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Aerodynamic Design and Test Results of Front Fans®

second conducted with them.

By Shoichi FuJ1i*¥*, Hideo NISHIWAKI** and Mitsuo GoMI*¥*

SUMMARY

Full scale front fans were designed and tested with satisfactory results. The
flow field in passing through the fans was estimated with a powerful method
called streamline-curvature technique, and the first test-program was carried out
in equipping the rotor blade row without snubbers (part-span shroud) and the

A comparison of both experimental data enabled

the flow behavior and aerodynamic characteristics to be visualized under these
two different inlet conditions.
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NOMENCLATURE

bypass ratio

chord length

constant determined by continuity
specific heat at constant pressure
diffusion factor

weight flow

acceleration of gravity

total enthalph

Pitot tube calibration constant
shape factor in axial direction
incidence angle
mechanical-to-thermal energy con-
version factor

first kind Bessel function of nth
order (n=0,1,2, --.---. )

roots of Ji (jn)=0

constant used for evaluating de-
viation angles

Mach number

streamline projected on a meridian
surface

strength of point source

(station number, radial point)
(Corrected rotative speed)/(Desig-
ned rotative speed)

funection of radius, r

static pressure

total pressure

function of radius, r

cylindrical coordinate system

* Received December 21, 1971
**  Aero-Engines Division
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radius of curvature of meridian
projection curve, m

gas constant

entropy

static temperature

uniform velocity or peripheral
speed

axial velocity with shroud removed
velocity

axial-velocity ratio across a blade
row :
z/ry;=(abscissa along axis of center
body)/(tip radius)

velocity vector

gradient

angle between meridional velocity,
V. and axial velocity, V,

density

ratio of specific heats

total pressure loss coefficient
solidity

stream function

total pressure ratio or the ratio of
the circumference to its diameter
loss parameter

absolute flow angle

relative flow angle

displacement thickness

momentum thickness

radial coordinate, the origin being
the point at which the snubber
wake begins

radius ratio (v/r;)

deviation angle

turning angle

adiabatic efficiency
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Subscripts

7 inlet to a blade row

I left side

7 radial direction or rotor or right

s stator

m meridian

n n=1,2,3,

T traverse

t tip

h hub

des. design

z axial direction

0 stagnation or station upstream
inlet strut

1 before rotor blades

2 behind rotor

3 behind stator blades

6 circumferential direction

—o0 infinitely upstream

or orifice

Superscripts

’ relative

* design or displacement

INTRODUCTION

Most of modern jet engines have been equip-
ped with front fans, mainly because of neces-
sity of raising the mass flow rate which can be
converted into the engine thrust and, in turn,
of obtaining a better propelling efficiency.

Therefore, a component research regarding
the front fan had been put forward. The full
scale front fans having 940 mm inlet diameter
were then designed and tested in order to pur-
sue investigations into both aspects of aero-
dynamic and mechanical design technology.

As to the aerodynamic design, there were
several problems yet to be solved; operation
of rotor blades in a high-speed flow: a steep
slope in the radial distribution of enthalpy
rise across a rotating blade row (which might
cause a highly three-dimensional flow): effects
of spinner shape and contour on the stream-
line displacement. Thus, an attempt was made
with the aid of a large scale computing facility
to incorporate the streamline displacement and
curvature terms into the design calculation for
evaluating the internal flow movement across
each blade row. As another design problem,
it was apparently known that snubbers (or
sometimes called a part-span shroud) were al-
most inevitable in the conventional-alloy front
fan subjected to a severe inlet distortion.
Nevertheless, since we had no reasonable tech-

nique of estimating the effect of snubbers it-
self on the flow pattern, two fan rotors with
and without snubbers were planned and tested,
without any additional design consideration
taken into the disturbance caused in a flow
field due to the presence of snubbers.

The performance comparison for both cases
was then carried out in analyzing the detailed
experimental data, making use of streamline-
curvature computing procedure again for the
reduction of the internal-flow survey data.
Hence, a new approach was shown to express
the local cascade performance along its span,
instead of a usual blade-element concept.

Description about the technology of manu-
facturing a snubbered blade, the measurement
record of alternating stresses of rotating
blades, and sound level captured in the neigh-
bor of the test vehicle were not presented in
this paper, although some structural and aero-
dynamic considerations on snubber position and
shape were given briefly.

AERODYNAMIC DESIGN

Three dimensional compressible flow-equa-

tion

The equation of motion for the inviscid,
steady compressible flow without body-force
can be written in a vector form coupling with
some thermodynamic relations

—VXPpxXV=—VH+TFS (1)

Applying the cylindrical coordinates system
(r, 8, 2z) to Eq. (1) resolves into scalar forms;
as the component of radial direction, we have

Jg oH _—J T_B_SL Va 3(7‘Vg)
or r or
Vz av,
Ve Ve m (2)

Referring to Fig. 1 where a streamline is pro-
jected on the plane r-z as a curve m, the last

T} 6 =const.

2
Fig. 1 Axi-symmetric flow
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Aerodynamic Dcsign and Test Results of Front Fans 3

term of right hand side of Eq. (2) is expres-
sed, by making use of the relation V,=V, tan
2,

v,
dz

The term 9V,/9z appearing in Eq. (3) is con-
sidered to be of small order except for flow
region near a singular point. In addition, since
V, is much smaller than V, in the usual axial
turbomachines, Eq. (3) may be approximated
such that

oy V2 i(: V;itanz) (4)

dz

0z ~ cos*l .

Putting Eq. (4) back into Eq. (2) and rear-
rangement gives

Ly Ve VA1
T 8z cos®d  1g

Vs (3)

Vs

ov,? _ 2 1+ (dr/dz)? —?§>}V .
ar { 7¢ COs32 cp ( ar z
_ 3T, V2 a5
=20ses 5 ~(To 5077 ) (7))
9 & 9(rVy) (5)
7 or

For convenience, if the coefficients of V,?
would be considered as functions of r alone,
we can perform the integration of Eq. (5) to
produce

Vzgzclae—JP(r)dr+ e—jp(r)drsejp(r)er(r) dr

where "
PO= (L (F))
Q) =29J{6p %—(T——z:z—c—ﬂ’a%}
_g Yo 3GVe) ’ (8)
r or

and the constant ¢; is determined by the con-
dition of continuity*

r

G=21tS thng,rdr (9)

r

As Eqgs. (7) and (8) stand, expression of partial
derivatives with respect to r such as 35/dr,
8Ty/0r, etc. are seen. This fact means that
the effect of the derivatives with respect to =
such as 38S/dz, 0T,/9z, etc. on the computed
profile of V,; should be taken into consideration
as well as the influence of the derivatives
with respect to ». The streamline curvature
technique will be then one of most powerful
calculation methods in the situation treated
herein.

* If the lower limit of the integral of Eq.
(6) is taken as 7, c; represents physical-
ly the axial velocity at r=r;.

Streamline curvature technique

The desire to incorporate the streamline
movement into the analyses of flow in turbo-
machines would be realized, to some extent,
by a method called streamline curvature tech-
nique. In actual computation, however, the
streamline shape is determined by connecting
finite points which are assumed to be lying on
a stearmline**. Therefore, the streamline cur-
vature method will not give the ‘exact’ evalua-
tion of streamline shape but the approximate
estimation of streamline displacement at finite
poinis, and hence the connection of these
points yields the curvature which may directly
relate to the evaluation of the term 1/7¢ in
Eq. (7).

Several methods of generating streamline
from the connection of points were discussed
in the literature [1]~[3]***. Among these meth-
ods, some comparisons of two fitting curves,
that is, spline-fit[4] and least-mean-squares
were made in our design problem. As a re-
sult, the approximate nature of spline-fit was
not always applicable to solution on the digital
computer. On the other hand, the least-mean-
squares curve with six order terms, connecting
9~15 points, had a reasonable character of
fitting curve from the authors’ experience [5].
The practical procedure for designing the front
fans is then described in the following.

As shown in Fig. 2, the calculation stations
from 1st to nth were placed in the axial direc-
tion, and then the points used for defining
streamline were radially chosen from 1st to
(m+1) th at every station. At the beginning,
in fact, every point was located in a distance
giving the equal annulus area between suc-

n=1 23 n=in=j =
1 ' | 1
:\§;: vy ) ‘;
| m+’%+ .l ! I‘ :
I
' t i:l ; 3 iy “/
Flow || ¢ o= ::l E
direction 5> ot} ! 8] 1] ,:' n
5] .
| ’ :: e g :I| -
! ’ i ! !
| 'Ry ' '
r
SIS LG
5__ /i | R ) )

| 2

Fig. 2 Calculation stations

** The word ‘streamline’ hereafter is equi-

valent to the meridional projection curve
m in Fig. 1.

Numbers in brackets designate Refer-
ences at end of paper.

ok
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cessive two points. In addition, it was as-
sumed that the location of the points at the
first and last (nth) stations was not subjected
to change during the relocation process of
other points situated at stations from 2nd to
(n-1)th. Moreover, it was postulated that
Ve=0, 0S/8r=0 and To=const. in the region
before the rotor blade row. For the station
between the rotor and stator, the following
simultaneous equations were utilized to obtain
the values of V,, 3S/3r and T, by use of the
estimated loss-coefficient @ and expected total
pressure ratio m; along a radius,

_ r—1 Ue 75 N\ ) ¢e/e-D
w_[l—{- 2 kgRT, {1_(7)}]

- N (e fe-1)
x 1 ﬂo(Zi/?m) /(-,/,_1) (10)
1—(1+ . -1\4/2)
Jgcp

Vo= T (To—"Toy) (11)
CAL R INE L UEINEAR
R)dr o " o R/ or
(12)

where suffix ‘i’ denotes the condition before a
blade row. It is noted that the loss and work
relationship, Eq. (10), contains the term (r;/7)?
representing the radial displacement of stream-
line across the blade row. To the flow leaving
from the stator blades, Egs. (10), (11) and
(12) are also applicable by equating M,'=M,
(absolute Mach number entering stator) and
Ton=Ts (no temperature rise).

Thus, the first calculation of determining
flow condition at every point assigned from
stations »=2 to (n—1) was made by use of the
least-mean-squares curve fitting the points and
also of Eqgs. (6)~(12). And then the new
location of the points for use in defining the
streamline was referred to r».1 by satisfying
the continuity condition such that

N<_G_) = 2NSTN+1ng,rdr, (N=1,2,---m)

m e
(13)

where 71 and ry,,; giving the location of points
along upper and lower boundaries were not
changed. The similar procedure was carried
out until the relocation of all points defined by
rn+1 became insensitive to the iterative process.
In Fig. 3 is shown an example of converging
process of »x.1 at the inlet station of rotor
blades for the value of n=15 and m=20 in the
case of 6th order least-mean-squares. It is
seen that iteration over about fifteen cycles
gave the reasonable convergence.

0.4375¢ Point giving 85%
‘ of weight flow
0.4370}
0.4365
- Point giving 50%
E 0.3580 of weight flow
-~
« 0.3570F
3
=
e 0.3560f Point giving 10%
0.2330( of weight flow
0.2320}
02310 1 1 1 i 1 Y 1

07710 20 T30 40 50
Iteration cycle
Fig. 3 Convergence of points defining
streamline at rotor inlet station by
computing cycles

In the Appendix A is described a compari-
son between the streamline curvature method
and the exact solution made for the incompres-
sible flow around a point source in an infinitely
long duct of constant diameter.

Design philosophy

A series of the investigations of designing
full scale front fans had started early in 1967.
Based on the aerodynamic design technology
concerning the transonic single and multi-
stage-compressors which we had already fin-
ished testing at that time [6], [7], the velocity
triangle and blading were selected. The inlet
guide vanes were not installed in order to
remove the noise generated by an interaction
of shedding wakes from guided vanes with
rotor blades. One of the most important fac-
tors we must have decided was ‘Mach number’
relative to a tip section of rotor blades. In
general, the permissible Mach number would
serve as playing an important role in prescrib-
ing the possible target performance such as
a pressure ratio, mass flow rate, rotational
speed, etc. Therefore, it was concluded from
preliminary calculation that some conflicting
factors accompanied with increasing Mach
number might be expected to be compromised
if the tip Mach number were within a .value
of approximately 1.25. On the other hand,
the Mach number entering the stator blades
was designed so as to be below the critical
Mach number along the whole blade height
because of our empirical fact that a combina-
tion of transonic rotor blade row with subsonic
stator vanes would have a tendency to give a
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TIP (v=1.0)
asy :36'
B=61

Vis=159

U: =380(m/s)

MEAN (v =0.80)
Xy = 31°

=49

Viy-=162

HUB (v=047)
a, =39
#=16
Ds=0.46

146

‘/‘,3::

Fig. 4 Velocity triangles for the fan without snubbers

better performance, in comparison with high
subsonic stator. Along with this line, the
blade profiles were selected such that the
double-circular-arc blade (D.C.A.) be for the
rotor, the NACA 65-series-blade for the
stator.

A mass flow rate and bypass ratio were
mainly determined to meet the performance
criteria of an actual engine which was plan-
ning to be equipped with the front fan in-
vestigated here, also considering capacity of
the test facility for the fan component re-
search.

Although the snubbers or part-span shroud
were obviously necessary for practical use of
the front-fan blades made of titanium alloy,
there was no definite method for evaluating
the effect of them on the aerodynamic per-
formance. As a basis for obtaining further
information about the snubbered blade design,
therefore, the study program had been divided

into two steps. The purpose of the first step
was to determine the aerodynamic character-
istics of the front fan without snubbers. The
second was aiming at the test of the front fan
with snubbers. The same test vehicle was
utilized for both cases. The rotor blades with
snubbers differed from those without snubbers
in the number of blades and, hence, in the
chord length and absolute thickness to satisfy
the requirement that both rotor blades should
have the same values of aerodynamic para-
meters such as the solidity, the thickness-
chord ratio, and the camber and staggered
angles.

The velocity triangles for the tip, mean and
hub sections are presented in Fig. 4. Review-
ing the experimental results of the reference
[6], the root section of rotor blades was care-
fully designed in order to be operating below
the critical Mach number in expectation of
avoiding the performance deterioration due to

This document is provided by JAXA.
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Table 1a Rotor blading details

. 0.50 0.70 0.94
Radial position (+/7¢) (Nhelﬁf) (Mean) (N:iapr)
Camber angle (deg.) | 18.4 10.3 7.3
Solidity 1.47 1.14 0.98
Stagger angle (deg.) | 34.0 46.6 56.2
Thickness-chord ratio 0.069 0.035 0.035

Table 1b Stator blading details

0.50 0.70 0.94
Radial position (r/7) (l\isi:') (Mean) (Nsiapr)
Camber angle (deg.) 42.2 38.4 41.9
Solidity 1.63 1.34 1.19
Stagger angie (deg) 14.8 13.3 13.4
Thickness-chord ratio| 0.070 | 0.074 | 0.079

a high speed flow. On the solidity of the rotor
tip section, which would relate directly to the
magnitude of shock-loss and blade loading, it
was imperative to employ the value of 0.90 as
the permissible minimum in adjusting the
aerodynamic and mechanical demands. We
tried to keep the designed axial velocity ratio
across a blade row within the value of 1.1~
0.9, otherwise a higher or lower axial velocity
ratio might involve some inaccuracies in the
blading procedure. As shown in the figure
the magnitude of Dr=0.43 and Ds=0.46 was
settled as the diffusion factor for the rotor
tip and stator hub sections respectively.

In the result, the target performance for the
fan without snubbers was selected as follows;
a mass flow rate to be entered through the
fan inlet section having a diameter of 940 mm
should be 104 kg/s at sea-level and at a rota-
tional speed of 7770 rpm, with a pressure ratio
of 1.34, an adiabatic efficiency of 84 per cent,
and bypass ratio of 6.0.

The blading details for the rotor and stator
blades are given in the Table 1(a) and (b).

AERO-AND MECHANICAL CON-
SIDERATIONS OF THE
SNUBBERS

As mentioned before, the aerodynamic para-
meters of the rotor blades characteristic of
solidity, camber angle, maximum thickness to
chord ratio and stagger angle were maintained
to be equal in both cases with and without
snubbers. However, to shorten the blade
spacing and hence a distance of snubber over-

hang from the airfoil surface, and also to keep
the snubber root bending stress caused by the
centrifugal force of the shroud within allow-
able level, the number of blades was in-
creased from 25 to 33 in the case of the rotor
blades with snubbers. Accordingly the aspect
ratio increased from 2.65 to 3.50. Further-
more, the system supporting rotor-blades at
the disk was changed from pin-jointed one to
dove-tail type, corresponding to the change of
vibrational movements due to the retaining
action of the shroud.

The radial position of snubbers was deter-
mined as 64 per cent of blade span from the
blade root so as to minimize the second-order
bending mode of blade vibration and to suffice
the requirement of enabling every blade of
a row to be rotating in the same phase of
first-order bending and torsional modes, re-
spectively.

It is easily supposed that a thicker snubber
will disturb the oncoming flow, make the
blocked area and involved loss larger com-
pared to thinner one. On the other hand, it
should be understood that the bending stress
at the snubber root will decrease in inverse
proportion to a square of the thickness. Com-
proniising these conflicting factors of aero-
dynamic and mechanical stipulation, then the
absolute snubber thickness was chosen as 6.0
millimeter which would be equivalent to 2.5
per cent of mechanical annulus blockage, and
the width selected as 40 per cent of the rotor-
blade chord length that would amount to 20
per cent in the ratio of thickness to width.
Both leading and trailing edges of snubbers
were simply rounded getting a wider working
range of the flow incidence angle due to the
change of oncoming flow condition.

As a result, the gross weight of rotating
parts with snubbered blades was reduced re-
markably, compared to the case without snub-
bers. The adoption of higher aspect ratio
(short chord-length) and much lighter root-
joints was apparently the main source for such
a weight reduction.

EXPERIMENTAL APPARATUS

A schematic drawing of the test facility is
shown in Fig. 5. The test vehicle was driven
by a gasturbine installed at the Aero-Engines
Division of the National Aerospace Labora-
tory. The atmospheric air coming through an
inlet silencer was led to the bellmouth of the
fan to be tested. The compressed air in pass-
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Exhaust
Splitter
VAVAN
VAVAN pi s m— 15000KW
AN : N A A Gas Turbine
VAVAN

BYPASS
Stator {

Inlet Silencer

Orifice

MAIN

Combustor

Exhaust

)30

10500KW

Compressor

X-®

®

Inhale

Fig. 5 Test facility and loop

ing through the blade row was divided at the
outlet splitter into two portions; bypass and
main air flows. The axial location of the
splitter was set up in a distance more than
one chord length of stator blade in order to
avoid the performance deterioration due to the
presence of the splitter very close to blade
row. In addition, a rounded portion of split-
ter entrance was used for preventing probable
local separation caused by a flow deviated from
the designed value of bypass ratio. The amount
of bypass and main air flows was measured
independently by each orifice at the outlet and
then the bypass air was exhausted through an
outlet silencer, whereas the main air returned
to the inlet of the gasturbine compressor.
This recirculation system of main air was ef-
fectively used to change the ratio of bypass
to main flow in order to simulate various op-
erating conditions which would be encountered
in an actual engine. While, the valve mounted
in the downstream region of bypass flow con-
duit served as the main throttle for adjusting
the over-all mass flow rate of the test fans.
The rotor blade for both cases with and

without snubbers was made of titanium alloys
in machinery-cutting, and stator blade was of
stainless steels welded with the casing. The
stator blade row was installed in one chord
length of stator blades apart from the rotor
blade row in order to reduce the noise due to
the interaction of the blade rows.

INSTRUMENTATION

Each position of instruments is presented
in Fig. 6. At the inlet section ‘0’ where the
area was large enough for the flow speed to
be under 20 m/sec. even at the anticipated
maximum flow rate, eight chromel-alumel
thermocouples were placed for measuring the
inlet stagnation temperature. To determine
the inlet flow condition at section ‘1’, firstly
a three-hole cobra type yaw meter capable
of being automatically balanced in flow direc-
tion was used for traversing flow passage
from hub to tip blade sections, at some of all
operating points tested. Second, at the other
operating points no traversing was carried out
to get the inlet flow condition. Namely, the
static and total pressure along the blade

This document is provided by JAXA.



TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-268T

0 N 123
| \ Eo1
| o
| o
| P
| ! I i s
| Air Inlet — !
: ! — Bypass Air
| i a Main Air
I
_ 1 —
) | G — .
Shaft (Sensing Driving Torque)
—I\
Splitter
//Slip Ring

0 Yawmeter 1 p; i 2
) itot Static Total
;Top (Traverse ' /TubeY Temperature- Total Pressure
?Total awmeter Yawmeter
*Tota (Traverse)%g 64.(Traverse)

o Temperature
t

e

eTemperature

Total
Pressure

Total
Pressure .
Splitter-

Fig. 6 Radial survey positions

height were assumed to be obtainable from
using the read of another Pitot-static tube
fixed at 61 millimeters from the outer wall,
together with correlation curves based on the
previously traversed data.

In the case of the three-hole yaw probe, the
following quantity was defined to obtain the
static pressure

H= Pl+Pr

P,
where P, is the total pressure recorded by the
probe center hole in balancing the left and
right side hole pressure Py, P,, respecitively, and
His a function of Mach number alone if Py, is
equal to Pr. Thus the Pitot tube was calibrated
carefully in a wind tunnel to get a relation of H
and Mach number. In testing the fan, H was
easily obtained from the Pitot tube readings
and, in combination with total pressure P,
measurement, gave the static pressure value
at the point in question.

At section ‘2’ located in approximately 20
mm downstream the rotor, the flow direction,
total and static pressures were traversed in
some detail by the same procedure taken in
the inlet section ‘1’, with special reference to
the flow leaving from the rotating blades at

(14)

high rotational speeds.

In determination of total pressure and tem-
perature after the stator blade row, four of
eight struts at section ‘3’ were utilized for
mounting the probes; one strut used for the
thermocouple probes and three struts for total
pressure holes. The circumferential position
of these three struts relative to the stator
blade was selected by taking account of the
predicted flow variation occurring in one sta-
tor pitch. It was assumed that a linear inter-
polation between two static pressure-tap read-
ings at both outer and inner walls gave the
static pressure distribution along the blade
span at section ‘3’.

All thermocouples including those used for
measuring the mass flow at the orifices were
calibrated in a constant temperature oil of a
portable bath tub, maintaining that relative
position of thermometer probes and their con-
necting lines was the same in calibration as
in testing the fan. Furthermore, to assist the
measurement accuracy concerning the over-
all adiabatic efficiency, a driving torque was
measured through the angle of twist produced
in a predetermined length of the torsional
shaft coupling the test vehicle with the driv-

This document is provided by JAXA.



Aerodyrnamic Design and Test Results of Front Fans g

ing shaft of the gasturbine. It was confirmed
in the calibration that the torquemeter used
here had a capacity of measuring range up
to 500 kg-m and of maximum rotating speed
9000 rpm.

The rotative speed of the fan was counted
on a digital meter making use of the pulse
signal generated at a running gear in a mag-
netic field of a small box which was mounted
on the rotating shaft of the gasturbine. Dur-
ing the operation of the fan, the monitor of
stress level of a vibrating blade was success-
fully made by the output which strain gauges

on the airfoil surface producéd through a slip
ring with maximum allowable alternating
stress of 40 kg/mm? at the blade root.

EXPERIMENTAL RESULTS

Over-all performance

The performance map is indicated in Fig. 7
where the over-all weight flow means the
summation of the bypass and main flows meas-
ured at the orifices. The characteristics of
total pressure ratio and adiabatic efficiency
versus mass flow are shown with rotative
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speed ratio N/N* as a parameter; the data
measured within a fluctuation of 0.5 per cent
in the assigned rotative speed ratio were plot-
ted. All data except for several points be-
long to the operating condition of the bypass
ratio ranging from 6.90 to 6.10. The total
pressure was defined as a ratio of the arith-

metical mean value over 24 measured total
pressure at the exit struts to the inlet total
pressure just in front of rotor blade row.
Generally the adiabatic efficiency was based on
the evaluation of using the temperature and
pressure data, and was subjected to some cor-
rection and adjustment which could be made
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Fig. 9 Bypass-flow characteristics

with the aid of the torque measurement. The
experimental data for the case without snub-
bers were limited; any data were not shown
in the region near surge line because no oper-
ation of the fan was made in fear of the blade
damage due to stall. On the other hand,
in the case with snubbers, complete data for
one surging point could be obtained at the
designed rotative speed ratio with very small
risk of damaging blades. However, further
tracing of surge points at other rotational
speeds was abandoned in order to avoid the
repeating risk.

Comparing two cases with and without
snubbers, the effect of them on the aero-
dynamic characteristics was clarified in terms
of adiabatic efficiency, mass flow rate and total
pressure ratio. For instance, there occurred
approximately 7 per cent decrease of mass
flow rate and an efficiency drop of almost 2.5
per cent at the designed rotational speed. Fur-
thermore, also with snubbered blades, an over-
speed operation exhibited another drop of ef-
ficiency. It is of interest to note that, for
both cases, the measured data of pressure
ratio versus mass flow showed considerably
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higher values in comparison with the design
point estimated for the no snubbered fan.
The main source of this discrepancy will be
discussed in the next internal flow section.
No appreciable effect of snubbers could be seen
on the overall performance map for lower
rotational speeds, along with inherent inaccu-
racies in the adiabatic efficiency measurement.

To clarify the effect of the variation of a
ratio of bypass to main flow on the perform-
ance characteristics, the over-all map was split
into two diagrams of Figs. 8 and 9 represent-
ing each performance of the bypass and main
flow sides. The operating point having the
bypass ratio of well below and above the value
of 6.0 was circled to indicate the bypass ratio
(denoted as B.P.R.) in Fig. 8. The character-
istic curve for the main flow was more in-
fluenced by the variation of bypass ratios than
that for the bypass flow because the amount
of main flow had a small share in the gross
weight. The fact that the adiabatic efficiency
for the main flow was lower in the no snubber
case, contrary to our expectation, would be of
most interest and hence will be discussed later
in the next section from the internal-flow
point of view.

Internal flow analyses

The flow behavior between blade rows and
blade local performance thereby were obtained
from the detailed survey data. The concept
of streamline approach still remained in the
data process to indicate the blade local char-
acteristics more accurately in the flow region
where a large amount of streamline displace-
ments was observed. In other words, the
blade element performance as a well-known
technical term appeared to be of questionable
expression because the wusual treatment of
blade element would be based on the assump-
tion that a given streamline across a blade
row be constant during any operation of a
turbomachine. For example, Figs. 10 (a), (b)
and (c¢) show the measured streamline distri-
butions obtained from the survey data at each
section, in the form of local weight flows
divided by gross weight flow, where a com-
parison of the designed and uniform flow dis-
tributions also was made. The disturbance
action of the snubbers reflected in upward
radial flows at blade sections above them, Fig.
10 (b) and extended in almost whole blade
span as the upward radial displacement of
streamlines behind the stator blades, Fig.
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10 (¢). Although not presented in a diagram,
another streamline displacement due to the
change of, say, incidence angles was also ob-
served.

To determine the internal flow behavior the
traversing data were gathered at approximate-
ly 10 points of high-speed operation of the
test vehicle for both cases respectively. As
one of the methods for evaluating the re-
liability of the measured data, comparisons of
the integrated weight flows at the blade inlet,
outlet measuring stations with the values
measured at the orifices are presented in Fig.
11. The majority of the integrated flows at
each section was well within +5 per cent of
the orifice measured flows. Since no detailed
traversing was made in front of the rotor
blades without snubbers to eliminate the risk
attending a dangerous contact of vibrating
blades with the yaw probe, the correction
curve was used to determine the inlet flow
condition, as stated in the chapter of the in-
strumentation.

In traversing the snubbered rotor outlet
section ‘2’, approximately 17 points along the
blade height were selected as the position to
be measured; traversed at 2.0 mm intervals
for the wake influenced region due to the
snubbers; at almost 20 mm intervals for the
other. While, in the flow field after the rotor
without snubbers, the yaw probe was usually
read at 5 points having about 40 mm intervals
along the blade span.

The survey raw data about the total pres-
sure, flow angle and absolute resultant Mach
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Fig. 12 Axial-velocity distribution
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Table 2 Experiment numbers chosen to illustrate the radial
distribution of the survey date

1.0

Experiment No. O\frieol;;’al(lk;v/esl)ght Pressure ratio Rog:ili\(r)e (O%))eed Bypass ratio
500 117.8 1.350 101.3 6.312
without
snubbers 501 116.0 1.354 100.4 6.188
502 114.9 1.353 99.3 6.103
711 106.9 1.377 100.6 5.915
with
snubbers {712 109.5 1.359 100.4 5.991
714 96.6 1.384 98.7 5.882

number were, interpolated by use of the least-
mean-squares curves with 3rd or 4th order or
combination of 3rd and 4th order depending
on tne situation. Therefore, both the inter-
polated curve and survey data themselves
were utilized to reduce the measured data for
obtaining the flow behavior and local blade
characteristics

To some extent, each component of the
measured velocity will reflect the flow move-
ment between blade rows. Thus, typical three
cases of test data and their interpolated least-
mean-squares curves respectively for the both
fans were chosen to show the radial variation
of axial and tangential velocities at the rotor
outlet in Figs. 12 and 13. The explanation of
the designate experiment numbers is given in

the Table 2. The distribution of the measured
and prescribed velocities was very similar for
no snubber case. On the contrary, the dis-
turbance caused in a velocity field was not
confined to a small portion influenced by wakes
shedding from snubbers, but extended over
the whole blade span. Especially the peak
value of tangential velocity of Fig. 13 ap-
peared at the radial position corresponding to
the upper surface of snubbers and towards
hub section the tangential velocity remark-
ably decreased. The rotor blade turning angle
distributions shown in Fig. 14 indicate that
the presence of snubbers disturbed the turning
angles even in the hub region. Note that in
presenting the angle the survey data them-
selves could not be plotted because they had
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no definite meaning in a flow field attended
with unpredictable streamline displacement.
The rotor turning angles as it is generally
defined will fully depend on the relative angles
before and behind the blade row, and hence
on the streamline displacement across the
blades. Then the least-mean-squares curve
representative of turning angles was obtained
by a subtraction of inlet and outlet relative
angles placed on the same streamline across
the blade row, making use of the correspond-
ing interpolated curves.

The relationship of deviation, incidence
angles and relative Mach number at three
radial positions is presented in Figs. 15 and
16. The deviation and incidence angles were
based on the calculation of using the inlet,
outlet angles measured and the blade angle
tangent to the mean camber-line of airfoil at
the leading and trailing edges. In addition,
the correction of axial velocity ratio across the
blade row was made in the deviation angles

30

[
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T

Rotor turning angle, & (deg.)

P
T
"\
2
N
Y

by the relation (d—ddes.)eorr=—K(VR—VRges ),

where VR is the ratio of inlet to oulet measured
axial-velocity and the value of constant K was
selected as 10 degrees according to the experi-
mental result of Pollard and Gostelow {8]. The
values thus corrected are the deviation angles
that would be realized if the flow passed the
rotor blade row in the designed axial-velocity
ratio, VRaes. As indicated in Fig. 15 the meas-
ured deviation angles at the near root section
was higher in 2~4 degrees than the designed
value within the scattering range of data
points for no snubber case. At other sections,
however, 3~4 degrees turned out to be lower
than the estimation. Even in the snubbered
case almost the same trend was seen at all
radii except for the near hub section where
6~10 degrees in the deviation angle was higher
than expected. Then it was again shown experi-
mentally that snubbers of mid-span had a re-
marked influence on the deviation angles in the
hub regions. On the other hand, from a simple
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computation it was concluded that the untwist-
ed moment acted on the high staggered blade
row due to the centrifugal force might be the
main source for the low magnitude of deviation
angles appeared at mean and tip sections. Ap-
parently the higher values of mass flow and
total pressure ratio indicated in the over-all
performance map of Fig.7 were produced by

the lower deviation angles than expected, and
at the same time it is fairly said that higher
devaition angles in hub regions had a great
part in the deterioration of aerodynamic char-
acteristics curves of the snubbered fan.

The rotor loss-parameter defined as (6/c),=
weos By’ /20 was plotted against the diffusion

factor in Fig. 17. Similar to the procedure

TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-268T

taken for presenting the turning angle dia-
gram, the data reduction of loss-parameter
was based on the use of two interpolated
curves across the blade row to incorporate the
streamline displacement so that the total pres-
sure ioss occurring on the same streamline
might be treated. Since the values of diffu-
sion factor obtained in the radial survey were
not so large, it was not easy to bring the loss
parameter into proper correlation with the
blade loading. Moreover, typical six experi-
ment numbers were chosen again, correspond-
ing to Fig. 14. to show the radial variation of
loss parameter in Fig. 18. The relatively high-
er value of loss indicated in the experiment
number 714 was due to higher incidence angles
than the others, looking back to Fig. 16. The
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most striking feature is the low magnitude of
loss measured in the hub region for the snub-
bered blades. It follows that the higher adia-
batic efficiency of the main flow for the snub-
bered case would appear. The main reason
for the decrease of loss-parameter may be at-
tributed to the lower levels of relative Mach
number as observed in the snubbered blade
hub region, Fig. 16. In fact, from the au-
thors’ experience the rotor hub section of usual
compressors in the aerodynamic performance
has been very sensitive to the relative Mach
number level to be operated.

The radial variation of total pressure is
presented in Fig. 19. The similarity of no
snubber case and design distribution was al-
most maintained, while the disturbance effect

Near tip(r/r;=0.94)
1.3

17

of snubbers was noticed even in the blade tip
and hub regions as previously pointed out.

In the case of the fan without snubbers, a
larger amount of weight flow than the de-
signed value resulted in the lower incidence
angles entering the stator blades along the
whole blade height, as shown in Fig. 20. In
the fan with snubbers, positive incidence an-
gles amounted to 10~15 degrees in the region
where a wake type of decreased axial-velocity
profile existed. @ The loss-parameter across
stator blades and entering Mach number dis-
tributions are presented in Figs. 21 and 22
respectively. Higher levels of loss-parameter
of the stator behind the rotor without snub-
bers might be due largely to the lower inci-
dence angles plus higher inlet Mach number
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Fig. 16 Rotor inlet Mach number versus incidence angles
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than the designed. While, lower levels of the
stator hub loss-parameter for the fan with
snubpers, contrary to our expectation, could
be attributed to the lower entering Mach num-
ber due to the reduction of mass flow near
the hub section. Extremely low levels of loss
were observed in the middle of the blade sec-
tions influenced by the snubber wake, and
maximum values of loss-parameter appeared
in the regions outside the wake. As a result
of some detailed check of raw data regarding
the total pressure, it was evident that the
spread of the wake in passing through the
stator blades produced such a peculiar shape
of loss-parameter. Also the appearance of
negalive value of loss-parameter might be in-
terpreted as follows: eight radial survey
probes situated at the exit strut were not
enough, in some cases, to provide sufficient
data for the wake influenced portion in the
stator outlet region.

The radial variation of total pressure ratio
across the rotor and stator blade rows is
shown in Fig. 23. The lower pressure ratio
appearing in the hub regions for both cases is

indicative of the flow underturning across the
rotor blades.

To determine the characteristics of the snub-
ber wake behind the rotor blades, the dis-
placement 4,* and mometum thickness &, in
axial direction can be defined by the following
equations

3% 3
So’ pUyrdy= So o(Up—Vy)rdy  (15)

z 3
S: pUp’rdyzgosz(Up—Vz)rdy (16)

where & is the radial distance covering the
wake influenced portion at about 20 mm down-
stream of snubbers, the origin of ¥ is the
point at which the wake begins, Up is the
axial velocity that would be present with snub-
bers removed, and V. is the measured axial
velocity in the wake region. In actual com-
putation, referring to Fig. 12, all measured
data except for the wake influenced data
points were fitted by the 4th order least-mean-
squares curve which was assumed to be the
analytical expression of U, and pU,. On
the other hand, the 3rd order least-mean-
squares curve was used for fitting the data
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points in the snubber wake region in order to
make curves of V; and pV,. Hence §,* and 6,
were obtained in solving sixth and tenth order
algebraic equations regarding the values of 8.*
and 4, respectively, according to the equations
(15) and (16). The results are shown in Fig.
24. The wake properties of J;*, 6, appeared
with consistent variation according as the in-
crease of entering resultant Mach number re-
lative to snubbers. It is clearly seen that the
wake of snubbers having blunt leading edges
increasingly deepened and widened in the inlet
Mach number beyond 1.03, this value having
been equivalent to an axial component of 0.66
if the swept angle of snubbers was taken into
consideration.

Last of all, the radial-equilibrium equation
(6) was again solved in insertion with the
measured data themselves of the tangential
velocity, total pressure and temperature at
each survey station. An example of these cal-
culation results is presented in Fig., 25, in-
dicating a questionable validity of the radial-
equilibrium equation neglecting the loecal
shearing stress in the strong viscous region
behind snubbers, even with the inclusion of
streamline curvature, cumulative losses and
total temperature gradient as accurately as
possible. A result of computation with the
streamline-curvature term alone suppressed
was also added so that the effect of streamline
movement on the axial velocity profile might
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be examined. It is then hoped that this illu-
stration would make a contribution toward the
promotion of the establishment of the viscous
flow analysis, for which further work is needed
in the axial-flow turbomachinery [10].

CONCLUSION

The component research of the front fans
had been conducted to advance the aero-
dynamic design, experimental technique as
well as manufacturing technology. Among
them this paper treated mainly the aerody-
namic aspect of the fans.

In connection with design work, a computa-
tion technique with the streamline-curvature
term included was studied in some detail, with
the result that the least-mean-squares curve
of sixth order was most suitable for defining
each streamline in 9~15 stations. Thus, the
computing procedure was effectively used for
evaluating the internal flow field, where a
steep radial variation of temperature and
pressure was inevitable at the design condi-
tion. Furthermore, the detailed analyses of
survey test data for the internal flow were
also made using the streamline displacement
concept.

The research program fairly progressed in
two steps; first, the fan without snubbers was
partially investigated and next, the experiment
of the snubbered fan was carried out to deter-
mine the effect of snubbers on the aerodynamic
characteristics. As a result, the over-all per-
formance for both cases turned out to be bet-
ter than expected; over-turning of the rotor
blade mean and tip sections produced higher
values of total pressure ratio and weight flow.
The main source for low levels of the rotor
deviation angles in the mean and tip regions
was the untwist of the rotor blades due to
the centrifugal force. Therefore, the deviation
angles indicated should be considered as the
apparent values, which will need some correc-
tion in the future. Nevertheless, it was con-
firmed experimentally that the front fan with
snubbers could gain a pressure ratio of 1.38,
weight flow rate 100 kg/s and adiabatic effi-
ciency of 84 per cent at a rotor tip peripheral
speed of 380 m/s.

A thorough comparison of the radial survey
data revealed that the disturbance due to the
presence of the snubbers was not only con-
fined to the narrow portion of the snubber
wake, but extended over the other sections of
the rotor blades. It may be said that since

the flow between blade rows is being governed
by a combination of radial equilibrium and
continuity equations, a local disturbance pro-
duced at the part span will upset the radial
balance designed for no snubber fan, and a
new equilibrium will be established in the
spoiled flow field. In fact, the aerodynamic
performance of rotor hub section was severely
influenced by snubbers.

There are still left some studies of deter-
mining aerodynamic performance and snubber
retaining-effectiveness in a flow field subjected
to various inlet distortions. Furthermore, the
development of more powerful means for abat-
ing fan noise would be sincerely hoped.

To boost the lower pressure ratio in the hub
region of the fan, a study of small multi-stage
compressor rotating simultaneously with the
front fan shaft is now in progress aiming at
practical application to a fanned jet-engine.
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APPENDIX (A)

The stream function ¢ for the incompres-
sible, axi-symmetric flow may satisfy the
equation

ELY )
92 T ot

The incompressible flow around a point
source of the strength myp at z=r=0, plus a
uniform velocity U in an infinitely long duct
of constant diameter was expressed by Levine
[9] in the following form,

(A-1)
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where v=r/r;, Z=z/r; and J, means the first
kind Bessel function of n th order, and j, is

v=1.0

the root of Ji(j»)=0 (»=1,2,--)). In the case
of my/U=0.2 the streamline movement is visu-
alized in Fig. (A-1).

On the other hand, the same flow correspond-
ing to my/U=0.2 was solved by making use of
streamline curvature technique in which the
streamline ¢=0 could be replaced by a wall
boundary. In this case the radial equilibrium
equation (6) reduced to,

Vz“’———cl’ej rc~c§sn ar (A-4)

Then, as indicated in Fig. (A-1), 9 sections
were placed in axial direction and the least-
mean-squares curve of 6th order was used to
define the streamline.

The computational result revealed that the
agreement of both exact solution and stream-
line-curvature velocity-profile was fairly good

|
v || exact solution
Y
streamline- |
0.90F curvature
0 method |‘
0.80} 1
|
|
|
\
0.70F ‘\
1.0 2f0

Vi/Ve, -

Fig. A-2 Comparison of axial-velocity
calculated using streamline curvature
method and exact solution at section @).

Fig. A-1 Streamlines obtained from exact solution
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at sections 7 and 8, are Fig. (A-2). Neverthe-
less, the remarked difference between both pro-
files was seen at sections 2 and 3 where the
effect of stagnation or singular point might
appear strongly. It then led to a tentative
conclusion that the streamline curvature com-

puting procedure might have capability of giv-
ing a reliable solution for the flow in the
region not close to a stagnation point or in
a boundary wall without extremely small
radius of curvature.
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