderIt{)erg,
ann, Rogo

(C-2) Craig:

1— 2
5 +er)Tip =105, AL/R = 0.021
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as a result of the above, Fx = 0.5 from Appendix
Figure 2, so that from (36), we have

TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-466T

The above calculation results are shown in Table
3 and Figure 19 in the main text.

Ang=-1.59 ()

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

%
—10
O Experimental values (6) (experiments on two-stage
turbine in which the rotor blade tip clearances of
both stages were changed) z
¥
[
S -8+ /
. s O
&0 QO
g o/ Ay
5 o/ ¢ N/
W ,,Q/
oy ) A ® %
[~} _6'- ~— Q- './ /B
(] 7 N
z, S/ &
s N & NS
2 '{ <
:-E —4 _\
2 & B.=0
| & 6
B0 o 7/
s &
@ / // 2
3 o 7/ PR I B[CL/(s/c)Jx(i)}
& ‘Sl i (y"—“)2 = <%)2 cos® B g W /R
/ Un Va3 m.R
b/
¢ 1 . L | 1 ;
0 1 2 3%

Moving blade tip clear. ratio (k/k); (mean value of 1 stage and 2 stage)

Appendix Fig. 3 Two-stage turbine experiments and
examination of B,
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