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Analysis of the Effects of Inlet Gas-Flow Conditions
on a Highly-Loaded Low-Pressure Axial-Flow Turbine Performance*
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Shigeo INOUE** and Hiroshi USUI**

ABSTRACT

An inlet distortion (ID) test was conducted to determine the effects of inlet pres-
sure and/or inlet flow velocity distortions on overall performance of a highly-loaded
axial-flow turbine. Two types of steel wire screens were used to produce two different
axisymmetrical inlet distortion patterns. Decreases by a few percent in turbine efficiency
due to these distortions were found, especially during the part-loaded operations. Simple
analysis methods for the prediction of the effects were also tried.
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NOMENCLATURE M Mach number
Area N Turbine revolution speed
Defined in Section 3 P Total pressure
Specific heat p Static pressure
Turbine weight flow rate R Gas constant
Gravity acceleration ri, To Radii of inner casing and outer casing
Turbine specific heat output per unit T Temperature
flow 4 Velocity

Work equivalent of heat outlet per

unit flow (Greek letters)

* Received 24 May 1982
**Aeroengine Division

B Relative flow angle
Y Pitch angle
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6 Ratio of IGV inlet (mass averaged)
total pressure to standard atmospheric
pressure

n Efficiency

0 Ratio of IGV inlet total temperature

to standard atmospheric temperature
Specific heat ratio

i Turbine expansion ratio
Turbine torque

(Subscripts)

D States under inlet flow distortion

i i-th of radial measuring points

m After gas mixing

max Maximum

min Minimum

t Total

r Relative

1 IGV inlet

2 IGV outlet and stator inlet

3 Stator outlet and rotor inlet

4 Rotor outlet and OGV inlet

* Ratio of corrected value to the design
value

- Average

1. INTRODUCTION

Most of the turbine designs and its perfor-
mance tests are generally made under an assump-
tion of uniform inlet gas flow condition. In the
engine operation, however, the inlet gas flow
is not necessarily uniform. Especially at the
inlet of high-pressure turbine stage, namely at
the exit of combustor, both of the pressure and
temperature distributions are rare to be uniform.
Also in the low pressure turbine stage, the inlet
flow is often not uniform, or is not of expected
flow due to various factors such as the wakes of
the upstream blade rows. These non-uniformities
are considered to have some effects on the over-
all turbine performance. In these day when
much higher efficient engine is desired, it is im-
portant, therefore, to determine the extent of

the effects.

The present test is focused to study the fol-
lowings;

1) To know how much extent the overall turbine
efficiency variation due to the inlet distor-
tion is,

2) to know whether or not the expected per-
formance of the present turbine designed with
a controlled vortex design procedure in order
to reduce secondary loss is attained when inlet
distortion exists. It has been considered that
the secondary flow be promoted- with the
radial nonuniformities of flow velocities in
combination with the flow turning across
blade rows, and

3) to improve the design or prediction methods
such as the stream curvature method (SCM).
Under distorted inlet flow conditions where
strong streamline mixings are to be existed,
this method would be probably inaccurate
since the methods can not take account of
the mixings.

2. DESIGN SPECIFICATION OF
TEST TURBINE

The present test turbine was constructed
mainly to verify the usefullness of the control
vortex design concept adopted to the 4-stage
low-pressure (LP) turbine of a turbofan engine.
The test turbine was made using only the second
stage stator and rotor of the LP turbine with

Table 1. Major Design Specifications
(2nd Stage Stator and Rotor only,
excluding IGV and OGV)

Revolutions N/V/6  (tpm) 3,155
Mass Flow G\VO]8 (kg/s) |16.46
Expansion Ratio TG,2-4 1.36
Specific Output AH[6 (kcal/kg) 521
Loading Factor ¥ (MEAN) 2.23
Flow Coefficient ¢ (MEAN) 0.96
Turbine Efficiency |7 0.896
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(MEAN)

Fig. 1

adding inlet guide vanes (IGV) and outlet
guide vanes (OGV). The main specifications
and the design velocity triangles are shown in
Table 1 and in Fig. 1, respectively.

3. PRELIMINARY ANALYTICAL STUDY

Two methods were used to predict the turbine
overall performance under prescribed inlet dis-
tortions, a streamline curvature method and a
mixing loss method.

(a) Streamline Curvature Method (SCM)

With a SCM using the complete radial balance
equation by Ngo and Millar [1], a part-load
performance calculation were conducted under
prescribed inlet total pressure distortions. The
calculated results at the design turbine speed are
shown in Fig. 2 (a), as well as with the inlet flow
conditions. The figure shows that in the case
of larger total pressure defect near the outer

Stater out

Rotor out

Design Velocity Triangles

casing (Case A), the efficiency drops are larger
than in Case B at the same turbine expansion
ratio and turbine speed. There seems to exist
some possibilities of increasing the efficiency in
the Case B.
(b) Mixing Loss Method

This method is a simple method taking ac-
count of total pressure difference between two
conditions of the distorted flow and the corre-
sponding uniform flow, which difference would
be caused by gas mixing. The drop of turbine
efficiency will be written in the following form.

3.1)

where 7o is the efficiency correspopding to
design uniform inlet condition, B is a function of
turbine expansion ratio and e is a ratio of total

An =noxBx(1—e)

pressures;
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where, P;; and G; denote the local total pres-
sure and local mass flow before the mixing, and
P is the uniformed total pressure after the
mixing obtained from a momentum balance and
an equation of continuity;

P = iGm VTtm 1
tm=N kg = Anm  Mnm

1 K+1
x (1455 M3) 2D (3.4)
— J— 2_
M, =< b a\/b 24)% (3.5)

where,

where, p; and V; are the local static pressure and
the local velocity before the mixing, respectively.

Results are shown in Fig. 2 (b) with two inlet
flow conditions of ID =3% and 5%. The result
taking only mixing loss into account predicted
a littel efficiency reduction of less than 1%
near the design point and a few percentage re-
duction at part-load operations. A merit of this
method is to be able to handle arbitrary inlet
pressure distortion paterns, while the SCM could
not get converged solutions in some arbitrary
inlet distortion patterns.
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Fig. 2 (b) ID Performance Prediction by Mixing Loss Method

4. EXPERIMENTS

4.1 Inlet Distortion Screens

Two patterns of inlet distortion were pro-
duced using two kinds of steel wire screens
installed in the turbine test rig (Fig. 3). These
screens were consisted of two sheets of large
mesh and small mesh JIS standard steel wires,
and an inner and an outer rings suporting the
wires on the casing walls. The small mesh wire
covers over the half area of the large mesh wire
as seen in Photo 1. The Case A screen is to
produce stronger total pressure defects near the
outer casing (near blade tip), while Case B screen
near the inner casing (near blade hub).

4.2 Measurements

The present measurement procedure is the
same as described in [2]. Overall performance
tests were conducted at three turbine operating
points while maintaining constant design speed

in the both Cases A and B. At each measuring
section of the test turbine shown in Fig. 4, gas
conditions were traversely measured in the
radial direction with five-head pitot tubes and
comb-type thermocouple sensors. Each sensor
was fixed at such a circumferencial position that
would not include the upstream blade wake
region. For comparison of the present ID test
results with those of uniform inlet flow which we
named here Case O, the non ID test results, ob-
tained before the present ID test, were used. All
of the test points adopted in the present report
are summerized in Table 2.

4.3 Data Reduction

The general procedures to obtain the turbine
mass flow rate and the turbine torque using JIS
standard orifice meter and 970 kw hydraulic
dynamometer is the same as described in the
previous report [2]. The ways of getting cor-
rected values for the standard atmosphere of

This document is provided by JAXA.
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Fig. 4 Measuring Sections and The Cross Section Number

Table 2. Summary of Test Points
Case |7g,1-a | V* (%) Measuring | Exp. No.
1.072 | 100.0 | 1,2,4,5 | 5406191400
1.191 | 1003 | 2,3,4 5411210501
Case O
1.370 | 99.7 " 5411210304
1375 | 998 |1,2,4 5406120806
1.183 | 1019 | 1,2,3,4 |5610230201
Case A | 1.285 | 100.0 " 5610230301
1.365 | 99.7 " 5610230401
1.184 | 984 |1,2,3,4 |5610290601
Case B | 1.297 | 100.2 z 5610290701
1.356 | 99.8 " 5610290801

turbine mass flow rate and specific heat output
are the same as those used in [3].

Turbine specific heat output was calculated
from turbine torque, revolution speed and mass

flow by
AH =m+7-N/(30J°G) 4.1)

Two types of total pressure average were used,
i.e., mass average and area average expressing by

— i i
Ptc =ZHRiGi/ZG;

(4.2a)

_ i i
Poa=ZPidi|Z 4 (4.2b)
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respectively. The similar two averages were
defined for temperatures.

The turbine expansion ratios used for the
calculation of turbine efficiencies with (sufix is
14) and without (sufix is 2-4) IGV were de-

fined as follows;

Tei—4a0r = Pty or2,6/Pta,c (4.3a)
2-4
Ta,1-4 ot = Pty or2,4/Pra,a (4.3b)

2-4

Note that the turbine inlet velocity distribu-
tion, which were needed to calculate mass
averaged values, were obtained by an analysis
using the IGV inlet total pressure and total
temperature distributions and the turbine mass
flow rate experimentally obtained and with an
assumption of uniform inlet static pressure (See
Appendix Fig. 1). The direct velocity data from
the calibrated 5-hole pitot tubes at the inlet were
not adopted in the report since the measured
Mach number were unreasonably high.

The turbine overall efficiencies of mass aver-
age and area average were defined as follows;

Including IGV,

AH
— K—1
Cp' TII.GOI'A {1_(_—1——)_“ }

GorA,1-4

(4.42)

Excluding IGV for reference only, we calcu-
lated the efficiencies as

NGorAd,1-4 =

AH
G- th,,GorA {1-(=

NGorA,2-4 =

l -1
—)7% }
TGorA, 2-4
(4.4b)
The inlet distortion strength was expressed
by using the maximum, the minimum, and the
mass averaged total pressures at the IGV inlet;

Ptl,max - Ptl,min

ID = 4.5
Piy,c (4.5)
5. EXPERIMENTAL RESULTS
AND DISCUSSION
5.1 The Inlet Distortion Tested

Fig. 5 shows the inlet total pressure distribu-
tion at the IGV inlet. The present ID indica-
tion ranged from about 3% to 4%. Fig. 6 shows
the corresponding inlet velocity distribution,

a0 =1.18 Meae=1.29 Tora=1.36
1.0 T T T
TIP
% 3 Case B $ 8
& l("’c,x—fl-zg']) \‘ q{l
,T: \ \ { i Case O
N o .
o Case A \ \3\ Q\A ¢' (®6.1-451.375)
3 i
5 (ic.1»4=1‘183) \ Case B / / \\\Q'Q A/
g O K Ferertish)] [ Case A Case A 8 Buce B
A ~ (Rgr0°1.285) {%1.4=1.365) < Lase
= ‘Q et [? \3('6.1-0’
2 \ \ ; \  1.3%6)
< \ ! \
] ¢ Co
JHuB 1 (/! ) | g | 3 g o
0.96 1.0 1.04 0.96 1.0 1.04 0.96 1.0 1.04
Lo Py Py
Fuc Puc Pu.c

Fig. 5 IGV Inlet Total Pressure Distribution
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which means large defect in the mass flow
distributions.

5.2 Overall Performance
(a) Turbine Mass Flow and Specific Heat
Output

Both the turbine mass flow and the specific
heat output characteristics are shown in Figs. 7
and 8 respectively. At the design point, the mass
flow was 2.4% larger than the design value, while
the specific heat output agreed with the design
value correctly. At the partload operations
with nonuniform inlet flow conditions (Case A
and B), however, the specific heat output was a
little smaller than that with uniform inlet flow
(Case 0).
(b) Turbine Efficiency

First the mass averaged efficiencies including
IGV is discussed. Fig. 9 shows the characteristics

TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-719T

of the three cases with and without inlet distor-
tion, in which figure the area average efficiencies
are also included only for a reference.

The inlet distortion seems to cause little
efficiency reduction at the design point, but
has some extent of not negligible reduction in
part-load operating regime with small expansion
ratio, which was also shown in the previous
analysis. Secondarily, for the performance ex-
cluding IGV, it should be noted that more de-
tailed measurements at the stator inlet are
needed including the circumferential traverse
measurements as well as the radial direction
surveys. Here in Fig. 10, however, the effi-
ciencies obtained only from the radial survey
data is shown. There is seen a difference of the -
effect between of Case A and of Case B. The
corresponding inlet distortions are shown in
Figs. 11 (a) and (b).

N*=100% ~{3— Case O
= 6l o] v A Exp.
~
= Py B
(9]
x
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21: /tf/
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@
= L
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‘."5
%
@a
~ 2r
@
°
&
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S }
0 i 1 I
1.0 1.1 1.2 1.3 1.4

Expansion Ratio,

7—26.11

Fig. 8 Specific Heat Output Characteristic
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Note that in the case of B at g 14 =1.36,
the inlet total pressure distribution shown in
Fig. 11 (a) includes wake data. This probably
corresponds to a wake of the strut in front of
IGV since the same effect was seen in the IGV
inlet distortion patterns (Fig. 5). The data were
plotted in the figure but not lined.

5.3 Internal Flows

Figs. 12 (a) and (b) show the radial distribu-

tions of flows at the inlet and outlet of the rotor

13

at two expantion ratios of about 1.36 and 1.18.
One of the major results from the relative inlet
and outlet flow angle surveys (8; and f$,) at
7G, 1-a =1.18 of Fig. 12 (b) is" that the rotor
blade turning angles were reduced due to the
distortions especially near the both casing walls
in the both cases A and B, comparing with Case
O. In the Case B, it should be noted that this
reduction could not have been predicted by the
SCM as seen in Fig. 13. The extent of the ex-
perimental reduction of the turning angle was

1.0 T {} ¥ T
TIP
Case A
Y Xz i
- 1.365) 1
fan | 5
e Case O/d\ .
(¥®644=1.370)
e
2
'§ 0.51 Case B s i B
A (%c.1-4=1.356)
=
=
et {,
0 HUB % 1 1 1 i
0.1 0.2 0.3 0.4 0.5 0 20 40 60° -15 15° -80 -60 -40°
Relative Inlet Relative Inlet Inlet Pitch Relative Outlet
Mach No., M. Yaw Angle, 5, Angle, 7% Yaw Angle, S,

Fig. 12 (a) Effects of ID on Rotor Inlet and Outlet Flows (Experimental, T ;_4 *=1.36)

1‘0 L T T
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Al O (R 1.4 1.183)
g
2
‘@ 05y 3
A Case B
= (Te14=1.184})
~
L]
e
0 HUB
0 0.1 0.2 0.3 0.4 -20 0 20 40° -15 0 15* -80 -60 -40°
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Fig. 12 (b) Effects of D on Rotor Inlet and Outlet Flows (Experimental, 7 ; 4 =1.18)
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bigger in Case A than in Case B. The test results
indicate that the relative outlet flow angle was
little influenced, which was seen also in those
of other rows of blades (IGV and Stator). Figs.
12 (a) and (b) include also pitch angles from
which streamline defects may be seen. In Fig.
13, several calculated streamline positions are
also shown. Since any two neighboring lines
include the same mass flow rate, large differences
of mass flow distributions could be seen from the
figure, which means the change of the blade
loading distribution.

6. CONCLUDING REMARKS

An inlet distortion test of a highly-loaded
low-pressure axial-flow turbine of a turbofan
engine was conducted, using two types of inlet
distortion screens in order to change the distri-
butions of inlet total pressure and velocity.
The inlet distortions obtained were about 3—4%
in the present test.

Case/A' ‘—_

o (T6.141.190) \
S /\(.
_g Case O

= L (7c.1-4=1.188)

3

a.

- Case B

<

E (ﬁcyﬁlm‘

The major results are as follows;

1) The effect of the inlet distortion on turbine
efficiency characteristics is little (less than 1%
of efficiency drop) near the design- point
operation but not negligible (2—3%) at part-
load operations with small turbine expansion.

2) The internal flow survey showed that the
rotor turning angle near the both casing walls
was reduced due to the inlet distortion,
which would have resulted in the turbine effi-
ciency drop.

3) Two types of analysis methods (a streamline
curvature method and a mixing loss method)
were used for prediction of the inlet distor-
tion effects. The latter gave a qualitatively
better prediction of the turbine efficiency
characteristics. To improve the reliability

of the test results applicable to other turbines
and to improve the accuracy of prediction
methods, further experimental and analytical
data should be needed.

IGV Inlet Total Pressure, — '
Pn.c

-GBﬁ ~40°
Relative Inlet Relative outlet
Yaw Angle, §; Yaw Angle, B,

Fig. 13  Effects of ID on Rotor Inlet and Outlet Flows
(Predicted by SCM, g, 14 =1.19, G\/6 /8 = 13.15kg/s, N* = 100%)
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