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Abstract

This report describes the design, development, and test of a laser velocimeter
(LV) instrument to map the velocity fields in a small, high speeq, 8:1 pressure
ratio, 0.91 kg/s centrifugal compressor. The instrument was designed as a diag-

- nostic tool for the study of the basic £luid dynamics of the inducer, impeller,

and diffuser regions of this type compressor.

The LV instrumentation has been optimized to measure instantaneous velocities
up to approximately 500 m/s, measured in absolute coordinates, within the
rotating compressor impeller and in the two-dimensional radial plane of the
diffuser. Some measurements have been made within the diffuser and the impeller
inlet flows; however, attempts to make detailed measurements of the wvelocity
f1eld have not been successful., Difficulties in maintaining high seed particle
rates within the probe volume and the improper operation of the blade gating
optics may explain the lack of success. Recommendations are made to further
pursue these problems.

At 100% speed the stage attained a total-static pressure ratio of 7.5:1 at
75% total-static efficiency. Flow range_ from choke-to-surge was 6.8% of choking
mass flow rate. Performance was lower than the design intent of 8:1 pressure
ratio at 77% efficiency and 12% flow range.

Detailed measurements of the stage components are presented which show the
reasons for the stage performance deficiencies. Recommendations are made for
further studies to understand these deficiencies and as a means to amprove
basic centrifugal compressor designs and performance.
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SUMMARY

The design, development, and test of a laser.velocimeter
{LV) instrument and the aerodynamic measurements made in a work-
horse high pressure ratio centrifugal compressor are presented
in this report.

While some examples of the successful measurement of flow
velocity vectors within the diffuser and impeller inlet of the
workhorse centrifugal compressor are displaved, repeated attempts
to measure the details of the velocity fields in the impeller
inducer and diffuser wexre unsuccessful. Two major problems
appear to be the cause for this lack of success:

1) ~montinually decreasing concentration of proper
size seed particles within the LV probe volume
with time, and

2} unstable operation of the acoustic optic (A/0)
modulating system between continual and gated
data acguisition modes.

Of these two problems, the first, while making measurements
lengthy and tedious, is not insurmountable. The second problem
apparently has been a continual one in attempts to make success-—
ful measurements within the impeller and diffuser during gated
operation; gated operation is essential in order to obtain the
velocity information required., This difficulty with the A/C
modulating system was recognized as a problem only toward the
conclusion of the contract experimental work. The recommendation
is made to pursue and understand this problem with the A/0Q mod-
ulator before abandoning the LV system as a viable research tool.

Under the continuous mode of operation, the LV system has
made successful measurements. The instrument has been optimized
to make instantaneous velocity measurements up to order of
300 m/s within an extremely small probe volume with minor dimen-
sion (width) of approximately 0.06 mm and a major dimension
(length) of approximately 0.6 mm, Electronie strobing and
timing equipment has been designed to accurately synchronize and
time the acquisition of data relative to a small, high speed,
rotating impeller system. This system permits the timing of
“the data acquisition electronics to acguire velocity data for
less than 0.5% of blade pitch rotation using the 19-bladed
workhorse impeiller, rotating at 53,500 RPM. The time required
to measure the velocity of a single particle is approximately
0.1 pus at 200 m/s and 0.08 us at 500 m/s.



The aerodynamic measurements were made on the workhorse
compressor using time-average pressure and temperature techni-
ques and time-dependent, high response pressure transducers.
This compressor was designed and mechanically checked out on a
separate companion program. The stage has a backswept centrif-
ugal impeller and a vane-island diffuser designed for air opera-
tion at 75,000 RPM and 0.907 kg/s mass flow rate with a stage
pressure ratio of 8:1. Equivalent design speed with the low
speed of sound test gas used in this program is 52,600 RPM.

The measurements were made using two diffuser designs (Builds I
and II) and two identically designed impellers {S/N 001 and

S/N 002 impellexrs-—S/N 001 having been damaged midway through the
test program). ,

The aerodynamic performance did not meet design specifi-
cations. The following performance was obtained with the
Build II diffuser designs

Measured Design Intent
Pr ¢ 7.5:1 8:1
Mg 75% 77%
m -m
choke surge 0.068 0.12

M hoke

At design speed the vaned diffuser chokes at a flow rate
1% less than design flow rate. The inducer, when tested with
the vaneless diffusexr, choked at design flow rate. The dif-
fuser is responsible for stage choke at all speeds tested.

The detailed static pressure measurements along the
impeller shroud and throughout the diffuser appear to demon-
strate that the impeller performs about as designed but that
the design point incidence and performance occur at a flow rate
slightly lower than design intent of 0.907 kg/s.

The diffuser, however, falls short in pressure recovery
Cpb by about 8 points (Cpp=0.61 as measured compared to the
design value of 0.686). ~ Based upon the measured diffuser
channel throat static and total pressures, the channel pressure
recovery meets the design intent and agrees with laboratory
channel diffuser recovery data. The decrement in overall dif-
fuser pressure recovery, and hence in stage pressure ratio and
efficiency, appears to be caused by a large loss in stagnation
pressure between the calculated value at impeller exit and the
measured value at the diffuser throat.



Unsteady pressure transducer measurements and detailed
diffuser wvane suction surface pressure measurements reveal
interesting and important unsteady flow and high Mach number
shock structure phenomena that.are believed important to the
surge characteristics of this and other high pressure ratio,
vaned diffuser stages. It is recommended that these phenomena
be further explored and understood.

A discussion and analysis of the diffuser, impeller, and
stage performance and measurements is presented. Recommendations
are made to follow this program with further testing of this
stage, using the vaneless diffuser configuration and with

,redesigned diffuser geometry to understand the large stagnation
pressure loss and to provide improved design information for
increasing diffuser recovery and flow range from choke to suxge.



INTRODBUCTION

This report describes the development and test of a laser
velocimeter to map the velocity fields in a small, high speed,
centrifugal compressor. This compressor was designed for 8:1
pressure ratio and 0.907 kg/s (2 1b,/s) flow rate (Reference 14). .
Also displayed are the results of aerodynamic tests made on the
centrifugal compressor at several rotational speeds.

This instrument was to be used as a diagnostic tool for the
study of the basic fluid dynamics of the inducer, impeller and
the diffuser region of high pressure ratio, centrifugal compres-—
sors. It was foreseen that studies using this LV equipment
would assist the analysis and improve understanding of the fluid
dynamics of centrifugal stages. Such understanding is believed
to be essential to the development of improved design tools to
enable high pressure ratio centrifugals to achieve the ultimate
performance for which they are believed capable (see Figure 1).

100 i 1 i | i
Predicted Ultimate
’3 ——&--_—-__ —
£ 90 ——— .
>e \&\\
~ L oad
@2 N
o w
i 80 —
W Approximate
o 8 State of Art
(= ]
g = 70f O Actual ~
A Predictions
a0 | ] | i | ]
2 4 6 8 10 12
Stage Pressure Ratio
Figure |. Performance of Small Centrifugal Compressor




Centrifugal compressor performance has continually advanced
over the past forty vears-since centrifugals became important to
supercharging high performance aircraft engines. The develop-
ment of the jet engine near- the end of World-War II provided
some impetus for improved centrifugal compressor technology.
However, because of the superiority of the axial compressor for
the high thrust jet engine, continued development of centrif-
ugal compressors waned until the late 1960's, when the U. S.

Army Research and Technology Laboratory (USARTL) (formerly U. S.
Army AVLABS) produced a surge of centrifugal compressor develop-
ment for helicopter engines. Centrifugal compressor development,
sparked by these AVLABS' programs, continues to this day.

Higher efficiency and greater stability to accommodate inlet
distortion and engine transients without surging are being

- sought for the low mass flow rate, 0.9 to 2.25 kg/s {2 to 5 lby/s),
high pressure ratio (8-12) centrifugal compressor.

Many of the gains made in centrifugal compressor perfor-
mance have been brought about by a classical, "cut and try",
development. The fluid dynamics of the centrifugal compressor,
which involves transonic flow, compressible three-dimensional
boundary layers, secondary flow and separation, centrifugal
and Coriolis force.fields, shock waves and important regions
of ungteady flow, are, in spite of performance advances made,
not well understood. Our lack of knowledge about centrifugal
compressor fluid dynamics is, in part, due to the complexity
of the flow, but also is due to the difficulty of making the
required fluid dynamic measurements needed to correlate theory
and experiment.

. Most data obtained from high pressure ratio centrifugals
consist of impeller and diffuser cover static pressure, mass
flow rate and. overall temperature and pressure rise measure-
ments across the stage. Sometimes time-averaged total tempera-
ture and total pressure data may also be obtained at the
impeller exit and in the diffuser. While useful in helping to
diagnose and improve stage performance, these measurements
leave much of the fluid dynamics of the centrifugal unknown.

Research has provided some additional types of information.
Hot wire anemometer velocity measurements have been made, but
to our knowledge only within lower speed, centrifugal stages

(e.g., Reference 1). Schlieren studies of the vaned diffuserx
flow (e.g., Reference 2) have helped resolve what we know today
about high Mach number, vaned, centrifugal diffusers. The .
complicated jet/wake mixing process at the impeller exit/diffuser
entry region has recently been studied (References 3, 4, and 5)
for the radial, vaneless diffuser only.



The laser velocimeter (LV) is a novel instrumentation
technique developed over the past decade that makes possible
velocity measurements within high speed turbomachinery. The
field of laser anemometry has grown significantly since the
first published report (Reference 6). Applications of this
velocity measurement technique range from boundary layer studies
in simple pipe flows to the investigation of tip vortex genera-
tion of aircraft, and many other situations where the remote
sensing and non-contacting characteristics of laser anemometry
make it the only practical candidate method.

Measurements of the interblade velocity fields in axial
compressors for both subsonic and transonic stages have been
reported (References 7, 8, and 9). LV systems have been
designed for application in large axial turbines (Reference 10).
Laser velocimeter methods, using the dual focus technique, have
also been successfully applied to a high pressure ratio centrif-
ugal stage by DFVLR in Germany. References 11 and 12 describe
the velocimeter system and measurements made within and at the
exit of a radial bladed centrifugal compressor operating with a
vaneless diffuser configuration. That test compressor was
approximately eight times larger than the compressor selected
for test under this program.

The LV instrumentation developed on this program employs
the technique commonly known as the "fringe™ method. 1In the
fringe method, two beams of coherent radiation, each having the
same wave length are obtained from a single laser using a beam
splitter. Where the two beams intersect, a "measuring volume"
is formed. 1In this volume, interference fringes are created by
the crossing of the two coherent beams of light. As a particle,
carried by the flow, passes through these fringes, light is
scattered from it only when it is in a "bright" portion of the
interference pattern. The frequency at which the light is
scattered from this particle is proportional to the velocity
component perpendicular to the orientation of the fringes.

The optics and mechanical equipment are designed to allow
the incident and reflected laser beams to pass through a window .
in the turbomachinery passage. The incident beams cross at a
point in the flow where the fluid velocity is to be measured.
The scattered light is collected by a photomultiplier tube which
provides the electrical output signal whose frequency is pro-
portional to the flow velocity.

The LV equipment was designed specifically for use in the
low speed modeling (LSM) compressor test facility at Creare
Incorporated. The low speed modeling compressor test facility
utilizes the technology of low-speed-of-sound modeling developed
under a former U. S. USARTL contract (see Reference 13}, In
this facility, similarity of geometry, Mach number, Reynolds



number and ratio of specific heats are retained by utilizing a
gas with a lower speed of:sound than air. High speed compres-
sors can be tested at rotational speeds approx1mately 0.65 to

0.70 of the values that must be used in air. The basic advan-
-tage of the LSM faczllty for LV work is that lower absolute

" fludd velocities in LSM testing reduce the design contralnts-

- placed upon the LV instrumentation.

The details of the LV design were tightly constrained to
optimize the system performance in this specific compressor
and test facility. Some of the important variables considered
in specifying the LV system were the size of the sampling vol-
ume relative to the compressor scale, available signal process-
ing methods, data.-sampling in a flow field with spatial and
temporal fluctuations and positioning of the probe volume with-
in the compressor hardware. Thus the design and development
program had to consider the following technical areas:.

1) - the LV optics design to match the compressor
hardware and test facilities,

2) the LV mechanical sub-systems design to permit
proper positiconing of the probe measuring volume
and remote operation of the equipment during
compressor test,

3) the electronic equipment design to provide for
data sampling, validation, and storage, and

4) the design of equipment adequate to meet specifi-
’ cations for the aerodynamic research needs.

In the following sections of this report -dealing with the
LV system design, each of these areas will be developed in
greater detail and trade-offsg among various of them made during
the design stage will be displayed.

The remaining sections of the report describe the specifi-
cations and design parameters of the LV system, the LV system
hardware development, assembly, checkout and testing -and data
‘réeduction procedures. A discussion is presented of the prob-
lems encountered in applying the LV technigque to this compres-
sor facility. The limited results and conclusions from this LV
work, and the aerodynamic measurements made on the 8:1 pr com-
pressor are displayed. . Recommendations for the future appli-
cation of this LV equipment are displayed.



HARDWARE DEVELOPMENT

CENTRIFUGAL COMPRESSOR DESIGN

Under a companion contract (NASA USARTL Contract,NAS3~l?848L
a low mass flow (0.91 kg/s), high pressure ratio (8:1), centrif-
ugal compressor was designed as a test wvehicle for demonstrat%ng
the LV concept in small, high speed turbomachinery. The details
of the design methods used for this centrifugal compressor con=-
figuration have been summarized in detail in Reference 14,

After tests of the compressor stage at speeds up to 100% Ny
(design speed), alterations were made to the primary diffuser
design (presented in Reference 14) in order to better match the
diffuser throat choking conditions to the impeller choked flow.
The modifications were also made in an attempt to increase the
range to surge at 100% Np. The diffuser geometry was designated
Build II. The modifications that were made are summarized as
follows:

1) The diffuser wvanes were cut back from the lead adge
by 8.66 mm.

2} The pressure surface was surface ground to uniformly
remove 0.43 mm of material.

3) A technician then hand-honed the lead edge shape to
an approximately semi-circular configuration with
the final lead edge vane thickness being on the order
of 0.30 to 0.36 mm with an included wedge angle of
approximately 5°,.

4) EBach vane was rotated toward tangential 2 degrees
about the center of the first clamping bolt (the clamp=
ing bolt circle was located at a radius of 101.6 mm}.
These alterations provided the following:
1) an 8% increase in diffuser throat area,

2) an increase in vane lead edge radius from r3==85.851mn
(R3=1.076} to r3=290.09mm (R =1.129),

3) a reduction in estimated Mach number at the vane lead
edge from M3=1.02 to M3 =0.964, and

4} an increase in vane guction surface angle (measured
to radial) from approximately P3=70.4° to B3 =72.3°.

A tabulation of the final diffuser vane geometric parameters
is given in Table I.

The compressor hardware was designed to fit within +he LSM
compressor test facility. PFigure 2 shows a schematic meridional
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view of the impeller and diffuser regions of interest in the LV
design. Table II displays the pr1nc1pal design and operating
characteristics for the compressor in air and LSM gas.

The LV measures fluid velocity in a fixed reference frame
and thus measures those absolute velocities designated in
Table II as C, x and C, Figures 3a, 3b, and 3c
show typical a%solu e ve&oc1€y vectors in the centrifugal com~
pressor which are of interest in the present program.

TABLE I. - PRINCIPAL DIFFUSER VANE CHANNEL
GEOMETRIC PARAMETERS —
BUILD IT DIFFUSER GEOMETRY.

Bp = 66.46° 20 = 10°

BS = 72.26° L = 185,7 mm
r2 = 79.76 mm t = 0.356 mm
r3 = 50.09 mm L/W4 = 14.9

W4 = 12.45 mm

As will be discussed in the next section, the compressor
hardware constraints permit only that measurement of the flow
velocity vector in a plane normal to the LV optical axis. The
optical axis is oriented in a radial direction in the inducer
and in the axial direction in the impeller exit/diffuser entry
region. Therefore the velocity vector is only measured tangent
to circumferential planes in the impeller inlet region and only
in radial planes in the impeller exit/diffuser entry region;
however, because the actual mean flow velocity vectors are
expected to lie primarily in these planes, this is not consid-
ered a major problem in understanding the flow fields in these
two regions. In addition, flow velocities normal to these
planes could be deduced by steamtube mass balances and, in the
inducer region, may actually be measured by orienting the opti-
cal axis at slightly off the radial direction.

The remainder of this section describes the laser velocim-
eter design required to meet the system specifications and con-
straints imposed by this compressor test vehicle and the low
speed modeling facility in which it is used.

BASIC LV SYSTEM CONSTRAINTS

The principal objective of the LV system is to make mean
velocity measurements in the centrifugal compressor in the
regions of interest shown in Figure 2. This objective requires
that:
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TABLE IL. - ALR AND LSM OPERATING CONDITIONS FOR
CENTRIFUGAL COMPRESSOR AT DESIGN POINT
Air LsM Ratio
Parameter Design | Actual | LSM/
Value Value | Air
Design Speed, ND’ (RPM) 75,000 | 52,600] 0.70
Flow Rate, i, (kg/s) 0.91 | 1.17] -~
Stage Pressgure Ratio, pr 8.0 8.0 1.0
Stage Efficiency, Nypeg {2) 77 77 1.0
Actual Power, W ms {kW} 276 i74} 0.63
Plenum Pressure, p,,, (kN/m") 101.13 | 78.5| -
Collector Pressure, p__,, (kN/m’) 810 627 -
Plenum Temperature, Too' (°K) 288 286 -
Collector Temperature, T_ ;i (°K) 585 558 -
Inlet Speed of Sound, agr {m/s) 341 2381 0.70
Iinlet Specific Heat Ratio, ko 1.4 1.4 1.0
Discharge Specific Heat Ratio, kcoll 1.37 1.33 -
Inlet Relative Mach Number at Tip 1.2 1.2 1.0
inlet Reynolds Number - - 1.0
Stage Geometry - - 1.0
Inlet Axial Velocity, C, (n/s) 193 135 | 0.70
Impeller Exit Velocity (mixed), 485 340 ) 0.70
Cox, {(m/s)
Impeller Exit Jet Velocity, CEJ{mjs} 498 348 | 0.70
Impeller Exit Wake Velocity, CZW' (m/s) 585 409 | 0.70
Diffuser Throat Velocity, Cé, {m/s) 423 296 | 0.70




1) the laser probe volume be moved to any position with-
in the measurement space and done so remotely while
the compressor is under test on the test stand,

2) the probe volume dimensions be small (compared to
the compressor dimensions and expected velocity
gradients) to obtain good spatial resolution,

3) the highest anticipated velocities occurring within
the compressor can be measured, and

4) the velocity data can be obtained whed the impeller
is at a known rotational position. :

These fundamental specifications will be explored in this
section and used to define the preliminary LV design. The
details of the LV design and system trade-offs are then pre-
sented in the following section.

The first step will be to show how these specifications
define the basic system for the centrifugal compressor appli-
cation. . “

The laser velocimeter measures the frequency of radiation
scattered from a particle passing through a beam of incident
light. If the particle is moving with the fluid, the frequency
measured is directly proportional to the fluid velocity. One
embodiment of this concept involves heterodyning (mixing) of
the shifted frequency from two beams incident at different
angles to the moving particle and is commonly called the dual-
beam differential method. For the present study, we are con-
cerned only with this dual~beam method.

If the two beams of light are -incident on the particle
simultaneously, the resultant shift is seen as the difference
in frequencies of scattered radiation from the two beams. A
generalized dual-beam arrangement is shown in Figure 4a. It
is assumed that the velocity vector v, and the detector lie in
the plane containing the two beams. v, is at an angle o to the
bisector of the crossing beams la and 1b and the -detector is
placed at an arbitrary angle § to the bisector. ¢ is the
included angle between the two incident beams. The projections
of v, are drawn, as shown, onto the directions la, 1lb, and D2.
At the detector, the resultant shift is:

Af = [f - £,| (1)
where £, and fj, are the frequencies of the scattered light from
each beam resulting from the passage of a particle through the
intersection region with a wvelocity vgy. If £y is the frequency
of the incident laser beam,

v v
02 ola

=i -5

) (2)
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Figure 4b. Fringe Model Geometry.




v v
_ _ 02 _"02b
fb“fL(l c c

) (3)

where c is the velocity of light. From simple trigonometric
considerations,

Vola =~ Vo €08 (OH'%) (4)
Voip = Vo COS (a-%) (5)
V o =V, COS {T=a=P) =-v, cos {a+P) (6)
Then, ’
v v, ¢
fa =fL [l +-C$— cos (a+d) - — cos (cf.+2-)] (7)
v v
£, =fp [l +?O cos (a+y) - -C-:Ecos (a-%—)] (8)
v, o
AfD = lfL? [cos (oc+%) - COS (u—j)] | (%9a)
v
= 2fL T:cl sina sin% {%b)

The component of velocity perpendicular to the bisector
is:
ey 11. u— — :
v, =V, Cos (2 o) =V, sina . (10)

Since c¢=£f_A, where A is the wave length of the scattered
radiation, the detected frequency becomes:
v
=2.Xgind
AfD—Z o Sing (11)

Another way to view the two beam laser velocimeter con-
cept is to consider the fringe pattern established within the
crossing region of the two beams as shown in Figure 4b. These
fringes are formed as alternating bands of light and dark by
the interference of plane wave fronts in the volume formed by
the crossing beams. The spacing between fringes is:

A

£ 0
2511’15

S (12)

Then the frequency of light scattered from the particle as it
traverses the fringe pattern is:

v v

— % _5.X gint
fsc—'-s—g—z 1 Sln2 (13)

It is seen that the scattering frequency (Equation 13) is
identical to the differential Doppler frequency (Equation l1ll).

15



A typical dual-beam LV optical system is shown below.

Beam
Splitter Lens

Laser

Vx

The output from a laser is split into
sity beams. These beams cross at the
iens and there form the probe volume.
particles passing through this volume

~ - ‘

Lens Aperture

Detector

\\
s
-

>

-
.

Masks

two parallel, equal inten-
focal point of the input
Light scattered from

is collected by the second

lens, using a mask to eliminate the incident beams if necessary,
focused through an aperture to eliminate stray light, and is
converted to an electrical signal by the photodetector.

This optical arrangement thus provides a method of measur-

ing a single component of the total velocity vector.

The com—

ponent measured is that perpendicular to the beam bisector and

lying in the plane of the beams.

A second component may be

obtained by rotating the plane of the beams around the axis
described by the bisector of the two beams, thereby describing
the total velocity in a plane normal to the axis.

For a laser beam with a Gaussian

energy distribution

passing through a lens, the diffraction limit (diameter of the

beams at the lens focal point) to the
Reference 15:

D. =

4, f
AT

A —
Dp,

first order is given by

(14)

where DL is the distance of the laser beams at the~jL intensity

point.

intersection of two cylinders of diameter

If we assume that the probe volume is formed by the

DA’ at an angle ¢,

the size of the volume may be estimated.

D
- A _4, f 1
W cos5¢/2 _Fl'ﬁg cos/2 (13)
pe B4, f 1 (16)
sing/2 T DL sing/2
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where % and w are the major and minor dimensions, respectively,
of the probe volume. The number of fringes N. across the width

(minor diameter) of the probe volume is simply,

W g8 f ¢
N, = —— = = -— tan = (17)
£ Sf T DL 2

Figures 5a, 5b, and 5¢ display these basic relationships
for a wide range of optical parameters. X is the wave length
of the argon ion laser, 514.5 nm.

Two additional important contraints which have not yet been
discussed are: .

1) optimum particle size, and
2) frequency measurement techniques.

Particle size selection is a somewhat complicated process. Large
particles scatter more radiation than do smaller ones, but they
may not faithfully reproduce the velocity field of interest.
References 16 and 17 review particle fluid dynamics with parti-
cular reference to LV measurements. Reference 17 also reviews
Mie scattering from aerosols and discusses experience with
several types of "seed" materials. In this design, the choice
is clearly one of sizing the particles so that they will follow
expected velocity fluctuations td a reasonable accuracy and to
design the optical system to accept radiation scattered from
these particles and produce a good signal ‘to noise ratio at the
photodetector. Particles in the 0.5 to 1.0 pm diameter range
should give good replication of the velocity fields through
most of the regions of interest in the compressor.

The selection of the most desirable particle size range
"set the stage" for trade-off studies in selecting appropriate
data acquisition and processing equipment and in designing the
optics package to achieve desired probe volume dimensions.

At the outset of this work the predominant frequency
measurement systems developed and used by others consisted of
automatic frequency trackerg or automatic frequency counters.
For a number of reasons, particularly signal dropout in highly
fluctuating flow fields*, the frequency tracking method was
eliminated as a possible signal processor.

*For these compressor studies, the wake and jet absolute
velocities at the impeller exit, Cp, and Cp5y show a difference
of about 20% in velocity with fluctuations occurring at a fre-
gquency of around .20 kHz.
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The frequency processing equipment could be obtained either
by constructing a "home-built" frequency counter or selecting a
commercially available instrument.:G The latter was the more
practical choice in terms of program time and cost constraints.
The commercial system most readily available at the beginning of
this program utilizes a time base freguency of 100 MHz, and re-
quires 8 cycles of Doppler signal for period measurement. This
unit also has a limit on the input frequency of about 100 MHz,

An analysis of the visibility* of particles in the probe
volume {Reference 18) leads to the conclusion that the optimum
ratio of particle diameter to fringe spacing is about 1/3. Then,
for an average particle size of 0.75 um, the minimum fringe spac-
ing is about 2 um, )

From Figure 2, it is seen that the minimum passage size of
interest is the depth of the impeller tip/diffuser entry region
by. The flow in this region is essentially two—dimensional and
in a plane perpendicular to the compressor axis. Thus, the pas=
sage must be probed with the axis of the input optics parallel
to the compressor axis in order to map this two-dimensional ve-
locity field. 1In order to measure the velocity profile acrdss
the depth b, of the diffuser channel, the probe volume length %
should be Xkept considerably smaller than b2, say £ « b2/4.

*Visibility is a measure of the ratio of light scattered
from a particle when it is in a light fringe compared to when
it is centered in a dark fringe.
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Finally, the limitations of the data acquisition electronics
need to be considered in specifying the optics design.

A review of frequency counting methods shows a deorease in
the accuracy of the measurement as the signal frequency apprcoaches
the time base frequency of the processor. The error derives
from the need to count time base periods against an integral
number of signal periods (or vice versa). This results in a
digitizing error because a fraction of a period must always be
missed. This basic frequency measurement uncertainty and the
limitation on bandwidth of the available frequency processor
dictates a limit to the maximum frequency, - -produced by a parti-
cle traversing the probe volume, of 80 MHz. However, this maxi-
mum frequency, at the highest expected flow velocity (400 m/s),
implies a minimum fringe spacing of 5 um. This is larger than
the desired optimum fringe spacing of 2 um discussed above.
Also, from Figure 5a, it is seen that a crossing angle of about
6 degrees is needed, but that means a probe volume longer than
desired if about 10 fringes are to be available for data pro-
cessing by the processor unit (f/DL==100 in Figures 5b and 5c).

Since the probe volume length was considered to be a major
design constraint, it was decided to allow an upper frequency
of 160 MHz, resulting in a shorter probe volume. But, this high
frequency is well above the bandwidth of the processing elec-~
tronics (100 MHz), and also results in count digitizing errors
as high as 20% on individual velocity measurements, This prob-
lem was solved by incorporating a frequency divide~by~two cir-
cuit ahead of the processor, thereby shifting down to 80 MHz,
-the maximum frequency which must be counted. O0Of course in
utilizing this divide-by-two, it must be recognized that a parti-
cle must traverse two fringes for each one that is counted by
the frequency processor,

After considering all of these design trade-offs, the
optical arrangement selected has:

A =514.5 nm
¢ =11 degrees
f/DL =100

resulting in a probe volume having

Da =0.0655 mm
L =0.683 mm

A =0,.0658

20



S, = 2,68 um

F
NF = 24
AfD/vX = 0.373 MHz/(m/s)

This design meets the major specifications and design constraints
of probe volume size minimization, yet is compatible with avail-
able electronic processing instrumentation.

A remaining major specification is that the LV system be
capable of acquiring velocity data for known and fixed positions
of the.impeller. This is accomplished by sampling the data
acquisition system with a pulse synchronized from an impellex
position indicator. By acquiring and storing data only for that
impeller position, a velocity probability distribution (histo-
gram) is built up which measures the velocity for repeated
rotations of the impeller only when the impeller is at a known
and fixed position.

There is a finite time associated with a particle travers-
ing the probe volume and during this time the impeller is ob-
viously still rotating. Figure 6 shows that this rotation is
quite small (< 1% blade pitch) except at the very lowest par-
ticle velocities. In Figure 6, it is assumed that particles
faster than 220 m/s must traverse 20 fringes, while those
slower than 220 m/s need traverse only 10 fringes to obtain a
valid period measurement from the frequency processor. Veloc-—
ities greater than 220 m/s imply Doppler frequencies which must
be divided to be processible, hence more total fringe crossings
are needed, as discussed above.

. I B 1 H 1 .
2 95n ———— Blade Pitch Change 125 3
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Figure 6. Impeller Rotation and Particle Transit Time as Function of
Particle Velocity,
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Tt may also be seen that the data sampling system should
ideally have a variable "window" width so that for the very
highest velocities better spatial resolution can be obtained.

From this review of the system specifications and design
constraints, it is obvious that many trade-offs are needed in
arriving at a laser velocimeter design system. The next section
displays how these considerations have led to the final design.

DETAILED LV SYSTEM DESIGN

From the preliminary design considerations discussed in the
previous section, a set of specifications evolved which were
used to generate the detailed system design and to select opti-
cal, mechanical, and electronic equipment.

Optical System. A compact optical system was developed to
fit within the existing compressor test facility. The back-
scattering mode of signal reception is used for the inlet/
inducer region and a back-reflected, forward-scattered mode for
the diffuser region, Figure 7 shows an unfolded, two-dimen-
sional view of the optical train. In order to position the
probe volume anywhere within the compressor passages, part of
the optical system was made traversable in three mutually per-
pendicular directions:

X - nominally parallel to compressor axis,

¥ - perpendicular to the compressor axis in a
horizontal plane,

4 - perpendicular to the compressor axis in a
vertical plane.

The selected laser is of the argon ion type with a maximum
output of about 1400 mW at 514.5 nm. The output beam diameter,
D., is 1.5 mm at the l/e2 relative intensity points, and has a
divergence of 0.5 mrad.

The laser output passes through an acoustic-optic (A0) mod-
ulator. This device uses an acoustic wave propagating through
a glass crystal to diffract the incoming laser beam, causing it
to be diverted into and out of the optical beam path. By gating
the -acoustic wave on and off, data acquisition can be synchro-
nized to the impeller position. Detailed specificationg and the
theory of operation of the modulator are contained in Appendix A.
Because the angular separation between the diffracted and un-
diffracted beams is only of the order of 6 x10~3 radian, it is
necessary to provide an extension to the beam path to permit
masking off of the unwanted, undiffracted beam.
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Immediately following the aperture or mask that is -used
to screen off the undiffracted beam is a beam steering assembly
consisting of two mirrors., This steerer has adjustments to give
horizontal and vertical displacement of the beam centerline as
well as skewing of the beam relative to the laser axis.

The output from the beam steerer is directed to the edge
of a beam splitter prism, Figure 8. Refraction of the beanm at
this edge results in two beams of semicircular cross section.
This type of beam splitter was selected because it ensures that
the outgoing beams will always be parallel, even in the event
of severe mechanical vibrations at the splitter supports. If
the prism is square with sides d and the input beam axis lies
along a diagonal, as shown, the output beams are parallel to
and centered about the input beam axis. The separation Sb of
the output beams is: '

; 2d . T _
°p ~Gos, S*° (,z 62} Dj/2 (18)
where 62 is determined from,
-1 Nl - )
8, =sin ﬁ; sin 7 (19)

N; and N, are the indexes of refraction for air and the prism
glass at the appropriate wave length and 4 is the length of the
side of the prism. In the present design, Sy, =15.4 mm, and
D;/270.75 mm. When the beam splitter is aligned with the in-
put axis, a simple rotation of the splitter around the laser
axis rotates the plane of the beams to any desired angle.

From the beam splitter, the input beams are projected to a
plane, first surface reflector. Up to this point, the beams are
parallel to the X-axis and all of the components are fixed rela-
tive to the compressor hardware. This first "corner" mirror re-
directs the beams parallel to the Y-axis and to a second mirror.
This first mirror is mounted so that it traverses with motion
in the X-axis, only. The second, first surface, "corner" mirror
likewise is traversable, but it can be moved along both the X
and Y-axes. Beams reflected from it are directed vertically
upward and parallel to the Z-axis. At this point, the optical
path enters a "periscope" assembly which protrudes into close
proximity to the compressor hardware. This periscope assembly
is traversable in all three coordinate planes.

In the head of the periscope, the beams enter a beam di-
recting prism, which uses two internal reflections to direct
the beams from the Z to the Y~axis. The parallel beams are
next focused by the main input lens of 78.5 mm focal length.
Following the lens is a small mirror which is used to direct
the converging and focusing beams to either the inlet and in-
ducer region or the impeller tip/diffuser entry region of the
compressor (see Figure 2).
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The radiation scattered from particles in the probe volume
is focused by the input lens and directed back along the opti-
cal path to the collecting mirror which reflects the scattered
light out of the main optical path toward the collecting tele-
scope. This telescope contains a collecting lens which focuses
the scattered light onto an adjustable aperture; the light which
passes through the aperture falls onto the cathode of a photo-
multiplier tube.

For diffuser region measurements, a mirror is pesitioned
on the diffuser backwall to reflect the forward scattered radi-
ation back to the input lens. Also a mask is installed ahead
of the collecting telescope to prevent the back reflected input
beams from entering the photodetector.

Utilization of the forward scattered signal from the seed
particles requires that the light collecting optics focus on
the image of the probe volume "inside" the back reflecting dif-
fuser wall, as shown in the sketch below. As the probe volume
is traversed closer to the wall, the object-to-lens distance
decreases. The opposite happens ag the probe volume is moved
away from the backwall; i.e., the distance from the input lens
to the probe volume image increases.

Diffuser Diffuser

Backwall /Window E‘,’,f,‘.’,'e'i’,‘f;." u°mf
Mirror

v \\-

AX
- \ -
'\\P!ane of Focal Plane —
Probe Volume Collect of Probe Volume
ollectin '
\Probe Volume Input =~ |Lans : image

Image Plane Lens
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This change in object (i.e., probe volume image) to lens
distance is equal to twice the change in the distance from the
probe volume to the mirror backwall.. When the probe volume is
located at the backwall, the lens-to-object difference is equal
to the lens focal length (= 80mm}. When the probe volume is
traversed to the front diffuser wall, the lens-~to-object dis-
tance is equal to the focal length plus twice the diffuser
channel depth or about 86 mm. Because of these large changes in
obiject location, the lens in the collecting telescope is made
adjustable to focus the image of the probe volume onto the
aperture. Figure 2 shows the relationship between the collect-
ing lens position change and the probe volume position relative
to the diffuser backwall. A collecting lens position change
of zero should be interpreted to mean that the collecting optics
are focused for the backscattered mede of operation.

Mechanical System. 2All of the optical components from the
laser through the photomultiplier tube are mounted in a robust
manner and are isoclated from the mechanical vibrations which
could be excited by the compressor or its drive system. A 25mm
thick steel base plate is used to tie all of the major elements
to a seismic bed set in the laboratory floor. This bed consists
of a 2 meter long by 1 meter wide by 1/2 meter deep slab of con-
crete resting on cork pads. The natural frequency of this sys-
tem has been calculated to be = 12Hz, This is far below any
driving frequencies from either the compressor or drive motor
(> 50 Hz).

All of the traversable or rotatable components are rigidly
tied to this bed plate, along with their actuators. The beam
splitter is contained in a housing which is overhung from a
shaft. Rotation of the splitter, to provide fringe patterns in
two orthogonal planeg, is done via a double-acting air cylinder.
End stops are provided on the splitter housing to ensure that
the measurement planes are truly orthogonal. The air cylinder
is controlled from the main instrumentation console.

Traversing of the various optical elements is accomplished
with a system of stacked sliding beds. These beds use a lead
screw/captured nut system to provide relative motion of the
siide tc the bed. The sliding surfaces are machine ground with
dovetall mating sections. Adjustable gibs are provided to en-
sure alignment of the slide to bed and to reduce play. In the
present system, the X-axis bed is fixed to the ground plate,
and the ¥-axis bed is Ffixed to the X-axis slide., Then, using
a right angle bracket, the Z-axis bed is attached to the Y-axis
slide. Finalily, the periscope assembly is attached to the Z-
axis slide. Motion of the slides relative to their beds is
provided by stepping motors coupled to the lead screws. These
motors are controlled from the main console and may be operated
in a variable speed "gslewing" mode (0 to 10 mm/s} or in a "stepped”
mode with each step being equivalent to approximately 0.0127 mm.
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Slide position relative to the beds is measured with LVDT's
(linear variable differential transformers) on each of the axes.
Readout of the LVDT's is from a digital panel meter at the motor
control panel. Use of the LVDT's eliminates position indication
errors due to lead screw backlash or stepping motor count error.
Each LVDT has a linear range of 50 mm, however not all of this
is utilized due to the restricted space available for traversing
the optics near the compressor. To prevent running this travers-
able mechanical assembly into the compressor hardware, and hence
possible damage to optical or mechanical components, limit
switches are placed at the extremes of the desired traversing
range. Pneumatically-actuated locking screws are provided on
each slide gib so that the beds may be securely fastened during
data acquisition. These, too, are controlled from the main
instrument panel.

The periscope which supports the beam directing prism, input
lens and final directing mirror is made up of a length of hollow
mechanical tubing 50 mm square with a 6.4 mm thick wall.

This entire mechanical system has been specifically designed
to provide reliable positioning and robust support of the deli-
cately aligned optical components and simple, accurate traversing
of the probe volume relative to the compressor. Figure '10 is an
isometric view of the complete optical/mechanical package.

Probe ‘Volume Positioning. The optical system is traversed
in order to make velocity measurements at various locations with-
in the compressor. The LVDT position indicators do not read the
probe volume position directly. They are set up to record dis-
placements of each of the slides from some arbitrary fixed posi-
tion in laboratory coordinates. It then remains to transform
these position indicators of the slides to relate the probe
volume position to the compressor coordinates. This is accom-
plished by utilizing the focused laser beams to locate the center
of a "fiducial" mark whose position relative to the compressor is
known.

The fiducial is a cross (+) whose arms are approximately
15 mm long. This cross is scribed into the compressor metal on a
dark background at a known location and angle relative to a com-
pressor feature (inducer inlet or diffuser vane leading edge).
The approach is to locate two focusing beam spots on the plane of
the fiducial (input optical axis essentially perpendicular to the
plane of the fiducial), and then scan these spots around the
fiducial such that each spot crosses each of the four arms. As a
result of the scribing operation of the fiducial mark on a dark
background, the fiducial arms reflect more light than does the
surrounding background. By detecting this reflected light with
a photocell, the intersection of an arm by a beam may be resolved
very accurately. As each arm is intersected by each beam, the
LVDT traverse positions are recorded. This same operation is
then repeated for a slightly larger or smaller beam spot separ-
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ation on the fiducial plane. The result of these gscans is a
set of 16 (X, ¥, 2) values which are fed to a computer program
for calculation of the fiducial/probe volume center intersection
coordinates. This same program is also used to generate a table
of coordinates (in LVDT position indicator readings) used to
place the probe volume at various measurement points of interest.

There are two fiducials used in this system. One is
located on the inlet cover and is used to establish the probe
volume relative to the inlet and inducer. The other is located
on a diffuser vane and provides information for locating the
probe in that region of the compressor. Theoretically, either
fiducial should suffice to make the required measurements; how-
ever, we used this approach since the inlet and diffuser hard-
ware are not pinned together during assembly. Therefore, small
angular rotation (about the compressor axis) of the inlet cover
relative to the diffusers could result, producing an error in
positioning of the probe, if only one fiducial were used.

As in all of the other features of this system, control
- and readout of this fiducial scanning operation is performed
remotely at the main console. This makes it unnecessary for
operating personnel to be near the compressor while it is
running.

Electronics System (Data Acquisition System). The elec~
tronic systems which detect, measure and process the LV signal
are shown in Figure 11. The photomultiplier tube (PMT) is
driven from a high voltage supply capable of delivering 10 mA at
-2000 volts., Spectral response of the PMT is S-20 with a cath-
ode sensitivity of 50 mA/Wat 514.5 nm. Output from the PMT is
taken to an instrumentation console from the test facility via
an 8 meter length of coaxial cable. The signal is continuously
monitored on an oscilloscope, and is parallel directed to either
the Doppler frequency processor (DFP) or to the divide by two
(+2) electronics (the output from which is then fed to the DFP).
Selection of the operating mode is dore manually by changing
interconnecting cables.

The LV must acquire velocity data for fixed impeller posi~
tions, with the actual acquisition time (width of the data
"window") being variable and a function of the mean velocity.
The data window position and width are set by a gate control
system which uses a synchronous pulse from an optical blade
position indicator as the primary control signal. This circuit
provides a TTL (transistor-transistor logic) compatible pulse of
desired duration (window width) which is fed to the acoustic/
optic modulator driver and gates the RF signal to the crystal,
thereby pulsing the laser beam in synchronism with the blade
position. The resolution of the gate opening position is 0.1%
of blade pitch, with window widths ranging from 60 ns to 6 ns
(0.1% blade pitch to 100 blade pitches at 100% design speed).
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The control circuitry is designed to sample once per blade
passage for each third impeller revolution. During the first
revolution, the impeller speed is measured with a high frequency
clock. The next impeller revolution is used to calculate (based
on the measured wheel speed) the desired delay time before the
gate is opened. The gate is actually opened and closed during
the third revolution. Assuming one velocity measurement per gate
opening and a gate opening for each blade channel (there are 19
blade channels in this particular impeller design), the maximum
theoretical data rate is about 5700 Hz when operating in this
fashion. The gate may also be operated to open only one time per
wheel revolution, cutting the theoretical data rate to about
300 Hz, A more complete description of the gate control is pre-
sented in Appendix B.

The output from the frequency processor may be selected as
a measure of either the time required to process eight Doppler
cycles or its inverse, which is proportional to the velocity of
a particle traversing the probe volume. This data is presented
at the output terminals in both analog and TTL compatible digital
form along with a coincidence pulse of about 1 ps duration.
Appendix C contains a more detailed description of the divide-by-
two electronics and the Doppler frequency processor,

The type of data acquisition system presented here is some-
times called the "individual realization method™. That is, the
velocity information is generated by individual particles tra-
versing the probe volume. If the velocity field is unsteady, no
single measurement can precisely describe the mean velocity.
Thus, analysis must resort to statistical methods to obtain mean
velocity and turbulence information. Reference 9 contains a good
treatment of these methods for the individual realization laser
velocimeter technique.

In order to record and store the velocity data of a point
velocity measurement, a pulse height analyzer (PHA) is used to
store each output pulse from the DFP. The PHA accepts the analog
veltage signal and the coincidence pulse, and logs one count into
an appropriate channel corresponding to the voltage (velocity)
level. Using the PHA, a velocity probability distribution or
histogram is built up. This histogram displays the number of
counts versus channel number or velocity. The information is
displayed on a CRT for real time analysis and is stored in the
PHA memory for later output onto punched paper tape which is used
for ultimate data reduction.

DATA ANALYSIS

Data Reduction. The basic data reduction procedure calcu-
lates a mean value and standard deviation of the distribution for
each of the two measured orthogonal components of the total veloc-
ity vector at each measured point. The sample mean is defined as
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u = T (20)
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and the sample standard deviation is
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— ,l |
T [TER- T (21)
i

where n, is the number of occurrences at each velocity Ui'

Before the mean and standard deviation can be tabulated as
velocity and RMS value of the fluctuation, respectively, the
data must be treated to eliminate statistical biasing and dis-
tribution broadening.

The biasing comes about since more high velocity particles
(U+u'),where u' is the fluctuating component, cross the probe
volume during the data acquisition time than do low velocity
particles (U-u'). Thus, the distribution tends to be biased
toward the higher velocity. Reference 20 presents a good dis-
cussion of this biasing and describes a model to correct the
distribution, assuming a one-dimensional flow. Their simpli-
fied model corrects the biased probability of occurrence of any
velocity Uy by the ratio of U/U;. Here U is the biased sample
mean, whlch approaches the true mean as the correction pro-
cedure is iterated in the data reduction program.

The probability distribution recorded from the individual
LV measurements must also be corrected for broadening. There
are several phenomena which tend to broaden the distribution:

1) turbulence ({(which is a property of the real flow),
2) statistical biasing,

3) velocity measurement inaccuracy,

4) wvelocity gradients in the probe volune,

5) particle Brownian motion, and

6) non—monochromatiéity of the laser.

Only the first three of these are considered to be of signifi-
cance in the present program.* Figure 12 displays these
broadening terms in a graphical form. From the total probabil-
ity distribution, we would like to be able to correct the dis-
tribution so that only the turbulence broadening contribution
remains. This may be done by making some simplifying assump-—
tions regardlng the statistical biasing and the effect of
measurement inaccuracy on the skewing of the distribution.

*Veloclty gradient broadening may be lmpoxtant in the wall
flow region of the diffuser and will be included in any subse-
quent analysis if found to be important.
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Reference 20 shows that for a modified Gaussian probabiiity
distribution, the error in not accounting for statistical bias
in the calculation of g is small, except at very high levels of

turbulence (u')2/ﬁ > 0,15 . In fact, for some cases, attempts
to correct the biased distribution using the simple, one-dimen-

sional model may yield estimates of (u'}z/U significantly
greater than the true value.

The velocity measurement inaccuracy results from the
digital nature of the frequency measurement.* Since the error in
the measurement is directly proportional to the wvelocity, the
velocity distribution becomes skewed to the high velocity side.

The relative error is:

AE
s =21 _DP (22)
m 8 fc

*pDiscussed in an earlier section on the design of the LV
system.
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The frequency processor has a clock frequency £, of 100 MHz;
thus the error is only 1.25% at Afy =10 MHz, ranging to 10% at
80 MHz. If we ignore the skewing effect this error has on the
distribution, it is possible to express the total broadening
OCtotal &8 a function of the turbulence broadening o, and Oy

2 2|1/2
Ototal = [(Fg) + (o) (23)

This assumes that the measurement error is independent of the
turbulence (i.e.; the effect of high levels of turbulence biasing
the distribution is not important)}. Although not strictly true,
this will at least allow a first order estimate of the turbulence
level.

To summarize, the probability distribution is first cor-
rected, using an iteration scheme, to find the unbiased mean
velocity. Next, the total broadening op o517 is determined using
the corrected mean velocity,

_ 2 1/2
I n, (U, -U_)
total c (Zn.,) -1
i 1

where the subscript ¢ denotes the corrected data. From the cor-
rected mean velocity, the mean Doppler frequency is calculated,
and the contribution to broadening from measurement inaccuracy
is determined from Equation 22. Finally, the distribution
broadening as a result of fluctuations of the mean velocity
(turbulence) is obtained.

/' 0y 2 1/2
Gufz(;) =B“uxé182‘(%m)ﬂ (25)
c

A final step of the data reduction procedure is then to
relate the absolute velocity measurements made with the LV, in
the laboratory coordinates, to relative velocities in the com-
pressor coordinates. Figure 13 displays the vector addition to
generate the total absolute velocity C from the two orthogonal
vectors Cq and Cp measured with the LV. Also, the relative
velocity W is shown as a function of C and u, the wheel speed.

Data Accuracy. There are three primary accuracy estimates
important to the securing of velocity data in this program.
These are the accuracy of positioning the probe volume within the
compressor and the accuracy of measuring the magnitude and di-
rection of the velocity vector. .
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Location of the probe volume within the compressor hard-
ware may be resolved to + 0.025 mm via the digital panel meter
readout of slide position from the LVDT's. The position trans-
ducers are calibrated, and the maximum uncertainty (at 20:1 odds)
of a curve fit through the position data is less than 0. 075 mm
Thus the probable error in any LVDT reading is [(0.025 mm) 2
(0.075 mm) £11/2 = 0.08 mm. The repeatability of the flduCJ.al
scanning technlque, i.e., the ability of multiple trials to pre-
dict the intersection of the probe volume with the fiducial
center, has been determined. 1In the plane transverse to the
probe volume—the plane containing the fiducial—the predicted
coordinates repeat to within + 0.050 mm (6 trials). Along the
optical axis—the direction containing the 1ength L of thegmobe—
the repeatability is + 0.127 mm. Thus, the maximum error in
positioning of the probe volume is [(0.080 mm) 2 + (0.127 mm) 411/ 2
=0,15 mm. .

The accuracy in measurement of the magnitude of the veloc-
ity vector is a function of the number of individual realiza-
tions in the velocity -histogram and the width of the probability
distribution. Figure l4a, adapted from Reference 19, shows the
number of data points required in a single sample in order that
the mean be within a specified limit of the true mean. If each
of the two components of the total velocity are measured to an
uncertainty level £, then the uncertainty in the magnitude of
the total vector is vY2e. Reference 19 also shows that the
number of counts needed for estimating the error in the sample
standard deviation is a function only of the magnitude of the
error. Figure 14b displays this error for a 95% confidence
level.

Finally, an estimate of the error in determining the direc-
tion of the velocity vector is needed. The procedure for calcu-
lating the mean flow angle, with respect to some compressor
coordinate system, involves first determining the flow direction
with respect to the measurement planes of the probe volune.
Angle § in Figure 13 is the mean flow angle relative to the C,
measurement plane,

) : C
§ =tan T 2 (26)
. €1

Then, from the fiducial scanning operation, we extract the ori-
. entation of one of the beam planes with respect to the fiducial.
.- Since- the fiducials are very accurately located with respect to
the compressor, we can transfer the beam plane orientation di-
rectly to compressor coordinates. The maximum error in relat-
ing the beam plane to the compressor is estimated to be +

1 degree. This comes from the uncertainty in the fiducial scan
and the initial fiducial scribing, producing values of
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approx1mately + 0.7 degrees and + 0.3 degrees, respectively. To
this error must be added the error in § calculation, resulting
from errors in measurement of the C, and C2 components. This
error is a maximum when § =45 degrees, C; =C;. For a 2% error
in each of.C; and C,, 6 has an error of + 0.9 degrees at

45 degrees; this increases to about 2 degrees for a 5% exror in
each velocity component, at & =45 degrees., This relationship is
plotted in Figure 15. The magnitude of the total angular erxror
then is the vector sum of the 1 degree error in beam plane defi-
nition, plus the error related to the velocity magnitude measure-
ment. For C; and Cy at 2% of true, the total angular uncertainty

is V(1) 2+ (0.9)2=1.4 degrees; for the 5% error case, this is
2.2 degrees.

There are two other significant error analyses which must
also be considered. The first is referred to as the directional
ambiguity of the present LV system. When a particle traverses
the fringe pattern, it scatters light at a frequency proportional
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to its velocity and inversely related to the fringe spacing;
however, this information says nothing about the absolute direc-
tion of the particle; i.e., in which of the two possible direc-
tions does its vector lie along a normal to the fringes. There
are optical methods (frequency shifting and use of polarized
light) which can be used to negate this ambiguity, but they have
not been included in this design. We must rely upon our knowl-
edge of the flow and mass flow balances to deduce the absolute

directiong of each vector.

Error in C,and G, velocity
measurement , €

2 - 5070

Flow Angle Error,{Degrees}

0 ! I I I
] 0.2 0.4 0.6 0.8 1.O

Flow Angle , tans or tan{¥-§}

Figure!®. Error in Absolute Flow Angle as Function of
Flow Angle. ‘

Phe” final error to be considered is that which results .
when one component of the total velocity vector lies nearly
parallel to the fringe pattern. In such a case, the measured
frequency is very low and there may be insufficient fringe
crossings to provide even a valid signal. The geometry of this
problem is presented below in a simplified form.
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As shown in these sketches, there are two orientations of
the total velocity vector v,, which can result in insufficient
crossings of fringes to generate a valid signal. 1In the first
case V, lies nearly parallel to the input optics axis. For the
second, VvV, is perpendicular to the input axis and nearly parallel
to the fringe, as shown in the sectional view of the probe vol-
ume. For this LV system, the intersecting beam cross sections
are semicircular, as a result of the method of beam splitting.

The minimum angles &y and ap that the vector can have with
respect to the fringes, such that N fringes are crossed as the
particle traverses the probe volume, can be calculated as
follows: tan o =Nsg/& -and tan oy =Nsg/w'. In each casey
N=8 fringes and sf==2.68:{10“31mn. The probe volume length
2=0.68 mm, and its width w'=v3Da=0.113mm. Thus,

-3
_ -1 {8x2.68x10 _
al-—tan 5. €8 = 1.8 degrees
and (27)
-3
_ -1 [8x2.68x10 _
az-tan 0113 10.7 degrees
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8o, if the flow is closely aligned to the probe volume axis,

@y < 2 degrees, we will not be able to make valid frequency
measurements. This situation is not expected to arise however,
since the input optics axis will always be aligned perpendicular
to the expected mean flow, i.e., radial in the axial flow portion
of the impeller and axial in the radial flow discharge regilon.
The second case, wherein v, is perpendicular to the axis and
nearly parallel to the fringes, is a more significant problem.
Here, if ay <1l degrees, no velocity measurement v, is possible.
By rotating the fringe pattern 90 degrees, a second component

v, will be measured, but the total vector will be in error,

19% low in magnitude and + 11 degrees in direction. This is
recognized as a limitation of the present design, but it was
felt to be a minimum trade-off in reducing the size of the probe
volume. Measurement of a third v, component m/4, with respect
to the two orthogonal planes, would alleviate the problem. Thus
far this ability has not been provided for in the present design,
although the design can be easily modified to include this
feature,

The next sections present the fabricaticn and assembly of
the compressor and LV system, and the checkout and calibration
of the LV in "bench-top" tests and in the compressor.



FABRICATION AND ASSEMBLY
COMPRESSOR HARDWARE

The test bed for the laser velocimeter is the 8:1 pressure
ratio, 0191 kg/s mass flow, centrifugal compressor. This com-
pressor was designed and fabricated under a companion program.
Figures l6a, 16b, and l6c show the impeller, inlet cover, and
the front diffuser plate with several installed diffuser vanes.
Two sets of optical windows for the inlet and impeller tip
regions, Figure 17, were also fabricated under the companion
contract. These windows fit into the cutouts shown in Figures 16b
and 16c. The diffuser window fits in flush with the diffuser
front wall. The inducer window was made flat, and fits into the
circular cross-section inlet with a slight recess at the edges
(0.15 mm) .

The assembled compressor "stack" is shown in Figure 18.
The optical windows and their mounting cover plates are par-
tially visible. The optical windows were fabricated to provide
minimum clearance with the cover hardware. The diffuser window
is clamped firmly to the tops of several diffuser vane islands,
such that there is no leakage between window and vane. Silicone
rubber O-rings are used to seal the windows and prevent leakage
into or out of the compressor. Figure 19 is an overall view of
the assembled test compressor and test facility, looking along
the input drive shaft.

LY SYSTEM

Optical Train. All of the optical components used in this
system are commercially available or may be fabricated by com-
petent specialty houses. The beam splitter and beam directing
prism were custom fabricated for this program. The input and
collecting lens and the mirrors were commercially purchased
items, except for the special coatings used to maximize the effi-
ciency of the input and collecting elements. Table III lists
each of the major items with comments regarding their character-
istics.

Because of the inaccessibility of the optical system when
assembled in the compressor rig, the mounts and supports for the
optical elements were designed to require minimum maintenance to
ensure alignment. With the exception of the beamsteering assembly,
all of the adjustable components are securely fastened to their
respective mounting brackets once initial alignment is complete.

The optical system is aligned such that when the probe volume
is traversed in any of the three principal coordinate directions
the total transverse skew is less than 0.050 mm. This alignment
is achieved by a procedure which utilizes a shift in the center of
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Figurel6a. 8:1 Pressure Ratio Impeller

Figurel6b. Inlet and Impeller Cover Showing Optical Window Opening
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Figurel6c. Diffuser Front Plate Showing Optical Window Opening

Figure I7. Inlet and Diffuser Opticol Windows
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Figqurel8. Assembled Compressor Hardware

Figure 19. Assembled Compressor Test Facility




TABLE III. - MAJOR OPTICAL COMPONENTS

Components Remarks

| Beam Steering Assembly Used to align laser output with
X-axis motion; two A/10 first
surface reflectors; total adjust-
ment 20 mm linear and 6 degrees
angular.

Beam Splitter Prism Provides two parallel output beams
15.4 mm apart; UV grade fused
gilica; 24.1lmmx 24.1mmx 12.7 mm
thick; sides parallel and perpen-
dicular to 5 arc seconds.

Beam Directing Mirrors (2)| Re-direct beams from beam splitter
to traversing periscope; 50 mm dia.
x 12.7 mm thick; A/20 surface.

Beam Directing Prism Provides two total internal reflec-
tions to direct and displace beams
from vertical axis to horizontal;
25 mm cross section x 70 mm long;

UV grade silica; angular tolerances
better than 30 arc seconds.

Input Lens Serves to focus input beams to form|
probe volume and collect scattered
radiation; 78.5 mm focal length
(measured); achromat; doublet.

Beam Steering Mirror Used to direct probe volume to
either inlet region or impeller
exit region; 25 mmdia. x 6.35 mm
thick; A/20 surface.

Collecting Mirror Directs collected scattered radia-
tion from input axis to axis of
photodetector; 35 mm dia. X 3 mm
thick: A/4 surface figure; pro-
vided with four holes to allow
input beams (2 beam plane orienta-
tions) to pass through.

Collecting Lens Serves to focus collected radia-
tion onto aperture ahead of photo-
multiplier tube; 98 mm focal length
x 25 mm dia.; achromat; doublet.

continued
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TABLE III. - CONCLUDED

Components Remarks

Laser Argon ion, operating in TEMOO mode
at 514.5 nm; with etalon;
approximately 1 w peak power

Acoustic Optic Used to divert laser beam into
Modulator optical path; rise time <_ns;
angular separation 6 x 10~> radian
at 514.5 nm.

Optical Windows Provide access to compressor hard-
ware for input beams; inducer
window 7.6 mm thick; diffuser
window 17.8 mm thick; UV grade
fused silica; A/20 surface

(Figure 17).

a diffraction pattern (formed by a pinhole illuminated with the
laser beam) as the optical component being aligned is moved
with the traverse mechanism, relative to the stationary input
beam.

Mechanical Package. The section on design of the LV system
discussed the mechanical system used to provide support for and
traverse of the optical train. Figure 20 shows this completed
package, assembled and installed on its seismic bed. The top of
the bedplate is just below laboratory floor level to provide
clearance for the inlet plenum, which is wheeled over the assem-
bly for compressor operation.

The complete optical train is shielded from dirt contamina-
tion and possible damage by a cover shown in place in Figure 21.
The traversing periscope, shown protruding out of the large flat |
box, is sealed to the box by a flexible rubber "boot". This |
boot seals the clearance gap needed for traversing without re- 1
stricted motion in the three axes. The small opening on front |
of the periscope head provides the output path for the focused
beams to explore the impeller tip/diffuser entry region. A
similar hole on the top of the periscope looks into the inlet
and inducer region.

Immediately behind the periscope is the inlet plenum for
the compressor. The inlet bellmouth and centerbody are shown
in place. The compressor inlet cover (Figure 1l6b) mates to
the bellmouth and the completed compressor stack is attached to
the four large stubs on the plenum.
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Fiqure 21. Assembled LV Hardware with

Covers in Place
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A blower is used to keep the containment around the LV
package pressurized slightly above ambient to minimize intru-
sion of dust, dirt, and oil, and to keep the entire LV package
at uniform temperature.

Electronics Systems. The details of the design and
operation of the gating electronics, the divide-by=-two front
end unit and the frequency processor are given in Appendices
B and C. Figure 22 displays the complete control and data
acquisition systems.

The laser power supply and control and monitoring oscil-
loscope are situated on the counter top to the right. Most of
the major systems are mounted in the floor rack. Starting
from the top, these are:

1) data gate control panel,

2) divide~by=-two unit,

3) frequency processor,

4) pulse height analyzer,

5) XYZ traverse control panel,

6) high voltage supply for PMT, and

7) power supply console for stepping motors.
In addition to these components, the optical blade position

indicator and A/0 modulator electronics are located near the
cCompressor.

All of these optical, mechanical and electronics systems
have been checked out and tested in a wind tunnel facility
and shown to be capable of measuring the range of velocities
to be found in the compressor.
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Figure 22. LV System Controland Data

Aquisition Console

51




iNITIAL CALIBRATION TESTS

A series of calibration programs were executed to test out
the optical, mechanical, and electronic subsystems, prior to
installation in the compressor test facility.

Probe Volume Characteristics. One of the most important
measurements needed is the fringe spacing dimension in the
interference pattern. From Equation 12, the spacing S¢ is a
function only of the wave length A and the crossing angle of
the two input beams. If we assume that the spectral line from
the laser is precisely known, then we need only determine the
intersection angle ¢. The intersection angle can be measured
directly or may be calculated from the known focal length and
input beam separation (Reference 21)
1 5

2f

where Sy, is the beam separation, calculated from Equation 18.
The lens focal length f was measured by observing the rate at
which two parallel input beams diverged beyond the focal point.
The input beams were formed by illuminating a plate with two
precisely located holes 20 mm apart with an expanded beam from
the laser. Using this approach, the focal length has been cal-
culated to be 78.5 mm, with a maximum uncertainty of + 0.2 mm.
The beam separation, calculated with the as-fabricated dimen-
sions for the splitter and the nominal index of refraction for
the glass, gives Sp =15.4 mm. An estimate of the uncertainty
on this calculation is + 0.05 mm. The beam separation was also
measured to be 15.4 mm but the uncertainty in the measurement
is about + 0.2 mm. Thus the beam intersection angle is
11.2 degrees with a probable error of + 0.07 degree. Then, from
Equation 12 we can calculate the fringe spacing at A =514.5 nm
to be e
_514.5% 10
a 3r. 20

2

The uncertainty in the fringe spacing is directly proportional
to the uncertainty in sin(¢/2) since ¢ is assumed to be pre-
cisely known. This translates to an uncertainty in the velocity
deduced from the measured frequency of + 0.7%.

¢ = 2 tan (28)

= 0.002636 mm

S
£ 2xs8in

The final calculated probe volume characteristic dimen-
sions are given in Table IV, along with other important charac-
teristic dimensions of the LV system.
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TABLE IV. - PROBE VOLUME AND SYSTEM

CHARACTERISTIC PARAMETERS

Parameter Description Value

Dy, Laser beam diameter at input 0.875 mm
focusing lens, at the l/e
relative intensity points

£ Focal length of input lens 78.5 + 0,2 mm

f/DL "f/number™ of input beam and lens 90

¢ Beam intersection angle 11.2+40.07

degrees
DA Diameter of intersecting beams 0.0588 mm
_ at focal point of lens

b3 Probe volume length, inter- 0.602 mm
section length of two cylinders
of diameter QA’ at angle ¢

w Probe volume width 0.0581 mm

Sf Spacing of fringes in probe volume 2.636 um

Ng Number of fringes in probe volume 22
width w

ﬁfD/V Velocity to frequency conversion 0.379 +0.003
factor MHz/ (nn/s)

A Wave length of radiation from 514.5 nm
laser
Probe volume positioning + 0.15mm and
uncertainty + 1 degree
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Position Indicator Calibration , The linear variable dif-
ferential transformers (LVDT's) were calibrated for output
voltage as a function of relative displacement of the slide
and bed for each of the three traversing axes. This was done
by coupling the LVDT's to their respective beds and by using
the traverse controls and readout to displace the beds. The
actual displacement (measured with precision calipers) was
plotted as a function of LVDT reading, over the full-rated
range of the transducers, 50 mm. The data were fitted to a
third degree polynomial using a least-sguares curve fitting
routine., The maximum uncertainty on any of the transducers
was + 0.075 mm. A check was also made on repeatability of
slide positioning, and this was found to be equivalent to the
least count of the digital panel meter used for readout of the
LVDT voltage, + 0.025 mm.

Electronics Checkout. The main checkout task on the elec-
tronics system was to calibrate the doppler fregquency processor
(DFP) analog reading as a function of input frequency, and the
pulse height analyzer channel number as a function of this
analog level. These calibrations are shown in Figures 23a and
23b. The parameter n on these curves is the exponent displayed
on the processor front panel, This exponent is not output in
the analog signal and must be recorded separately for input
to the data reduction procedure. The DFP analog display
reading {(shown in Figure 23a) is not utilized in any of the
data reduction since it is only updated about once per second
and displays the last valid measurement. It is used only as
an indication that the processor is obtaining good, repetitive
signals.

Following these preliminary checkouts, the LV system was
set up to make measurements in a subsonic jet flow. This
test bed was used to become familiar with the operation of
the LV apparatus and to experiment with various seed materials
and methods. Tests were also conducted to simulate conditions
which would be encountered in the compressor, including
probing across a 3 mm deep channel and through optical windows.

Free~Jet Tests . One of the first tests run was to measure
the transverse velocity profiles in a freely expanding jet, and
to compare the results with pitot-static and hot-wire anemometer
measurements. The results are plotted as non-dimensionalized
velocity U/Up, where Uy is the mass flow averaged velocity at
the jet exit plane, as a function of radial positiomn, z/R
(Figure 24). As the measurement plane is moved further from
the jet exit plane (y/D increasing), the velocity profile
becomes more peaked as the jet core begins to dissipate via
turbulent mixing.

54



000

o; 00)
- O o
o @)

S
(@)
O

200

Doppler Frequency Processor Analog Reading

|00 =Doppler Frequency

L Processor in " TIME"
80|-Mode,2 Count. °
60—

Frequency Processor Exponent ,n= 4

40 Lol ]
4 ) 10 20 40 60 80 100

Doppler Frequency, {MHz)

Figure 23 0. Doppler Frequency Processor Analog Display Reading

as Function of Doppler Frequency.

55



56

1000
800

600

400

200

Doppler Frequency .

Pulse Height Analyzer Channel

I [ n
OO_ Processor in "TIME" Mode,
80 % Count.
6 Op—
B Frequency Processor Exponent, n=4
40 W | | ] | p o I
4 10 20 40 60 80

Doppler Frequency (MHz)

100

Figure 23b. Pulse Height Analyzer Channel Number as Function of

Doppler Frequency.




Mjef = 0.4
D=i2.7mm
Um= 155 m/s

Di“_‘? .0 i.0

> |

£ |

2 o8- 0.8

244

> _

E

o OB+ 086

®

c: -

ot Y

E o4 p=025 04

[}

, i

s

S o2k 02
o) B N B r‘l:.lj

© pitot -

] hot-wire W/J-T
ALY ‘ Y

I i ] [ I i

0 02040608100 020408081012 0 0204060810 12

Radial Position, z/R

Figure 24. Non-Dimensional Velocity Profiles as Funcfion of Axial

and Radig! Position in Jef.

57



58

The unsteady velocity component is shown in Figure 25,
corresponding to the mean velocities in Figure 24. For the LV

data, (u'}“ was taken as the standard deviation of the velocity
probability distribution, after having been treated as discussed
in the Data Reduction section. In the case of the hot-wire
data, the RMS value of the bridge output voltage was used as
the fluctuation level.

To further verify the LV performance, a high velocity he-
lium jet was set up. This facility was used to generate veloc-
ities to nearly 500 m/s from a jet 3.2mmin diameter. The probe
volume measuring plane was aligned approximately perpendicular
to the jet axis to achieve the highest possible freguencies.
The maximum frequency measured was 179 MHz, corresponding to a
jet velocity of 475 m/s. The calculated velocity, assuming an
isentropic core flow from the inlet plenum to the jet exit, was
490 m/s. This is about a 3% difference and may be partially
accounted for in misalignment and displacement of the probe
volume relative to the jet axis. Figure 26 compares the mea-
sured and calculated (isentropic conditions) jet velocities
over a range of 100 to 500 m/s for air and helium jets. For the
tests above about 200 m/s, the divide-by-two was used to shift
the frequency range down to a level compatible with the fre-
quency processor.

Seeding Tests. During the free-jet tests, experience was
gained with various seed materials and seeding techniques amen-
able for application in a closed loop compressor facility.

The first material used was DOP oil (Di-octyl phthalate),
dispersed from a battery of Laskin nozzles. The mass mean diam-
eter from the generator is reported by the manufacturer to be
around 0.8 pm. Experiments with this seed proved guite success-
ful and the seeding rate was easily controlled.

Alternatives were tried such as silicone oil, dispersed
with the same Laskin nozzles, and alumina (A1203) powder dig--
persed with fluidized beds and Laskin nozzles. The silicone
0il produced essentially the same results as the DOP oil and
was considered as a suitable substitute. The alumina, on the
other hand, proved somewhat more difficult to disperse and did
not produce as narrcow a velocity probability distribution as
the oils for the same flow situation. This was indicative of
a wider distribution of particle sizes for the alumina, possi-
bly due to poor dispersion of the powder particles., Based on
these results, the DOP and Laskin nozzle system was the pre-
ferred method for seeding the compressor flow.
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Special tests. Several special tests were set up in
the free-jet facility to simulate conditions which might be
found in the compressor. These tests all centered around
making measurements in a shallow (3 mm) channel with the
long dimension of the probe (0.60 mm) lying in this direc-
tion. This geometry duplicates that of the difficult to
measure impeller tip/diffuser entry region of the compressor.

The first series of tests were to determine if any
measurements could be made, or if the background radiation,
reflected from the backwall, would completely swamp the
signal. It was found that the normal aluminum plate back-
wall acted as a diffuse reflector and a low signal-to-noise
ratio was attained. Special, non-reflective paints were
tried, but the background noise still swamped the signal.
Some signal was seen, but only at a low level. Signal
amplification was tried, but the signal-to-noise ratio was
generally too low for good frequency processing.

In order to combat the diffuse scatter from the backwall,
a first surface reflector was substituted for the metal plate.
Using this approach, the reflected beams coming from the back-
wall were masked off ahead of the photomultiplier. Improved
signal quality was achieved, and at a processible level. How-
ever, over time the front window became contaminated with
seed (0il or alumina powder) producing diffuse light scatter
and the signal quality deteriorated.

Further experimentation with the reflective backwall
led to attempts to utilize the forward-scattered radiation
reflected backward to the optical train. These tests were
guite successful resulting in signal amplitudes in excess
of 500 mv at & laser input power of 100 mW and less; these
levels being approximately an order of magnitude higher than
similar conditions in backscatter operations. In addition,
a high signal level and relatively low noise were maintained
even with a light oil contamination on both the mirror and
window. Attempts to use alumina in this application were
not as rewarding. After a short period of operation, the
alumina would coat both optical surfaces and degrade the
signal.

These special tests concluded the preliminary checkout
phase. The next task was to install the LV apparatus in the
low speed modeling compressor test facility, and make
velocity measurements in the compressor.
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LV CHECKOUT USING THE COMPRESSOR

Following the installation and alignment of the LV in the
compressor test facility, a series of checkout tests were
conducted to prove the feasibility of velocity measurements in
the compressor.

Seaeding System Modification. The first of these tests
included repeated measurements of velocities in the inlet duct,
inducer, and diffuser regions. Only very limited success was
achieved; low data rates and poor signal guality occurred after
short periods of operation. Although the bench tests had indi-
cated that a thin film of liquid on the optical windows did not
seriously detract from the signal, in the compressor geometry
the liguid film was sufficiently disturbed by the aerodynamics
of the flow to make the use of a liguid seed material unsuitable
for use in this test facility.

Having had some success with alumina in the earlier free
jet tests, it was decided to try using this dry seed material.
The main problem encountered was the inability to de-agglomerate
and disperse the powder before injection to the inlet plenum.
Also, it was found that injection into the inlet plenum resulted
in a very uniform distribution of seed throughout the compressor
inlet. This uniform distribution implied a need for a high
total seed flow rate to achieve adequate seed density (number of
particles per unit volume of gas) at the desired measurement
location.

These observations eventually led to the use of a silica-
coated, alumina particle for the seed, prepared by Micro
Abrasives Corporation. The number mean diameter of the powder
is about 0.75 um. Dispersion of this seed is accomplished in
a very simple fluidized bed, with an air-driven vibrator to
prevent bed channeling. The transport fluid is LSM gas, taken
from a high pressure point in the closed-loop test facility.

Injection of the seed is done by means of a lance in the
plenum which is traversable in the circumferential direction
to permit feeding the seed only at specified circumferential
locations, Figure 27. The lance, support and rotating mechan-
ism are located in the plenum where the throughflow velocities
are expected to be less than 1 m/s, producing a minimum of dis-
turbance to the inlet flow. Further, the flow rate of seeding
gas 1s expected to be less than 0.1% of the compressor design
of 1.17 kg/s of LSM gas.
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This improved seed dispersion method and seed injection
technique were then used to make some velocity measurements
within the inlet and inducer regions of the compressor. The
results of these measurements are discussed in the section
on LV data.

We believe the problem of poor signal quality in the
diffuser was caused primarily by a high background noise
relative to the signal. A solution to this problem was
sought by utilizing the forward-scattered light from the
probe volume and reflecting it from a first surface mirror
on the diffuser channel backwall. This approach had been
successfully developed in the free jet tests and some of
the same concepts were adopted here. Details of this tech-
nigque are presented in the section on optics design.

A chrome-plated brass plug, embedded in the diffuser
backwall and flush with the surface, served as the first
surface mirror. Using this plug mirror, LV measurenments
in the diffuser became possible. The technique produced
a very high quality signal, even at low laser power. Data
rates were higher than in the inlet/inducer region. The
results of the limited measurements made in the diffuser
region are summarized in the data section. After this
initial success, a large mirror, covering the region from
the impeller discharge radius out to one of the channel dif-
fuser throats and spanning the diffuser passage width, was
installed (Figure 28).

Using this mode to make measurements in the diffuser
region the optical system is thus slightly modified from a
pure backscatter mode of operation. In order to capture this
forward-scattered/backward~-reflected radiation, the collecting
optics must focus on the virtual image of the probe volume
"inside" the rear diffuser wall. This is accomplished by
adjusting only the final collecting lens as discussed in the
section on optical system design.

A major implication of this approach is that for the best
signal-to-noise ratio the collecting lens should be refocused
each time the probe volume is displaced axially in the dif-
fuser channel depth. However, through experimentation it was
found possible to maintain high data rates for a large dis-
placement of the probe volume, ~ 1.5 mm, which is approxi-
mately one-half of the channel depth, without readjustment of
the collecting lens. Thus the approach used for taking data
in the diffuser region was to fix the axial depth of the
probe volume and make a complete survey of all the desired
velocity locations in a radial plane.
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One other significant requirement for the use of this
back-reflected mode of operation is that the reflecting
mirror must be maintained perpendicular to the optical axis
of the input beams. This implies that the entire diffuser
backwall be aligned and maintained in an orientation perpen=—
dicular to the optical axis,

It was found during the development of the back-reflected
mode of operation that for certain locations of the probe
volume in the diffuser depth, the backward reflected portion
of the input beams intersect the collecting mirror and
reflect these beams as spots of light into the light collec-
tion telescope. This requires that a mask be placed ahead
of the collecting lens to prevent these spots from reaching
the photomultiplier tube and swamping the desired signal with
noise.

Other Operating Experience. After these preliminary tests
were completed, a modest test program was defined to measure
velocity profiles in the inlet/inducer and in the impeller
discharge reglion at several axial and radial planes, respec-—
tively. These results were to be the forerunner of a much
larger scale test program to provide detailed velocity data
for use in developing better design tools for the design and
development of advanced centrifugal compressors. The objec-
tives of this more modest program were to help develop
estimates of the time and cost commitments required to pro-
vide realistic velocity data, and to develop methods for
improved data acquisition rates whenever possible.

Repeated attempts to make velocity measurements were
continually frustrated by operating problems:
low and erratic data rates,
dirty windows,

optical system misalignments,

component failures.,
Details of these problems are discussed below.

The seeding system received considerable attention in
attempts to obtain and maintain high seed densities which
would lead to high data rates. It was found that the data
rate obtained in free-jet tests with fresh seed in the flu-
idized bed were high, but after short periods of time, (order
of one to several minutes of continued operation), the rate
would rapidly decrease. Then, if the seed supply were turned
off for approximately 10 to 15 minutes, the rate would
recover, at least initially, to or near the initial value.
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However, continued operation with the same seed material in the
fluidized bed, even with on/off cycling, will eventually result
in a continual decrease in seed rate as evidenced by a decrease
in the validated data rate on the frequency processor.

These symptoms indicate several possible phenomena are
taking place. The decay in the data rate following the initial
turn~on is believed due to a depletion of the smallest parti-
cles, which in fact make up the greatest number of particles in
the seed bed. Also, visual examination of the material in the
seed bed indicates agglomeration of the particles, possibly due
to electrostatic effects. The triboelectric charging of small
particles in fluidized beds is a well known phenomenon, although
little understood, and methods to &éliminate the effect are not
well defined. During long periods of operation, a film of
particles collects upon the walls of the fluidized bed (an
acrylic tube). If a grounded conductor is brought into contact
with the outer wall of the bed, a large fraction of the parti-
cles are seen to "jump" away from the wall and fall to the bed.
The recovery of the data rate following an "off" cycle is
thought to be due to a partial deagglomeration of particles
resulting from electrical charge leakage to ground.

The long-term degradation of seed rate (and hence data
rate) is thought to be the result of an irreversibility in the
agglomeration of seed material within the bed, and eventual
depletion of those particles which can be transported out of
the bed and can be used for obtaining a processible signal.

Means to circumvent this seeding problem were sought, and
a modification to the seeding system and operation of the seed-
ing system tried. The modification incorporates a bank of fouxr
identically constructed seed beds operating with two in parallel
at any time. By running the two pairs of beds in a cyclic
fashion, some of the problems discussed above are expected to
be partially mitigated. The argument here is that two beds in
parallel will give a higher seed density without increasing the
gas through flow velocity, which would cause the large particles
to be transported out of the bed and also must be matched to the
seed lance flow to produce the correct velocity in the com-—
pressor inlet region. Also with the two sets of beds available
for cyclic operation, the experience of recovered data rate
following a short "off" period should be obtained.

Another seed system problem encountered was the build up
of seed material within the flexible tubing leading from the
seed "beds" to the injection system. A large fraction of the
seed material transported from the bed becomes lodged on the
walls of the tubing significantly reducing the amount of seed
material which is actually injected at the compressor inlet.
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This problem was minimized by eliminating unnecessary tubing
and piping connections (abrupt area changes) and reducing the
length of the remaining tubing to as short a length as possible.

Dirtying of the inducer and diffuser windows occurred
under certain operating conditions. The inducer window would
often show a band of collected seed material on its surface
just ahead of the impeller inlet when the compressor was oper-
ated at an off-design condition. This is due to the presence
of an inlet tip flow separation that causes backflow from the
impeller inlet tip region and deposition of seed particles in
the backflow recirculation zone. Evidence of this tip separa-
tion is also obtained from the impeller cover static pressure
measurements whereby the pressure taps at and immediately ahead
of the impeller lead edge indicate a static pressure higher
than the inlet total pressure, at off-design conditions.
Inducer backflow caused by the inducer tip separation is a well
known phenomenon.

The diffuser window and the diffuser backwall mirror can
become dirty with seed materials whenever lubricating oil from
the high speed gearbox leaks past the shaft seal and drains onto
the diffuser front and backwall surfaces. This leakage some-
times occurred during a surge cycle when the system pressure
rapidly changed and a pressure imbalance existed across the
shaft seal.

These two problems (one in the inducer and one in the dif~-
fuser) were corrected by establishing changes in operating
procedures. The inducer window is kept clean by operating with
seed material only when at flow rates which do not result in
the inducer tip separation. In the case of the o0il leakage, an
improved drain system was provided to positively drain any oil
(which does leak past the shaft seal) from out of the cavity
behind the impeller; this prevents oil from finding its way into
the diffuser region. By these methods, even after long periods
{4 to 6 hours) of heavy seeding in the compressor, only a wvery
thin film of material would build up on the windows. By con-
ducting "benchtop" tests simulating these dirty window condi-
tions, it was found that the thin film did not measurably affect
the data rate in either the backscattered or back reflected
modes of operation.

Some effort was put into testihg a window washing scheme
to be used in place in the compressor. The only alternative
is to remove the windows regularly for cleaning and this results
in a loss of modeling gas from the compressor facility and an
interruption of several days for preparation of the test rig.
This window washing scheme involved injection of a solvent
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(we tried alcohol, several liquid freon compounds and acetone)
upstream of the windows with the concept that solvent would
loosen the particle-to-window bond and float the seed material
out of the measurement region before the solvent evaporated.

In practice the injection of the solvents seemed to have no
discernable effect on window cleanliness. In fact, the only
way we found to clean these windows was to remove them from the
covers and wipe the dirt off with solvent moistened lint-free
tissues. We have had insufficient operating experience to pro-
ject the length of time or seeding conditions which will mark-
edly reduce signal quality due to dirtying of the windows.

During the long course of attempts to make some basic
velocity measurements in the compressor facility, several ele-
ments of the optical system required adjustment and realignment.
"~ Sometimes optics misalignment problems were not detected until
considerdble effort -had been expended in seeking other answers
to data acquisition problems. One major component problem has
been the- shifting of the compressor support hardware relative
to the input beam axis resulting in a misalignment of the back
reflecting mirror in the diffuser during diffuser measurements.
This problem was at least partially solved by eliminating the
strain producing piping elements connected to the compressor
and providing additional support for the compressor assembly.
One area that could not be thoroughly addressed was the possible
thermal distortion of the diffuser backwall and mirror inter-
face. Although there is no evidence to indicate that this does
happen, it remains a concern for any future application of this
IV system.

At one point in the program the beam splitter cube became
loose in its mounting, resulting in a nonuniformity in the beam
split (that was also nonrepeatable, thus making it difficult to
find the problem). The solution was to add rubber padding to
the mounting and an adhesive to better secure the cube in its
holder.

One final optical system problem that may have been respon-
sible for many of our problems in acquiring data in any of the
gated or synchronized modes was the acoustic optic (A/0) modu-
lator. Only at the very end of the test program was it dis-
covered that the drive frequency for the modulator was not con-
stant when the duty cycle of the gate signal applied to the A/0O
crystal was changed. For continuous gating, the RF signal to
the A/0 crystal was about 39.5 MHz, but when operated at a lower
duty cycle, e.g., 5% blade pitch, the frequency would shift
slowly to about 40 MHz. This change in RF frequency translates
to a shift in beam position at the face of the splitter cube
equivalent to approximately 20% of the beam radius. This trans-
lation causes a very nonuniform split between beams in the gated
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mode, resulting in poor signal guality and an increase in the
base noise due to stray radiation entering the collecting tele-
scope. When this problem was discovered and pointed out to the
manufacturer, they offered to repair the circuitry by replacing
the LC oscillator with a crystal-control oscillator. This was
done and the RF signal to the A/0 modulator head was found to
be constant at any duty cycle. However, there is still some
deflection of the beam evident when switching from high to low
duty cycles. After conferring with the manufacturer, we can
only conclude that the high duty cycle is causing some thermal
distortion to the crystal or its mounting structure. At this
time the problem has not been resolved satisfactorily. It has
in fact prevented the acquisition of IV data and must be solved
if any future work is to be done using the gating approach.

At one time or another, during this program, most of the
other major components in the data acquisition system have
suffered failures. This point is mentioned only as a reminder
that LV systems utilize many sophisticated optical and elec-
tronic devices which, even with normal use and maintenance, do
fail. Some of the specific items and problems caused by compo-
nent failure are menticned below:

1. lLaser:
® cracked plasma tube on initial shipment
@ corroded cooling water connection on plasma tube
causing power supply short and plasma tube damage

2. Pulse Height Analyzer:

o defective gain control on the display
e defective memory control circuit

3. Photomultiplier Tube:

¢ failure of dynode chain

4, Acoustic QOptic Modulator:

® cracked acoustic crystal
@ short circuit in power supply
® fluctuating RF power freguency
® thermal distortion of acoustic crystal
In a related vein, there are certain elements in the opti-
cal system that if replaced would result in a better overall

system, less susceptible to some of the problems encountered on
this program. These are:



1. Beam Steering Mechanism. This device has not been
a great problem as much as it is inconvenient to
use. A more robust device, using a different
approach on adjustment and pivoting could be
incorporated.

2.. Beam Splitting Prism. The edge type splitter
requires too precise.an alignment of the input
beam and the defraction of the beam gives a some-
what distorited shape. This might be replaced
with a Koester—type prism which uses internal
reflection and coated surface to effect the split
and is not subject to the problem of input beam
alignment. -

3. Beam Directing Prism. This prism produces a trans-
Tation and rotation of the optical access in the
periscope using internal reflections. However, the
first surface reflections sometimes result in high
noise lévels reaching the photomultiplier tube.
This device could be replaced with two mirrors set
in a precisely machined support block.

4. Collecting Mirror. This mirror is now only 12.7 mm
in diameter and it collects about 40% of the
scattered radiation transmitted back from the input
lens. A new mirror should be designed which collects
a larger fraction of the available signal without
interfering with the rotation of the input beams
into any plane.

Finally, in the area of recommendations for modifications
to this LV system, the data acquisition method could be
improved. Instead of gating the laser to acquire data only
for synchronous impeller positions, the approach should be to
leave the laser on for the full impeller passage width and
store all the velocity data whenever it occurs, along with a
blade position signal. This approach will greatly reduce the
total data acquisition time; however, it does require inter-
facing the output of the freguency processor with a mini-
computer (or other computer -backup) and possibly a buffered
input device if high data rates are achieved.

The final section of this part of the report displays
the-limited IV data and contains our suggestions and recom—
mendations for future applications of the LV apparatus in
centrifugal compressor research work.
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INDUCER AND DIFFUSER LV MEASUREMENTS

Test Data. The test program of limited scope and dura-
tion discussed above was undertaken to prove out the opera-
tion of all of the equipment under realistic compressor test
conditions. Velocity measurements were made in the inlet/
inducer region and in the diffuser entry region at compressor
rotational speeds from 40 to 80% of design, in air and low-
speed-of-sound modeling gas (30,000 to 43,000 RPM actual).

The data from the inlet region were acquired using the
straight backscatter mode, while that from the diffuser entry
region was taken with the back-reflected, forward-scatter
mode of operation.

The results of these tests are shown in Figure 29,
Parts a through r, as velocity histograms, photographed
directly from the pulse height analyzer CRT display. The
abscissa is a channel number (1024 full scale) corresponding
to the time period for a velocity measurement (inversely pro-
portional to velocity) while the ordinate shows the number of
occurrences at each channel. Figures 2%a through 29g are
from the inlet/inducer tests, 29h through 29r are from the
diffuser entry region tests. Tables V, VI, and VII provide
a key to these data photographs, including pertinent probe
volume location and data gating parameters.

Discussion. The velocity tabulated is based on the peak
channel in the histograms shown, not from a calculated statis-
tical average. For the data in Pigures 29g and 290, the mean
velocity was also calculated via the data reduction program
discussed in an earlier section of this report. In the case
of Figure 29g, the corrected statistical mean velocity is
63.5 m/s, very close to the 64 m/s shown in Table V deduced
from the peak channel readings This seems reasonable since
the RMS fluctuation is quite small (4.9 m/s) resulting in a
very narrow velocity distribution (see Photo g in Figure 29).

On the other hand, the distribution in Figure 29 has a
mean velocity of 90.5 m/s compared with the peak channel
value of 101 m/s in Table VI as deduced from the peak channel
reading. This large discrepancy is more easily understood
by examining the actual distribution in Photo o of Figure 29.
It can be seen that there is a second minor peak to the dis-
tribution which was not considered in the peak channel calcu—
lation, but which isg included in the computer data reduction
scheme that calculates the statistical average velocity.
However, applying the data reduction program to data in the
first guadrant of the histogram only, the statistical mean
welocity is 103.9 m/s, much closer to the peak channel
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TABLE V. - INLET/INDUCER LV MEASUREMENTS

(Reference: Pulse Height Analyzer Photos - Figure 29)

Figure | Gas Speed Gatel Gate2 Measure- Peak Peak Total Sample
Number (%ND) Position | Width ment Channel Channel Integrated | Time
(%blade (¥blade Plane Velocity Counts Counts (seconds)
pitch) pitch) (m/s)
a Air 40 NA (3) 1 3302 100 2938 39
b Air 40 NA (3) L 36,1 100 3718 20
c Air 40 NA (3) 2 38,1 50 1536 356
d Air 40 19 22 L 42.0 50 2071 172
e Air 40 19 22 2 36,9 15 293 500
Air 40 32 22 1 60.3 50 634 248
g Air 40 30 22 1 ©4.0 50 393 204
Notes:

(1) Gate position is the location at which the data acquisition is opened.

(2) Gate width is the duration of the data gate.
pitch rotation for the inlet/inducer data,

For the inlet/
inducer data, it is a percentage of blade pitch, following the blade suction surface.

It is expressed as a percentage of blade

(3) For indicated data sets, the data acquisition system was run in continuous mode, i.e.,

for a time-averaging mode,

(4) The measurement plane is the orientation of the probe volume with respect to the

compressor hardware.

each + 45 degrees to the compressor centerline.

The two planes 'l' and '2' are mutually perpendicular and are




velocity of 101 m/s. The RMS fluctuation around this mean is
7.1 m/s, while for the whole distribution it is about 17 m/s.

A more detailed examination of Table VI and the correspond-
ing velocity histograms shows a trend of decreasing amplitude of
the second (lower velocity) peak as the gate width is reduced.

This is especially true for the Cl measurement, Figures 294, m,
n, and o..

These double peaks are believed to be associated with the
fluid dynamics of the flow in this region* and are the results
of the time averaging of the velocity measurements in this
" region over a large percentage of the impeller blade pitch rota-
tion. The data clearly show that as the gate width is reduced
from a time-averaging mode to a minimum of 5.6% of impeller
- blade pitch change {rotation), less of the minor velocity peak
- 18 seen by the data storage system.

Table VII displays the deduced absolute and relative veloc-
ity measured ahead of and within the axial portion of the impeller.

Figure 30 shows the velocity vector diagram and the deduced
velocity for a measurement point near the middle of the dif-
fuser throat and approximately at mid-depth in the diffuser
channel. The data indicated in Figure 30 are taken from Fig-
ures 29k and 290 which are for the LV beam positions 2 and 1,
respectively. The gate position was at 50% of diffuser wvane
pitch as indicated in Figure 30. The gate width of 5% and other
pertinent data for these photos are given in Table VI.

The direction of the Cj vector is quite obvious; however,
the C; vector could conceivably have either orientation shown
because of directional ambiguity in the LV system. We believe
that the so0lid line version is the correct direction for the C
vector. This direction is deduced from the fact that the
'dashed' C vector, shown in Figure 30, would provide too low a
velocity component normal to the diffuser throat compared to
the average velocity calculated from a mass flow continuity
check at the conditions tested. While the solid vector implies
a component directed along the channel centerline of approxi-
mately 218 m/s, which is slightly high compared to the calcu~
lated continuity velocity, this is not unreasonable considering

*The multiple peak histogram could be the result of an un-
mixed wake—-jet flow pattern from the impeller blade passage
passing through the diffuser inlet region. Any "explanation"
of the double velocity peaks could be purely conjecture at this
time and further measurements will be required to explain them
in detail.
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TABLE VI. - DIFFUSER REGION LV MEASUREMENTS
(Reference: Pulse Height Analyzer Photos - Figure 29)
Figure | Gas [Speed | Impeller Gatel Gate2 Measure— | Peak -Peak Total Sample
Number (%ND) Tip Position | Position ment Channel Channel Integrated | Time
Velocity (% vane (% wvane Plane Velocity | Counts Counts (s)
(m/s) pitch) piteh) (m/=)
air | 40 251 NA (3) 2 189 10,000 60,104 17
i Air | 40 251 50 50 2 189 100 522 25
3 Air | 40 251 50 10 2 189 100 481 161
k mAir | 40 251 50 5 2 193 100 457 224
1 Air | 40 251, NA (3) 1 73 1,000 20,982 92
m air | 40 251 50 50 1 93 100 2,092 177
n hir | 40 251 50 10 1 101 100 . 913 184
o air | 40 251 50 5 1 101 100 974 317
P LSM | 80 356 NA (3) 1 115 100 1,297 25
q ISM | 65 285 ¥A (3) 1 101 100 6,530 9
r LSM | 65 285 50 5 1 101 1z 26 173
Notes:

(1)

Gate position is location of impeller relative t6o diffuser lead edge at which data gate

is cpened,

See Figure 30.

Gate width is duration of data gate, expressed as -a percentage of blade rotation relative

to diffuser wvane tips for the diffuser data.

a time—averaging mode,

Measurement plane is the orienfation of the probe volume with respect to the compressoi.

See Figure 30,

‘For indicated data sets, the data acquisition system was run in a continuous mode, i.€.,




TABLE VITI. - DEDUCED ABSOLUTE AND RELATIVE VELOCITIES
FROM INDUCER LV MEASUREMENTS

- (1)

(2)
(3)

(4)

Figure - R
Number x(z) C C Cc . u .f W B M (3)
(% s 1 2 - : rel
{mm) from (m/s) (m/s) [{m/s)|(deg)i(m/s) |(m/s)| (deg)

a -3.18 27 33.2 33.2(4) 46.9 0(4) 85.7 | 97.9{-61.3 0.28
b&c 0.00 20 3.1 38.1 52.5=1.5 | 80.9 } 97.5]- -57 0.28
dse 0.299 20 42 36.9 56 | 3.6 | 80.9 | 95.2|-55.4 |0.276

Notes:

Reference: pulse helght analyzer photos—-Flgures 29a through 29e
and Table V.

Axial location relative to inducer léad edge. o

Relative Mach number 1s def;ned here, based on inlet stagnatlon
condltlons.

Cz not measuredh_assumed same as Cj for this data set, hence ¢ = 0.

TABLE VIII. — BEDUCED ABSOLUTE VELOCITIES (1)
FROM -DIFFUSER LV MEASUREMENTS

Figure L. Gate(z) Gate(3% o
Nunmbex Gas Speed | . Position width Cl' c, C
) (%ND) " (% vane (% vane
pitch) pitech) (m/s) {m/s) (m/s)
i H J—— 1 VR OV e+ ) v b meemee w e e] b em— R e 4 - -
=l : f H i £ h I H
mé& i wwda [t .Air IS 140 i ¥ 30 1t 1 50 "o 193 1 1 l89 wolt i 2414 w ik
n&ij Air 40 50 . 10 101 | 189 , 214 ~
o&k air |, 40 .| = 50 .5 ro1 ‘193 | 218
« -t 1 t T - L ¢ i~ ‘ + i
Notes:

Reference: pulse height analyzer photos—-Figures 29i through 2%o
‘and "ablie Vli.

Gate position is location of impeller relative to diffuser ifead
edge at which data gate is opened--see FPlyure 30.

‘eate w1dth 1s duratlon or data gaLe, EKPLEbbed ay o peroenlage of
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the higher velocity expected near the center of the diffuser
channel passage as the result of the large throat blockage under
these operating conditions.

Table VIII shows the deduced velocity vector magnitude,
for the three sets of data corresponding to the measurement
volume location shown in Pigure 30, for the three gate width
values of 5, 10, and 50% shown in Table VI.

These data from this checkout program have verified the
operation of the LV system under realistic compressor test con-
ditions. However, further attempts to make detailed velocity
field measurements, first in the impeller exit/diffuser entry
region and later within the inducer at the 90% blade span
location, did not meet with success. The primary causes for
these frustrated measurements are laid to the problems of (1)
long data acquisition times during gated LV operation caused by
low seed rates, (2) maintenance of optical system alignment
(particularly in the diffuser back-reflected mode), and (3)

A/0 modulator output beam drift during gated LV operation, as
have been discussed in the previous section under "Other
Operational Problems".

Because of the cost and lengthy times required to conduct
these LV measurements with the present compressor hardware, it
is recommended that a simpler experimental system be employed
+0 overcome and check out the three basic problems mentioned
above before any further LV tests are conducted with this LV
system in either the present or other compressor hardware of a
similar size and pressure ratio. :
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AERODYNAMIC TEST RESULTS

This section summarizes the vaned and vaneless diffuser
tests of the 8:1 pressure ratioc compressor stage designed as a
workhorse compressor for LV studies. The details of the design
and instrumentation for this compressor are given in Reference
14. ’

A summary of the stage design is given first. The perfor-
mance data obtained from the stage for the vaneless and vaned
diffuser tests are next presented. This section concludes with
a presentation of the component (impeller and diffuser) perfor-
mance and discussion and comment on the measured performance of
the stage compared to design.

SUMMARY OF STAGE DESIGN

The stage is a presssure ratio=8, 0.907 kg/séc (design
point) vane island diffuser centrifugal compressor., The pre-
dicted efficiency, total-to-static, at the design point was 77%.
A 12% choke-to-surge flow range was anticipated at 100% Np. The
design speed of the stage in air is 75,000 RPM. The stage has
been tested under LSM modeling conditions where the design speed
is approximately 52,500 RPM (actual design speed in LSM depends
upon measured variations in LSM gas composition). Complete
details of the stage design are given in Reference 14, The
reader should refer to this report for stage geometry and instru-
mentation details. Several figures are included herein, however,
to help make this discussion self-contained. These figures are:

Figure 31 - CDR2 Design Point Output (Design Predicted
Performance - See Appendix D for Symbols)

Figure 32 - Relative Mach Number Distribution -
(Cover Streamline Calculation With No Wake

Flow)

Figure 33 - Nominal Impeller Geometric Coordinates

Figure 34 - Impeller Meridional View

Figure 35 - Compressor Inlet Geometry

Figure 36 - Vaned Diffuser Geometry, Build I
Figure 37 - Inlet Static Tap Locations

Figure 38 - Impeller Cover Static Tap Locations
Figure 39 - Table of Impeller Static Tap Locations

Figure 40 - Diffuser Pressure Static Tap and Kulite
Locations

Figure 41 - Inlet and Impeller Semi-Conductor Transducer
Locations
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INFUT ValuUes

Qo= 101353, Pile 7948%.7
Ho4= 982482, PS= 0

TOO= 288,147 TCOL= 58/.X39
MU/ M= Q.2 (R

BlB=-36.3 B3E==30.

FR= 8.03803 RSEF= 4,3715%
RiT= 4.37159% E-2

R2= 0.079734 4 BLAUES= 19

INIICER TIF

TTREL= 988,104

CIT= 197,835 RET= ¢

PLT= 7948%9.7 TIT= 248.46348
B1T=-60.087 I'T= 5.78702
FLOT= 101353, IhE= 0.20680L

COIMPELLER TIF

ET20= AL, 227

CM2J= 208.592
CoW= 384.793 GM2W= 8.0%%1
W= 94,7798 W2d= 327.63

FO2J-= 1.00093 E46

P20= 409,444 TO2t= 549 .4082
FORW= }.1338 E+é

1.0270 E46

FTREL=-1Q1273,

P2 4123297 M4= SU2067.
FO5= O "CoL= Bi4467
M= 0.907183 W= 78533.%7
Wa= 0137709 B4= 3.2258
aLFHT-= 0 R= 33,2208

k- RiH= 2.1854
I wtFk= 17

MRELIT= 1,20405

WiT= 394,113
M1T= 0,4600041
Uir= 343.344
C2d= A7, 4682

CT2W- D792.002

WT2W= 47.3999

MRELZ2D= 0.791727

M2J= 1 .20477 Uld= 426,402
MW= 1. 29959 L= 0.48093

TOW= 50%,296  T02W= &4&H.388

MR= 1,52104 MiT= 3.1654 TN= 1.3208 E-3
WSEF= 277,683 .

STATES AFTER MIXLNG

1o%= 459,807  TOO¥= S75.823 TO2kk= 587,363
Fox= 444494,  FOOX= 984057,

M= 1,13984  DF0Z= 43443. L

CTO%= 455,981 CH2X- 166.634 (0%= 485,475
TOPKK~TCOL= 2.43547 E~2

L= 2,73643

GLGk= 0.,081520

WX= 305501, WFC= S499. WFRI= 4749,17 WEF= 9424,5
DTFFUSER

PA= GEI0E7. Ma= 0,950054 E= 0,114439

k= 1.61833 E-4 CPOY4= 0.199371 ME= 0
CP4C= 0.410133 . CFO= 0.68408
FD4= 982482, WLs 2.9189 E-3

EFFICIENCIES

IETSEF= 3,08494 E-2 DEISEC= 1.86546 E-2 D T SUL
DETSRI= 1.5545% E-2 HETST= 0. 135522
IETSI= §,47506 E~2 NETSF= 3.42002 E-2
HETSIM= 2,23694 E-2 DETSIW= 4.810729 E-2
ETT= 0 ETS= 0,769/26 EI1Tl= 0,864478

*

Figure 31. Design Point CDR2 Outpul.

(See Nomenclature in Appendix D)
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NOMINAL IMPELLER GEOMETRIC COORﬁINATESl

Quagi- Blade Axial Radial Angular Normal
Orthogonal Angle,B Distance,x Distance,r Location, 8] Thickness,t
Number (degrees) (cms) (cms) (degrees) {cms)
cover hub cover ‘hub cover nub . cover hub
4 (inlet) [ -56.34 |~36.70 }]0. 0. 4,3716 | 2.1858 g. 0.0152 {10.0305
5 -34.24 {-35.33 10.5080 [0.5080 {4.3716 |2.2482 -9,2537 {0.0610 |0.1829
6 , -43.33 [-26.33 {1.0160 |[1.0160 [4.3716 | 2.3105| -16.9675 | 0.0610 | 0.2489
7 "1 =37.18 [ -22.36 11.6510 |1.6510 { 4.3716 2.3885 =-24,0015 10.0610 | 0.3048
8 -30.25 | ~19.56 | 2.1755 | 2,.1538 | 4.3859 | 2.4603| ~28.6043 | 0.0610 | 0.3401
9 -24.78 {-17.33 | 2.6708 {2.5853 | 4.4294 | 2.5440{ =31.9627 [ 0.0610 | 0.3602
10 -12.94 | -14.94 § 3.2841 | 3.0812 | 4.5345 | 2.6691] =35.2184 {0.0610 {0.3759
Li ~17.21 | -12.97 | 3.8417 | 3.5220 | 4.6954 {2.8124| ~-37.6289 |0.0610 | 0.3833
12 -16.03 1 ~11.21 } 4.3413 | 3.9443 | 4.9142 | 2,9855] ~39.5633 | 0.0610 | 0.3912
13 -16.11 |- 9,06 | 4.8808 | 4.5064 | 5,2727 | 3,2892] -41,6539 | 0.0610 ] 0.4013
14 -17.14 {-"7.24 | 5.2419 | 5.0461 | 5.6300 | 3.6971] -43.2458 { 0.0610 | 0.4094
15 ~18.40 - 5,99 | 5,4701 {5.5383 | 5.9407 | 4.2394] ~-44,4685 |.0.0610 {0.4163
16 =20.06 |- 6.76 | 5.6607 | 6.0262 | 6.2889 | 5.1405| -45.7654 | 0.0510 | 0.4191
17 ~22.13 |-10.10 { 5.8128 [ 6.28B02 | 6.6756 | 6.1284] -47.1816 | 0.0610 | 0.4155
18 -25.35 [ -18.85 (15,9541 | 6.3500 1 7.2527 | 7.1275] ~45.3400 {1 0.0610 | 0.3353

19 =-30.00 | -30.00 | 6.0262 | 6.3500 | 7.9756 | 7.9756] -52.2312 1 0.0610 | 0.2032

lBefore correction on hub and shroud for inlet boundary layer growth.

S8

Figure 33. Nominal Impeiler Geometry Coordinates
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Diffuser parameters
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@ Tap number Inducer
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Bellmouth inlet

- 50.8 -

Inlet centerbody All dimensions in mm.

Figure 37 ~Inlet Static Top Locations
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Figure 38—Iimpelier Cover Static Tap Locations




IMPELLER COVER STATIC TAP LOCATIONS

Tap Number Axial Distance, X Radial Distance, r
(cms) (cms)
7a 22 4.40
8a 23 0.51 4,40
%a 24 1.02 4.40
loa 10 25 1.65 4.40
1la 11 26 2.18 4.41
12a 12 27 2.67 4,45
13a 13 28 3.28 4.56
l4a 14 29 3,84 4,72
15a 15 30 4,34 4,94
i6a 16 31 4.88 5.30
17a 17 32 5.24 5.65
i8a 18 33 5.47 5.97
19a 19 34 5.66 - 6.31
20a 20 35 5.81 6.70
2la 21 36 5.95 7.25
Taps 7a through 2la are located at = 1l0.6 deg.
Taps 7 through 21 are located at = 17.66 degq.
Taps 22 through 36 are located at = 24.72 deg.

Figure 39. Impeller Cover Tap Locations
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® Semi-Conductor Transducer top locations

%999 §

/| Impeller meridional view

Tap locations given in tabie ¥
Semi-Conductor Tronsducer

tops are stoggered
circumferenfially as
required for clearance

Impeller

lead_edge
\gn

! I
Figuredi-Inlet and Impeller Semi- Conductor Tronsducer Locations




The reader should consult Tables VII, IX, X, XI, and
XII of Reference 14 for the exact locations of the static
taps and Kulite taps on the impeller and shroud and in the
diffuser.

SUMMARY OF OVERALL STAGE PERFORMANCE

The compressor has not met its design point performance.
At 100% N (Tests 9.32-9.46), peak efficiency was 75.0% at
surge. TBe pressure ratio also peaks at this same point,
pr=7.61 (Test 9.36). The performance at 50, 80, and 100% Np
for the vaned diffuser tests is shown in Figures 42 and 43,
Choke flow was low, being approximately 0.898 kg/s at 100% Np.
Flow range choke-to-~surge was thus only about 6.7% or about
one~half the desired value. Fiqures 42 and 43 display the
pressure ratio and efficiency vs. mass flow for the lOO
80%, and 50% ND data of Runs 6, 7, and 9.

Peak efficiency at 50% N was about 76% with a mass
flow range of approximately 38
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SUMMARY OF VANED AND VANELESS DIFFUSER COMPRESSOR DATA

Stage Data. Test data are available for 50, 80, and 100% Np
for two vaned diffuser configurations. Tests have also been made
for 50, 60, 70, 80, 90, and 100% Np for a vaneless diffuser con-
figuration. Both the vaned and vaneless diffuser configurations
contain data at 100% speed for both a "high" and "low" Reynolds
number (Reynolds number was reduced by a factor of 2}, the latter
obtained by using a low inlet plenum pressure.

Table IX summarizes the stage configuration by Run number.

All of the symbols used for the discussion of stage and
component performance are defined in the listing of nomenclature
given in Appendix D.

TABLE IX. = STAGE CONFIGURATION

Run No. Configuration Test Wo. Description

6 Build I Diffuser 6.01- 6.16 50% ND Vaned Diffuser
with 0.010" tip
clearance on
5/N 001 Impeller 6.37- 6.56 100% W_ Vaned Diffuser,
b -
damaged diffuser
optical window

6.20- 6.36 80% ND Vaned biffuser

7 Build I Diffuser 7.01-7.18 100% ND Vaned Diffuser,
but with aluminum ’ 100% Reynolds
diffuser window and number scaling
S/N 001 Tmpeller 7.1 -7.29 100% ND Vaned Diffuser,

50% Reynolds
nuinber scaling

8 ¢.010" Tip Clear- 8.01 - 8.100 50, 60, 70, 80, 90, and
ance on Impellexr 100% N_. Vaneless Diffuser
S/N 001, no 4dif- including
fuser wvanes, tie Reynolds number
bolt blockage scaling at 100% ND
Q Build II biffuser 9.01 - 9.62 50, 80, 100% ND Vaned
with 0.010" tip Diffuser, 50%
¢learance, Reynolds numbex
S5/N 00l and S/N 002 scaling
Inmpeller
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Two identical impeller masters were made for this prodram;
these impellers are designated S/N 001 and S/N 002. Also,
three diffuser configurations were designed and two of these
configurations were built and tested; these two configurations
tested are designated Diffuser Builds I and II. Build T is
the vane island diffuser design described in the original
design report (Reference 14). Build II is the modified dif-
fuser configuration described earlier in this report, under
"Hardware Development, Centrifugal Compressor Design".

Run 92 included testing with both impellers S/N 001 and
S/N 002 for reasons described below. Chronologically the
testing followed the order presented in Table IX. Run
numbers 6 and 7 were performed with the Build I diffuser con-
figuration and with impeller S/N 001l. These tests are there~
fore for the initially designed vaned diffuser configuration
and include stage and component performance data at 50, 80,
and 100% Np. All testing was done with Low Speed of Sound
Modeling (LSM) with all data reduced to conditions equivalent
to the following conditions in air:

inlet ambient temperature 228.15°K
inlet ambient pressure 101.43 kN/m2

These conditions are referred to as 100% or “"high"
Revnolds number scaling.

In addition, for Run number 7 (Tests 7.19-7.29) at 100% Ny,
tests were also run for conditions equivalent to the following
conditions in air:

inlet ambient temperature 228.15°K
inlet ambient pressure 50.72 kN/m2

These conditions are referred to as 50% or "low" Reynolds
number scaling since the reduced inlet density reduced the
Reynolds number for these test conditions.

Run number 8 was performed with a vaneless diffuser hard-
ware configuration achieved by removing the vane island dif-
fuser vanes from the Build I diffuser and appropriately
modifying the hardware as follows.

The diffuser vane islands were removed and replaced with
12,7 mm diameter spacers at r=165.1mm and r=747.65 mm
(the tie-down bolts passed through the spacers). Tie-down
bolts at r=101l.6mm (R=1.27) were necessary, but the diam-
eter of these tie-down bolts was reduced to 2.16mm . This
diameter produced a blockage of only 5.4% at R=1.27 for the
17 bolts used. A new diffuser window hold down frame was
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fabricated and a solid window was used in place of the opti-
cal window. The "cold" impeller/cover clearance of 0.2 mm
(0.254 mm hot)* was maintained. Semi-conductor transducers
were installed at two locations, near the inducer lead edge
(x =10.2mm) and at approximately the 80% meridional distance
(K4 and K10 Kulite locations). Impeller cover time-averaged
static pressures were measured out to R=1.02 and total
pressure measurements were made with the pgy probes in the
same locations and orientation as used for the vaned dif-
fuser tests. The diffuser depth was kept the same as fox
the vaned diffuser configuration; i.e., b4==3.74 mim.

Run number 9 was undertaken with the redesigned diffuser
Build II. These tests were started with the S/N 001 impeller
and tests were run at 50% Np (9.01-9.12}, 80% Np {(9.14-9,30),
and at 100% Np (9.32) where only one test point was obtained
at 100% Np with the S/N 001 impeller because the impeller
(and impeller shroud) was damaged when a main shaft bearing
failed on the high speed shaft assembly.

Because the S/N 001 impeller was damaged beyond repair,
the Run 9 tests were then continued with the S/N 002 impeller
and a new impeller shroud. As will appear obvious from the
data displayed later in this section, there is a small but
measurable difference in the performance of impellers S/N 001
and S/N 002, and hence also a difference in stage performance
with these two impellers used with the Build IT diffuser.
This is attributed to the mechanical rub of the S/N 002
impeller inducer into the shroud when it was not properly
balanced. Some of the inducer blade tips were slightly bent
during the rub and then straightened by a technician using
hand tools.

Included in this section are figureé and tables giving:

1) selected impeller cover relative Mach number and
static pressure distributions for the 100% Np
vaned diffuser tests,

2) selected impeller cover relative Mach number and
static pressure distributions for the 100% Np
vaneless diffuser tests,-and

3) diffuser wall static pressure distributions
measured for the 100% Np vaned diffuser tests.

¥Estimated from the proximity sensor calibration corrected
for temperature changes between "cold" and "hot" running
conditions.
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Appendix D gives the data reduction (CDR2} computer out-
put displays for the 50%, 80%, and 100% Np vaned diffuser
tests and the 50%, 80%, 90%, and 100% Np vaneless diffuser
tests.

For this impeller shroud data, a computer program calcu-
lates the local static pressure to total inlet pressure ratio
deduced from the time-average static pressure measurements
and then calculates DR, W, and Mrel at each static tap
location.

In the CDR2 outputs, there are sometimes two outputs for
a given test run shown. In these cases, a second calculation
was made with the slip factor (o) adjusted to bring to zero
the negative backflow losses indicated on the regular CDR2
output. These rerun cases have been marked "ZBF" (zero back-
flow) in their headings. While we have no assurance that
there may not be some backflow in these cases, we know of
no reason why there should be a negative backflow.

Appendix D gives a listing of the CDR output nomen-
clature.

Figure 42 displays the total-to-static overall pressure
ratio vs, mass flow for all tests of Runs number & and 7.
Figure 43 shows similar data for all of the Run 9 tests.
These figures provide an easy key to the location of partic-
ular data points with respect to choke and surge at a given
speed for all of the tests in Runs 6, 7, and 9.

IMPELLER PERFORMANCE DATA

The various figures displaving the impeller and diffuser
performance data are briefly described next. More detailed
technical comment on the data_is given under the section
'Discussion’.

Impeller alone performance in terms of MR, vs. MRg; 1S
shown in Figure 44 for a2ll of the speeds 50% through 106% of
design speed. Data were taken from the vaneless diffuser
tests of Run 8. Also shown on this figure is the "design
point" predicted performance.

Figure 45 shows the Run 9 impeller data plotted together
with the 50%, 80%, and 100% ND data of Figure 44.

Table X 1lists the impeller tip incidence i, and inlet
tip relative Mach number M,.j 1+ for all of the vaned and
vaneless tests at 100% Nn. Incidence has been calculated from
the impeller rotational speed and the upstream axial velocity
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TABLE X,

RELATIVE MACH NUMBER - VANED AND
VANELESS TESTS AT 100% Np

— IMPELLER INCIDENCE VERSUS INLET TIP

Test Mass Flow M i
(kg/s) rel 1t (deg%ges)

7.20 0.821 1.16 7.1
7.22 0.825 1.18 5.8
7.24 0.865 1.19 5.3
7.27 0.870 1.19 5.2
7.28 0.871 1.20 4,58
8.74 0.783 1.14 8.5
8.76 0.896 ° 1.24 2.1
38.76 mass ave 0.856 1.19 5.3
8,78 0.900 1.24 1.8
8.80 0.905 1.25 1.5
8.82 0.902 1l.24 1.7
8.84 0.908 1.25 1.4
8.86 mass ave 0.772 1.13 9.9
8.86 0.772 1.15 8.2
8.88 0.799 1.17 6.6
8.90 0.829 1.18 5.6
8.92 mass ave 0.857 i.17 6.9
8.92 0.857 1.19 4.6
8.94 0.887 1.22 3.4
8.96 0.209 1.26 1.4
8.98 0.909 1.26 1.5
8.100 0.909 1.26 1.5
9.32 0.896 1.25 1.6
9.34 0.895 1.24 1.9
9,36 0.837 1.18 5.7
9,38 0.860 1.21 4.0
9.40 0.885 1.22 3.1
9.42 0.894 1.24 2.3
9.44 0.888 1.23 2.7
9.46 0.898 1.24 1.9
9.58 0.893 1.24 1.8

“‘E‘G’NAL PAG
E IS
OF POOR Quangiy
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based upon shroud static pressure measured just upstream of the
inducer (pressure tap #2 in Figure 37) for all cases listed,
except for those listed as 'mass average'. The "mass average'
incidence was calculated using an upstream approach axial
velocity obtained from the measured mass flow rate assuming

a uniform axial wvelocity profile in the flow approaching the
inducer.

Figure 46 shows the tip incidence versus mass flow for
the vaned and vaneless data at 100% ND.

For the vaneless, and vaned data, we have Kulite photo-
graphs of the inducer blade=-to-~blade pressure loading. These
photographs have been used to compare apparent stall or choke
effects in the inducer, as indicated by the characteristic of
the static pressure signal, with the incidence listed in
Table X and with the incidence data plotted in Figure 46.

Impeller static gressure ratio (static pressure ratioed
t0 Preg =101.353 kN/mé), relative velocity, and relative Mach
number distributions for the 100% speed high Reynolds number
tests {(Runs No. 7, 8, and 9) are shown in Figures 47 through
54,

The calculated impeller discharge mixed out stagnation
pressure pgoyx as a function of mass flow rate for the vaneless
diffuser tests is shown in Figure 55. The "design point"

Ppa2* = 983.5 kN/m2 at 100% of design speed is shown on this
figure.

Poy+ versus mass flow for the vaned diffuser tests at
50%, 80%, and 100% Np, for Runs 6, 7, and 92, is shown in
Figure 56.

Measured, stagnation pressures p,, Versus mass flow for
the wvaneless diffuser tests are shown in Figure 57. The same
measurements for the vaned diffuser tests are shown in
Figure 58. For the vaneless diffuser tests, the total pressure
probes are located in the same diffuser locations as were used
for the vaned diffuser tests. The flow direction orientation
of the total pressure probes are also the same. For the vaned
diffuser tests, the probes are located along the centerline of
the diverging vaned diffuser passage with the total pressure
hole midway between the shroud and hub walls of the diffuser.
The probe is oriented with the pressure tap aligned with the
diffuser passage centerline. The measurements shown are taken
from an average of the three total pressure probe readings.
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The aligned setting angle of these probes (measured from
the radial direction) is 65° at a radius ratio R=1.207 (refer-—
enced to the impeller tip exit radius). Calibration of these
total pressure probes in a free jet at M=1.0 showed an essen-
tially flat response to + 15° angles either side of the aligned
position. The calculated, mixed-out, impeller exit, flow
angle for the vaneless tests deviates from the probe angle,
reaching about 8° difference at the lowest vaneless flows
tested at 100% Ny. At the highest flows, the deviation is
approximately 1° at the 100% Np conditions. Therefore, .it is
not expected that there is any significant probe error in
reading py4 by these techniques for the vaneless diffuser tests
for the range of flows tested.

Figure 59 shows the impeller efficiency n and decrements
in total-to-static efficiency for the internal wike (nIW), dis—
charge mixing (npy), and total skin friction (ngp) for the
100% Np vaneless diffuser data (Run No, 8 - high Reynolds
number). For this data, backflow losses have been set at
zero by adjustment of the impeller slip factor o.

Figure 60 shows the variation of the impeller exit wake
flow fraction € and the Mach numbers M2* and Mp.] 3+ Versus the
mass flow for the same data.

Impeller data for the 100% N, vaned diffuser configurations
are shown in Figure 61. Figure 6? gives the total-to-static
stage efficiency losses attributable to internal wake losses
(AnTy) , total skin friction (Angp) , total impeller (Ang), dis-
charge mixing (Anpy), and impeller/diffuser backflow (Angp).
Figure 62 presents the wake fraction € and M2 and M 11+ VS-
mass flow rate. re

DIFFUSER DATA

Figure 63 shows the pressure recovery performance of the
diffuser as deduced from the measured Po4a Pressures, C,p is
based upon the "calculated" 2¥ values of static and total pres-
sure taken from the CDR data reduction output. Cpox_yg and -
Cp4_ are based upon the measured Pogq Values and Ey setting
p4==8.528 Po4i 1i.e., assuming, for ail of the Run 7 data, that
the diffuser channel is choked. The reasons for this latter
assumption are explained later.

Figure 64 gives Cpgq-c as a function of By for the 100% Np
vaned diffuser data where the Run No. 7 data have been adijusted
for py =0.528 py, where required. Also shown on this figure
is the laboratory channel diffuser performance data for the
channel diffuser configuration.
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Figure 65 shows By vs. Cox_4 as a function of By for the
100% Np data where again the data of Run No. 7 are adjusted
for p4==0.528 Poge

Figure 66 shows the decrements in total-to-static effi-
ciency caused by the diffuser performance (AnD) and by the
impeller exit to channel diffuser throat stagnation pressure
loss (Anp#.4) as a function of mass flow for the pg = 0.528 P4,
Run No. 7, 100% ND data and the 100% ND data of Run. No. 9.

The high blockage factor data shown in Figure 64 are for
flow points near to surge. Shown on Figure 64 is the expected
design point performance for the channel diffuser based upon
the laboratory channel diffuser data for My =1.0 (and at other
high subsonic throat Mach numbers). The data for both Runs 7
and 9, shown in this figure for 100% Np, both have the high
blockage factor, near-to-surge data clustered about the labora-
tory channel data. The low blockage factor data for each run
are for choked diffuser conditions where the channel diffuser
is supercritical with a shock in the diverging channel dif-
fuser; hence the channel diffuser performance rapidly falls
off from the laboratory data under these conditiong. The
static pressure data clearly illustrating the shock in dif-
fuser operation is presented in the next section.

Figure 65, which shows the same data points as given in
Figure 64, illustrates how the crucial channel diffuser throat
blockage factor is dependent upon the calculated pressure
coefficient Cyn%_4. Also shown on Figure 65 is the correla-
tion that was used during the diffuser design. While there
is a lot of scatter in the data, it seems clear from this
plot that the 'design correlation' curve is not applicable
to this stage. Since the throat blockage factor is gquite
well defined by the stage measurements (mass flow rate, channel
throat geometry, and measured total and static pressures), most
of the uncertainty in the data shown in Figure 65 lies
primarily in the calculation of Cpox_4. Cp2%-4 depends upon
a calculated value of pgpx since Ehere were no measurements
made of stagnation pressure at (or near to)} the impeller exit.
The major uncertainty in understanding the .performance of the
stage lies in determining the actual value of pgo# produced by
the impeller flow into the diffuser. Do large stagnation pres-
sure losses exist in the vaneless/semi-vaneless space of the
diffuser or does the impeller not produce as high an exit
stagnation pressure p,os as 1is calculated from the measured
exit pressure p.,,? The discussion given in the next section
addresses this fuestion.
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DISCUSSION
OVERALL STAGE PERFORMANCE

Stage performance for the vaned diffuser geometry appeared
adeguate up to 80% Np (90% Np performance was not measured for
the vaned geometry). At 80% Np, range was marginally satis-
factory (12.3% choked-surge) and the peak efficiency appeared
to be away from the surge line (see Figure 42). The peak effi-
ciency was measured to beat 76% (75.99%). It was thus thought
(after taking the 80% Np data) that an efficiency "island"
would appear in the 80%, 9%0%, and 100% speed range, and the
performance would be close to the target design efficiency of
77%. Range would also be adequate (order of 10-12%) if the
same choke-to-surge margin as for the 80% Np data held up to
100% Np. - .

Such was not the case, however (Figures 42 and 43). Effi-
ciency fell short (a bit below 77% instead of the design 77%
for the Run 7 data and 75% for the Run 9 data), range was short
(2.5% to 3% choke-to-surge margin for the Run 7 data and 6.8%
for the Run 9 data), and the stage choked prematurely (approxi-
mately 0.889 kg/s for the Run 7 data and 0.898 forxr the Run 2
data instead of the design intent of greater than 0.907 kg/s}.
Examination of the component performance of the impeller and
diffuser leads us to believe that the impeller, while not a
stellar performer, is performing adequately and that the main
problem lies in the diffuser performance. Table XI summarizes
the stage performance with the vaned diffuser.

TABLE XI. - VANED DIFFUSER PERFORMANCE
TEST RESULTS, 100% Np

Build 1/SN 001 Build I1/8N 002 Design

Measured Measured Intent

Prqg 7.46 7.61 8.0

Nipg 75.4%% 75.0% 77%

M. oke (kg/s) ¢.889 0.898 0.952

mSurge (kg/s} 0.863 0.837 0.838
m -m

Ch;?e surge 0.029 0.068 0.12
choke

®
76.7% npg was measured at 50% Reynolds number scaling at
=0.82 kg/s.

m
surge
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Examination of the MR;/MR,; data from the vaned tests
shows that at stage choke the impeller inducer was not choked.
Examination of the diffuser cover pressure data (Figures 67,
68, and 69) for the Build I diffuser clearly demonstrates that
at stage choke the diffuser channel throat was choked with a
shock located in the diverging portion of the channel diffuser.
The reason for the very short flow range at 100% speed was not
s0 obvious.

The vaneless diffuser performance tests were then run to
confirm that the impeller operated satisfactorily and to
attempt to provide better data for a redesign of the diffuser
(Build II). The diffuser redesign was made to (1) increase the
channel diffuser throat flow area sufficient to bring the dif-
fuser choke flow higher than the choke flow of the impeller of
0.907 kg/s and, {2) to make other minoxr alterations that would
lead toward improved flow range.

Examination of the static pressure field in the diffuser
for the Build II configuration {Run 9 data) shows that choke
was still brought on by the diffuser channels before the
impeller inducer chokes.

The impeller and diffuser component performance are dis-
cussed separately next.

IMPELLER COMPONENT PERFORMANCE

The overall impeller performance in terms of MRy vS. MRpj
taken from the vaneless diffuser tests (Run No. 8 — Figure 44)
shows that the impeller achieved very close to the desired
diffusion (MR,) but at slightly lower flow rates than the
"design point" f£low rate of 0.207 kg/s. The set of constant
speed line curves on Figure 44 for 50% through 100% Np followed
the trend of other impeller data we have seen. However, they
do fall below the "correlation® band shown in this figure.

For other high pressure ratio, good performing, high
Mral 1t impellers, the peaks of the curves rise from low values,
for choke flow, up into the correlation band on Figure 44 as
flow is reduced from choke. An examination of these data,
however, shows that although these impellers have transonic
M.eq 1+ inducers, the relative Mach numbers are close to_sonic
or slightly below. It appears to be characteristic of higher
relative Mach number inducers, i.e., Mre1.1t==1°2"1°4: that
Mach number effects on the suction surface reduce the attain-
able diffusion of the impeller to somewhat below the corre-
lation band of Figure 44. This impellexr seems to follow
this trend. The lower speed data (up to about 80% ND) blend
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in very c¢losely to the bottom line of the correlation band while
the 80%, 90%, and 100% Np speed line data demonstrate a contin-
unal "dropping away" from the lower values of this correlation.

FPigure 44 also shows that the low Reynolds number 100%
speed data did not achieve as much diffusion as the high
Reynolds number data. Remember that Reynolds number differs
by a factor of 2 between these two cases.

Figure 45 (impeller data for the vaned diffuser tests)
shows that all of the SN 002 impeller data fall below that for
the SN 001 impeller., However, all of the SN 002 data are also at
the low Reynolds number scaling while the SN 001 data shown on
this figure are at high Reynolds number. From Figure 44, as
discussed above, a portion of the performance decrease 1in
Figure 45 is associated with Reynolds number scaling, but it
also seems clear that the SN 002 impeller did not perform as well
as the SN 001 impeller.

Examination of the impeller cover pressure data (Figures 47-
54) shows that the impeller probably is separated from about 40%
meridional distance to the tip.* Figure 50, line 8.86, indi-
cates separation at a slightly earlier position in the impeller
(at approximately 30% meridional distance). This is probably
due to inducer incidence effects. For line 8.86, the incidence
is positive and approximately 8 degrees., Figure 52, line 8.96, shows
data for the case where the impeller is somewhat into choke.
The relative Mach number rises, in this case, after the impeller
lead edge, in contrast to the other distributions at this speed.
and even though separation seems to occur slightly downstream
of the 40% meridional distance, the relative Mach number only
diffuses to approximately 0,9 at the impeller exit.

These impeller cover distributions for the vaneless dif-
fuser data are almost the same as the distributions shown in
Figures 47-49 for the 100% vaned diffuser data when referred to
in the same mass flow rate.

Table X and Figure 46 show that the desgign point incidence
of about 4 degrees was actually obtained at a lower mass flow
rate than the "design point" flow of 0.907 kg/s. This seems to
be verified by the Kulite data from the inducer {see Figure 75)
where at 3.5 degrees incidence (Figure 75b) the blade-to-blade
loading is relatively consistent compared to that at 8 degrees
incidence (Figure 75b).

*Thig argument is based upon a constant Myej line which
meets the "unloaded blade" M o] at the impeller exitatr=r,.
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The inducer was designed using a one-dimensional mass
average calculation that takes into account meridional distor-
tion of the flow streamlines approaching the inducer resulting
from blade blockage and the hub ramp. Both of the mass average
incidence data points on Figure 46 are approximately 2degrees
above the curve through the incidence data deduced from the inlet
static pressure. Thus a curve drawn through the mass average
incidence data (the dashed curve in Figure 46) would come close
to the design point incidence of 4 degrees at 100% Np. The
mass average incidence calculation method is essentially the
same as used in the design analysis. The lower incidence values
deduced from the measured static pressures ahead of the inducexr
in the inlet duct indicate a greater distortion in the flow
approaching the inducer than was assumed in the design calcu-
lations.

We now look at the impeller exit conditions. Figure 55
shows that the calculated (i.e., deduced) stagnatign pressure
Poa* is very close to the design value of 983 kN/m” at the mass
flow corresponding to the design point incidence of 4 degrees
on the impeller inducer tip. Lower mass flows produce a higher
Po2* than "design". At the original design point mass flow of
0.907 kg/s, the stagnation,pregssure Poo* falls to about
945 kN/m“, i.e., about 38 kN/m“ below the design point value.

Figure 56 for the vaned diffuser tests shows that at
100% Np the calculated p,px values are lower than those for the
vaneless data, being about 945 kN/m2 at the 4 degree incidence
flow rate (v 97% of design flow rate).

A major discrepancy in stagnation pressure data appears,
however, when the pgs5« values, which are deduced on the basis
of measured impeller tip exit pressure pj3, are compared with
the measured stagnation pressure from the ppg Probes located
in the diffuser throat. Figure 57, for the vaneless diffuser
test data, shows py4 reaching -maximum values of approximately
900 kN/m* (at 85% to 95% of design flow). At 97% of design
flow rate, which corresponds to the 4 degree incidence flow
rate, the deduc%d Pog* for the same vaneless tests is approxi-
mately 983 kN/m“ (the pypx design value - see Figure 55) and
still continuing to increase as flow rate is reduced. Thus
there appears a decrement in stagnation pressure of % 10% be-
tween the py4 measured value and the calculated poa* at the 95%
of design flow point, and this decrement becomes even larger
as flow rate is reduced.

Measured py4 pressure for the 100% vaned data, shown in
Figure 58, displays a measured value of about 863 kN/m“ at the
4 degree incidence flow point. Af this flow rate, there is
thus a decrement of about 82 kN/m“ below the calculated pgox
value for the vaned data (see Figure 56) and also a decrement



of about 20 kN/m? lower than the corresponding ppgq measurement
in the vaneless diffuser configuration.

This mismatch between the design calculated value of stag-
nation pressure at the impeller exit (state 2%) and that actu-
ally measured at the diffuser throat (state 4) is the primary
reason for the mismatch in vaned diffuser choke flow at the
100% speed line. The diffuser design calculations assumed only
a small stagnation pressure loss (& normal shock stagnation
pressure loss) between p,ox after mixing and the throat ccre
value of stagnation pressure Pgyg.

An interesting comparison is to be made between Figures 55
and 57, which display the measured pggq values for the vaneless
data. These data show almost no discrepancy between poox and
Pod measured up to 80% Np (for most of the flow range along a
constant speed line, the foregoing is true; only at the lower
flows does a pressure discrepancy appear which only amounts to
about 14-28 k&/mz at the lowest flow point for each speed line,
respectively). However, for the 302 and 100% speed line data,
a major difference shows up between the impeller tip calculated
Popx and the measured throat wvalues of stagnation pressure pyyg-
This discrepancy is glaringly obvious at the 100% speed situa-
tion. At 100% speed, the difference in stagnation pressure at
the 4 degree incidence flow point is about 97 kN/m<, but becomes
increasingly worse as the impeller is run to low flow rates.

At 85% of design flow, there is a 138 kN/m2 decrease in stagna-
tion pressure between 2% and 4.

A comparison between Figures 57 and 58, which display the
measured pgy values for the vaned and vaneless diffusexr tests,
shows the behavior as discussed above for speeds up to B(% Np.
That is, the measured pgq values for the vaned data agree very
well with the vaneless p,4 values at the same mass flow rates.
Further, these values are in almost exact agreement with the
vaneless Dy values.

Wwhatever is the cause of this stagnation pressure loss
{Apgp®—y) » at the higher speeds, we believe it is associated
with some high transonic Mach number effect at the impeller
exit. T+ is hard to see how the tie-bolt blockage can account
for this stagnation pressure loss in the vaneless diffuser
tests, since the blockage caused by the first row of bolt
circles located at a radius ratio of 1.27 is only 5.4%. The
key to greatly increasing diffuser component performance at the
high pressure ratio Mach number conditions for this stage will
be to explain the cause and to devise methods to reduce the
large stagnation pressure loss between the impeller tip and the
flow through the diffuser throats. It will be necessary to
verify with survey probes near the impeller exit that the cal~
culated values of total pressure (pgpx} are representative of

the actual pressure in the flow.
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Finally, Figure 59 shows the measured impeller performance
in terms of impeller total-to-total and total-to-static effi-
ciency loss mechanisms. Shown on this figure are the "design
point" values (indicated by the shaded symbols). The impeller
performance with the vaneless diffuser exceeds the "design
point" performance at less than 100% design flow rate. In
particular, if the mass flow point corresponding to optimum
incidence onto the inducer (the 4 degree incidence flow rate)
is examined, the internal wake, skin friction, and discharge
mixing losses are within one point of the design values. Back-
flow loss is very close to zero. The impeller total-to-total
efficiency is higher than design for the vaneless diffuser test,
i.e., Nper = 88%. At higher mass flows, the internal wake and
discharge mixing losses increase slightly and drop the impeller
efficiency for the vaneless diffuser test to about 87%.

Figure 61 shows the same type of data taken for the vaned
diffuser tests (Runs No. 7 and 9)}. This figure shows the
impeller internal loss mechanisms to agree within one point of
those shown for the vaneless tests at the same mass flows. The
decrement in impeller efficiency 4ny varies between 12% and 14%
with the lower values corresponding to the Run No. 7 data for
diffuser Build I. Thus the Run No. 7 data show an impeller
total-to-total efficiency close to 88% (the same as that indi-
cated by the vaneless diffuser performance shown in Figure 59}
while the Run No. 9 data, using the Build II diffuser, show an
impeller total-to-total efficiency closer to the design value
of 86%. OSome of the backflow loss data for both Runs 7 and 9
indicated a "negative™ backflow loss. These values were brought
to zero by adjusting slightly the magnitude of slip factor in
the calculations. In all cases these adjustments were small,
the adjustment decreasing slightly the overall impeller effi-
ciency while having almost no effect on internal wake, skin
friction and discharge mixing loss.

Figures 60 and 62 show that the impeller discharge wake
fraction € and the mixed-out impeller discharge Mach number Ms#*,
using the wake/jet flow model, are calculated to be essentially
identical for both the vaned and vaneless tests. The Run No. 7
data in Figure 62 show a slightly lower wake fraction and dis-
charge Mach number than the data for Run No. 9 at the highest
flow rates. This may be a real effect, caused by the differ-
ences in diffuser builds between these two series of tests, or
the small differences may be attributable to the accuracy of
determining an average impeller exit static pressure from the
neasurements made at the impeller exit with the vaned diffuser

geometries.,

Impeller Component Summary. An overall summary of the
impeller performance is that it meete design specifications,
but does so at a mass flow rate about 3% below design intent.
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‘Impeller efficiency is slightly higher than "design" by about
1.5% for the vaneless diffuser tests and equal to the design
value for the vaned diffuser tests. Impeller choke is just
slightly higher than design flow (0.907 kg/s). It would be
desirable to redesign the diffuser to obtain a much improved
range—-to-surge (surge at lower flows) and to shift to a "new
design peint" mass flow on the order of 97% of the present
design flow. This mass flow would provide for optimum inci-
dence onto the inducer lead edge at the tip.

DIFFUSER COMPONENT PERFORMANCE

From the discussions above, it is obvious that the wvaned
diffusers, both Builds I and II, choke prematurely. This is
caused by a stagnation préssure at the diffuser throat which
is much smaller than the design value.

Figure 63 shows the components of diffuser pressure recov-
ery, CpD' Cpa-c 2nd C,ox_, for the vaned diffuser data at
100% Np. TRe data plgtteg for Run 7 are from the CDR ocutput,
setting pgy =0.528 pyg4 measured. The reason for plotting the
data this way was that from the diffuser cover static pressure
contours (discussed below) it was obvious that the diffuser
throat was close to choke for mass flows of 0.88 kg/s (97% of
design flow) and above, The standard CDR2 output accepts the
py measured value as "accurate" and adjusts pp4 downward if the
values of measured py and pgg indicate the diffuser channel has
a Mach number higher than unity. Because the diffuser was
choking at these mass flows and it is difficult to accurately
locate the aerodynamic throat in the diffuser, it seemed more
reasonable to believe the stagnation pressure measurement of
Pos4 and adjust p, to agree with choked values of Cpg.qe

The stagnation pressure probes are located just downstream
of the diffuser throat and any loss in stagnation pressure as a
result of shock effects is expected to be small (less than 2%
for Mach numbers up to 1.3); the stagnation pressure values
were not corrected for any shock effects.,

It is apparent that at 97% of design flow (and greater),
the overall diffuser recovery C p is significantly below the
design value of 0.686. There is a difference of about 18 points
in overall pressure recovery (at this mass flow) between the
design point value and the measured value for the Run No. 7
data, and about 10 points difference for the Run No. 2 data.
Figure 66 shows that there is about 12 to 16 points in overall
stage efficiency loss accountable to the diffuser recovery at
97% of design flow.
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Figure 63 also shows, even with the data scatter present,
that the straight channel recovery values C - rise appre-
ciably as the mass flow rate is reduced. af tﬁe ilower mass
flow rates, the recovery of the straight channel is equal to
or greater than the "laboratory" straight channel data,

- based upon the actual measured values of pg and pmq. At the
higher flow rates approaching choke, the channel recovery
deteriorates rapidly. An explanation is found from an examina-
tion of the static pressure isobars measured on the shroud
cover of the diffuser {see Figures 67 to 71}. The diffuser
flow at mass flows approaching and into choke is actually
"supercritical" with the diffuser channel choked and a shock
located downstream in the diverging portion of the channel.
The downstream shock is destroying the subsonic channel dif-
fuser recovery. As the mass flow is reduced, the diffuser
¢hannel finally unchokes, and the channel recovery "rises" to
the laboratory indicated values for the blockages measured.
The observed variation in mass flow at "choked conditions"™,
i.,e., from about 0.880 kg/s (97% of design flow) to the )
maximum value of 0.889 kg/s for Run 7, could be due to slight
area changes caused by boundary layer changes in the diffuser
throat; we have seen such a choked flow mass flow increase
before.

Thus for the low mass flow rates of Runs No. 2 and 7,
100% Np data, the channel diffuser performance is close to
design intent but the overall diffuser recovery is low by
about 10 pointg for Run 7 and about 8 points for Run 9.
This is the regult of the large stagnation pressure loss that
appears to occur between 2*¥ and 4; this loss was not allowed
for in the stage design. The reduction in peak stage effi-
ciency due to this loss is about 5 percentage points (Figure 66}.
This loss, moreover, has produced a lower overall stage pres-
sure ratio than design intent. Thus we are once again faced
with the problem of explaining the unaccountable stagnation
pressure loss Apnpox.g. Bear in mind that this loss is also
observed in the vaneless tests for the higher speeds.

Stage Surge., What causes the stage to surge? Figures 67
68, and 69 show the Build I diffuser shroud pressure measure-—
ments for the vaned 100% Np data of Run 7. Figures 70 and 71
show similar data for the Build II diffuser data of Run 9.
Drawn on these figures are pressure contours (iscobars) for
the three mass flows. Careful examination of the diffuser
pressure distributions shows that Tests 7.13, 7.17, and 9.32
(Figures 68, 69, and 71, respectively,) have shocks -located
in the channel diffuser. These cases are operating at mass
flows where the diffuser is choked and a relatively strong
shock sits in the diverging portion of the channel. Tests 7,11
and 9.38, on the other hand, show a continual pressure rise
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of the flow through the diffuser from upstream of the throat.
Based upon the "measured" pg4 values, the static pressure
corresponding to M=1.0 for these lines is about 455 kN/m
for the Test 7.11 and 463 kN/m2 for Test 9.38. These values
give an idea of about where in the pressure field of the
diffuser the Mach number =1,0.

Similar data show the same results for the 80% vaned
diffuser performance of Run 6. (This data is not presented.)

Examination of these pressure contour figures shows that
for both the 80% and 100% Np cases,and for flow near or at
surge, a rapid and strong acceleration occurs at slightly super-
sonic speed (assuming the stagnation pressure in the flow is
that measured by the pg4q probes). This expansion produces
a maximum supersonic Mach number on the suction surface
(corresponding to the measured .minimum pressure values) as
shown below. (Actually the maximum Mach number may well be
slightly higher than these values since the pressure taps are
spaced at finite intervalsg apart.)

Speed Line 80% N, 100% ND
2
Ppip (KN/m™) 184 288
M 1.25 1.35
max

The static pressure thus rises, in both cases, quite
rapidly (apparently through a shock) as the flow proceeds along
the suction surface. The pressure rise. associated with these
levels of Mach number is "typical" of shock/boundary layer
interaction values known to induce turbulent boundary layer
separation at these Reynolds numbers. (For example, in the
channel diffuser, under supercritical flow, when the shock
Mach number approaches 1.2 to 1.3, the diffuser boundary layer
separates and pressure recovery deteriorates.)

Plots showing this Mach number distribution (deduced from
the static pressure distribution assuming the stagnation pres-
sure equals p,4 measured)} are shown in Figures 72 and 73
[Runs 7.11 and 7.13 (Figure 72) and Runs 6.24 .and 6.29 for the
80% speed data (Figure 73)]1. These 80% and 100% Np pressure
data for the Build I diffuser strongly suggest that the expan-
sion and rapid acceleration around the vane's lead edge 1is
associated with the occurrence of "positive" incidence of the
flow onto the vane lead edge. This is deduced from the loca-
tion of the indicated maximum static pressure (stagnation
point location) on the vane tip. If this is true, a small
decrease in flow will cause a more positive incidence on the
vane, leading to stronger expansions, thereby increasing the
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maximum Mach number immediately after the vane lead edge on
the sugtion surface. The suction surface boundary layer will
be required to negotiate an even larger pressure rise along
the vane suction surface. If the Mach number is sufficiently
high, this "shock/boundary layer interaction" leads to suction
surface boundary layer separation. We can then hypothesize )
that the separated flow is swallowed by the channel diffuser

- as it flows along the vane suction surface; a rapid decrease
in channel diffuser pressure recovery then results which may
e the initial event leading to surge.

Similar data are plotted in Figure 74 for the Run 9
Build II diffuser data at 100% Np. Shown on this figure are
the Mach number distributions for Run 9.32 {(choke - Figure 71}
and Run’ 9.38 (near to surge - Figure 70). For both choke and ,
near surge flow rates for this Build II diffuser configura- -
tion, the sudden acceleration of the flow around the diffuser
vane lead edge, seen in the Build I data, has been eliminated
but now there is a rapid rise in Mach number along the vane
suction surface immediately ahead of the channel diffuser
throat. From the data available, it appears that the expan—
sion of the flow occurs where the log=-gpiral portion of the
vane suction surface joins the two-dimensional portion of the
channel diffuser. This point igs a remnant of the Build I
diffuser vanes that were modified to make the Build II ’
diffuser. The Mach number and hence the strength of the
resultant shock pressure rise, as the flow attempts to match
the subsonic pressure rise of the channel diffuser, increases
as the flow is reduced toward surge. From this evidence, the
same arguments applied above to the Build I diffuser apply
also to the new flow acceleration location found in the
Build II diffuser. This cccurs in spite of the fact that the
Build II diffuser has successfully eliminated the rapid
acceleration around the vane lead edge by rotating the vanes
2 degrees toward tangential and placing the vane lead edge atan
increased radius ratio. One suspects that a Build II dif-
fuser design that successfully eliminated the "bump"” between
the log-spiral and the channel diffuser portion of the vane
suction surface would be able to achieve a larger range to
surge than has been observed in the Run 9 tests.

summary of Diffuser Performance Behavior , A substantial
loss in stagnation pressure occurs between the impeller mixed-
out conditions, 2%, and the diffuser throat region. This
stagnation pressure loss is substantial at 100% Np and below.
This loss accounts for a decrement of 5 points in overall
stage efficiency and is responsible for the early choke of
the channel diffuser at 100% Np. The channel diffuser, when
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analyzed using the static pressure data measured on the shroud
cover, shows choked flow when the channel recovery C 4—- begins
to deteriorate. These choking conditions produce a shock lo-~
cated in the diverging portion of the channel diffuser. The
shock is responsible for the substantial deterioration in chan-
nel diffuser pressure recovery for these mass flows. The cover
static pressure data show a Mach number ahead of the normal
shock on the channel pressure surface in the channel diffuser
of at least 1,2 (and probably slightly higher).

At mass flows appreoaching surge, the channel diffuser un-
chokes and the actual static pressure and blockage measurements
show that the channel diffuser performance is indeed very close
to the laboratory measured channel diffuser performance for this
geometry and blockage.

The vaned diffuser has a very narrow choke to surge margin
(only 2.5% to 3% for Run 7 and 6% to 7% for Run 9). The reason
for the surge of the vaned diffuser is really not known. How-
ever, analysis of the pressure distribution along the vane suc-
tion surface for the Build I diffuser shows that the increasing
angle of the flow measured to radial at decreasing mass flow
produces a “"positive" incidence onto the vane lead edge. This
"positive" incidence leads to rapid acceleration around the vane
lead edge and an increase in local Mach number on the vane suc-
tion surface. The Mach numbers measured approach values of at
least 1.3 to 1.4 near the surge point. The shocks and conse-
quent rapid pressure rise following these Mach number levels are
high enough to separate the vane suction surface boundary layer
under these conditions. The Build II diffuser had a lower Mach
number at the vane lead edge and the vanes were rotated 2 degrees
toward tangential. This eliminated the large acceleration
around the leading edge due to flow incidence (see Figure 74),
but a large acceleration and subsequent deceleration did occur
at the transition on the suction surface from the log-spiral to
the two-dimensional channel diffuser. This acceleration and
deceleration could be responsible for boundary layer separation
near the channel diffuser throat as the flow immediately down-
stream of this location is required to match the subsonic pres-
sure rise of the channel diffuser. This series of events lead-
ing to separation could be the precursor to subsequent stage
surge. We postulate that reorienting the diffuser vanes so that
the zero incidence setting angle is even more towards tangential
and reconfiguring the suction surface will delay, to substan-
tially lower mass flows, the onset of the observed "positive"
incidence and the suction surface acceleration.

The interpretation of the data results is subject to some
uncertainty because of the measured change in impeller perfor-
mance between the Build I and Build ITI diffuser tests. The com-
parison made earlier between Figures 44 and 45 shows that both
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the change in Reynolds number and the impeller change (8NW 001 to
SN 002 impeller) between Runs 7 and 9 reduced the impeller dif-
fugion, Therefore, both the impeller exit stagnation pressure
and impeller exit flow angle may have been changed between the
Build I and Build II tests {neither of these parameters could
be measured directly). Interestingly, the measured stagnation
pressure in the vaned diffuser throat, pys shown in Figure 58,
has about the same value for the high Reynolds number Run 7 data
as for the low Reynolds number Run 9 data. The comments above,
postulating reorientation of the diffuser vanes, etc., are made
assuming that the impeller exit flow angle and stagnation pres-
sure changes, that may have occurred between the Rung 7 and 9
vaned diffuser tests, were small in overall impact on diffuser
range and performance compared to the effect of the design
changes made to the diffuser. It would have been preferable to
test the Build II diffuser design with the original high Rey-
nolds number SN 001 impeller, but this was not to be.

An unexplicable result is the magnitude of calculated stag-
nation pressure loss for the 100% speed data (and for the 90%
Np data for the vaneless diffuser). Note that this type of ioss
is observed for the parallel wall, vaneless diffuser coafigura-~
tion, as well as for the vaned diffuser geometry.

TIME-DEPENDENT PRESSURE DATA

Time~dependent pressure recordings were made in the inducer,
radial portion of the impeller and at the throat of the channel
diffusers., In addition, for the vaneless test, data were also
taken close to the impeller exit on the front cover.

The same type of data for the 100% Np tests of Run 8 {(vane-
less) for the inducer and impeller arxe shown in Figure 75. The
upper trace is location K4 (Figure 41) and the lower trace is
the K10 position (Figure 41) at R=0.8. The deflection factor
for the upper trace is 9.25 kN/m2 and 53.1 kam2 for the lower
trace.

Figure 75a is Run 8.86 which is close to surge (m=0.772
kg/s and incidence =8 degrees). Exposure of the photo is at
1/30 s seo that a number of multiple sweeps appear in this photo-
graph., Figure 75b is the same test point but a single sweep
(different time scale than Figure 75a). The blade loading in
the inducer (upper trace) at K4 position for Figure 75b is
erratic as can be seen from the single sweep photo. Blade
loading between the pressure and suction surfaces varies in
Figure 75b from about 6.5 kN/m? to 16.6 kN/m?. The impeller
trace at R=0,8 for Figure_75b is more consistent, varying be-
tween 85 kN/m2 to 132 kN/m?. '"The axial progenitor blade from
which this inducer blade was designed (see Reference 14) would
indicate the inducer to be on the verge of separation at this
flow incidence.
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At a higher flow rate close to the design point incidence
shown in Figures 75¢ and ZSd, the inducer loading is apprecia-
bly- higher (about 30 kN/m“ on the average). The loading is much
more constant as evident from the single sweep photo of 75d.
These data are for test 8.94 (m=0.887 kg/s and incidence =3.5
degrees). This incidence condition is very close to the design
point incidence of 4 degrees. The blade loading at R=0.8 for
Figure 75c¢ is about the same as for Figures 75a and b, perhaps
slightly less. In the inducer, the pressure rises almost lin-
early with blade pitch on each blade passage with only a slight
variation in loading and perhaps a small amount of flattening
of the pressure trace close to the pressure surface.

Figures 75e¢ and £ show the same transducex trace locations
for the impeller in choke. A major alteration of the inducer
trace is obvious, caused by the choked flow condition at the
inducer tip. The K4 trace flattens near to the middle of the
blade passage and the average blade loading at this location is
significantly reduced from that shown in Figure 75c. However,
the blade trace and average loading at R=0.8 is much the same
as was observed at the lower flows of Figures 75a and 75C.

The vaned diffuser tests of Runs 7 and 9 experienced stage
choke at flow rates just slightly above the conditions displayed
by Figures 75¢ and 4. It is clear that the stage choke (impeller
plus vaned diffuser stage) is caused by choking of the diffuser.
At stage choke the impeller inducer has not vet experienced any
appreciable choking behavior.

211 of the data shown in Figure 75 are for the SN 001 imgel-
ler at the "high" Reynolds number condition (Poo = 101.4 kN/m*) .

The data shown in Figure 76 are similar data but for the
low Reynolds number condition, p, =50.7 kN/m®. Figure 76a is
for Test 8.74 at m=0.785-kg/s 298 incidence = 8.5 degrees. The
inducer loading is erratic and the blade is believed to be at
or above stall incidence.

Figure 76b is Test 8.76 where m=0.896 and is very close
to the diffuser choke flow point for the Build IX diffuser con-
ditions found in Run 9. The pressure loading for each channel
in the inducer is nearly identical and does not vary from chan~
nel-to-channel as it does near stall.

Figures 76c and d show the data traces as the inducer is
pushed into choke condition. The same type of pressure trace
distortion is observed in the inducer trace as was seen at the
higher Reynolds number conditions of Figure 75. Figure 764 is
for the impeller deep into choke.
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Table XII iists the test number, mass flow and incidence
conditions for the traces of Figures 75 and 76.

Figures 77 are photos of data traces made with the pres-
sure transducers located near the channel diffuser throat (see
Figure 40). These data are for Run 9 at 80% Np. Similar
traces were not made at 100% Np. Figure 77a shows an oscilla=
tion in the channel diffuser throat pressure of about 46 kN/m
at a fréequency of approximately 80 Hz. This photo is for
Test 9.20 where conditions are just above the "knee" of the
pressure ratio/mass flow curve (Figure 43). As the flow is
brought progressively closer to the surge condition, the ampli-
tude of this pg; pressure oscillation grows. This is displayed
in Figures 77b and ¢ which are for Tests 9.18 and 9.16, respec-
tively. Figure 77c¢ is at a presssure ratio of 4.18 and condi-
tions are at incipient surge.

TABLE XII. ~ CONDITIONS FOR UNSTEADY PRESSURE
TRACES OF FIGURES 75 AND 76

Figure Test Mass Flow Rate Incidence Plenum

No. No. {kg/s) (degrees) Pressure
(kN/m2)

75a, b 8.86 0.772 8.0 101.4

75¢, d 8.94 0.887 3.5 101.4

75e, £ 8.98 0.909 1.5 101.4

76a g.74 0.785 8.5 50.7

76b 8.76 0,896 2.1 50.7

7é6c 8.78 0.901 1.8 50.7

76d 8.80 0.905 1.54 50.7

For Figure 77c¢, the flow condition near to surge, the 2

amplitude of the pressure osgscillation is approximatelg 78 kN/m
peak-to-peak. This assumes an oscillation of 38 kN/m* about a
mean value of py. The measured _stagnation pressure for this
test was approximately 478 kN/m2 and the average throat pres-
sure was 331 kN/mz. This implies a surge Mach number at the
throat of approximately My surge:=0'74' If we assume that pg4
is not changing with time, the above minimum and maximum oscil-
lating values of py imply the following oscillating variation

of throat Mach number: 2
- Py average =331 kN/m2
Pog average:=478 kN/m
M =0.74
4 average 2
Py maximum 370 ¥N/m
=0.62

M4 minimum
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Scale Factors

46.2 kN/m2 per division
10 ms/division - Figure (a)
20 ms/division - Figures (b)&(c)

Photo Test No. Mass Flow

(kg/s)

(a) 9.20 0.545

(b) 9.18 0.532

(¢) 9.16 0.511
{c) pr=4.18
Incipient

Surge .
RIG
"OR QuALTy

Figure 77. Time Unsteady Pressure Measurements at the
Build IT Channei Diffuser Throat — 80 % ND
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=292 kN/m?
=0.87

Py minimum

M4 maximum

These oscillations in throat pressure are believed to be
of the same type and nature as have been reported to occur in
other high pressure ratio stages, e.g., References 22 and 23.
The implication is that the mass flow rate through the diffuser
channel is also oscillating in synchronism with the pressure
trace; i.e., the mass flow rate is periodically unsteady. From
the measurements made on this stage we do not know the true
nature and cause of the observed throat pressure oscillations.
For the high pressure ratio stages studied in References 22 and
23, rotating stall in the diffuser was eliminated as the cause
of the periodic throat pressure oscillations. In fact, in
Reference 22 it was concluded, from hot-wire measurements made
in the inlet to the stage, that the stage mass flow did fluc~
tuate in synchronism with the throat pressure oscillations.

If a periodic unsteady flow rate is considered character-—
istic of this stage at high pressure ratio near to surge, then
the stage flow rate oscillation should be reflected in the
dynamic static pressure recordings made in the inducer because
of periodic variation in the inducer incidence. This cannot
be checked with the existing inducer data since inducer traces,
which presumably would indicate a periodic variation of blade-
to-blade loading, in synchronism with the diffuser oscilla-
tions, were always taken at high sweep rates. These high sweep
rates, for which approximately 10 blade passings are recorded,
thus correspond to only about 1/20th of a single diffuser oscil-
lation at 80 Hz, and therefore the blade loadings would appear
about constant anyway.

There remains a final possibility that the impeller is
producing an unsteady pressure rise into the diffuser while
the flow rate remains essentially constant. Foxr this to occur
would require a periodic vibration in the static and stagnation
pressure produced by the impeller. While we do not have data
to document this characteristic for the present impeller oper-
ating with the vaned diffuser geometries, Reference 22 d4id
document that for the throat pressure oscillations observed
for that stage, the stagnation and static pressure rise pro-
duced by the impeller were constant.

Measurements to document further the time dependent pres-
sure and flow characteristics of this stage during the precur-
sor period prior to surge would appear desirable.
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CONCLUSIONS

This report describes the analysis, design, and procedural
efforts of an experimentald program to adopt laser velocimeter
technigques to the aerodynamic investigation of the flow through
a small, high speed, high pressure ratio centrifugal compressor.

In part the program has been successful:

1} The laser velocimeter equipment designed can make
velocity measurements in high velocity flows and
in close proximity to solid surfaces.

2) The aerodynamic study of the 8:1 pr compressor
using detailed time-average and time-dependent
pressure measurements has revealed useful informa-
tion about the fluid dynamic performance of the
centrifugal stage components.

However, the program has not been successful:

3} in making the detailed aerodynamic measurements
of the compressor impeller and diffuser velocity
fields, and

4) demonstrating the feasibility of using this equip-
ment as a reasonably cost effective and practical
experimental tool for the rdutine study and improve-
ment of small, high speed, high performance turbo-
machinery. - )

LASER VELOCIMETER EQUIPMENT

The important characteristics of the velocimeter design
which are of interest to its application to small turbomachin-
ery are as follows: .

The LV instrumentation has been optimized to permit the
measurement of instantaneous velocities up to approximately
500 m/s, measured in absolute coordinates. The LV eguipment
accomplishes the velocity measurement with a non-contact pro-
cess. One of the most important motivations for using the Laser
velocimeter in compressor aerodynamic studies is that the non-
contact process does not disrupt the flow. This is believed
important in small compressors since even the use of the
smallest probes used for conventional measurements in this
type of hardware have been shown to seriously disrupt the aero-
-dynamic performance of the machine. BAlso the ability to make
measurements of velocities within the rotating impeller for this
class of pressure ratic compressors is not possible with any
other technigue. '
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The optics design has established a measuring wvolume that
is an ellipscid of revolution with a minor diameter (width)
of approximately 0.06 mm. This small probe volume necessi-
tates the use of small seed material on the order of 0.75 pm
number mean diameter required to accurately measure the flow
velocity. )

In the inlet and approach flow regions of the compressor,
where the velocity components are primarily axial or tangen-
tial, the laser beams are oriented such that the probe volume
"length" is approximately in the radial direction. The probe
volume "width" dimension is approximately oriented in the
direction of the flow and therefore produces good resclution
of the flow velocity field. In the radial diffuser flow
region of the compressor, the laser beam orientation places
the probe volume "length" across the flow from cover to hub
wall while the probe volume minor diameter or "width" lies
in the flow direction or radial plane. Since the diffuser
depth is shallow, the long "length" dimension of the probe
volume affects the velocity field resolution from cover to hub
wall. However, even in the present compressor design where
the diffuser passage depth is only 3.22 mm, it should be pos-
sible to obtain about four distinct non-overlapping velocity
measurement regions between the front cover and rear hub walls.

The mechanical system design has been configured so that
the probe volume can be positioned accurately relative to the
compressor hardware. Electronic strobing equipment has been
designed and fabricated to permit repeated measurements of
the flow velocity at any fixed point within the flow regions
described above and at a fixed position relative to the rotat-
ing impeller. The strobing system allows for a minimum of less
than 0.5% of blade pitch rotation of the impeller for a single
velocity realization using the 19-bladed impeller, rotating at
53,000 rpm. Measurement times required for a single velocity
realization are approximately 0.1 ps at 200 m/s and approxi-
mately 0.08 pus at 500 m/s.

The output of repeated LV measurements at a point permits
the development of a histogram of the flow velocity vector
located relative to the rotating impeller. Analysis of this
histogram developed over time then allows the calculation of
the mean velocity of the flow at this point, assuming that.the
flow is steady or periodic at the blade passing freguency rela-
tive to the rotating impeller. Statistical analysis of the
histogram also permits evaluation of some properties of the
unsteady and fluctuating flow.

While some measurements have been made within the diffuser

and impeller inlet regions of the 8:1 pr compressor, sufficient
measurements to obtain the details of the velocity fields in
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these regions have not been successfully accomplished to date.
The depletion of seed particles in the LV probe volume with
time and unstable operation of the acoustic (A/0) modulator
during gated operation of the LV system appear to be the causes
of the inability to obtain LV measured data.

Although the seed particle rates drop to low values after
prolonged operation of the LV system, this does not seem to be
the primary cause of the problems experienced in obtaining LV
data to date. The misalignment of the optical system caused
by drifting of the A/0 modulator, on the other hand, completely
prohibits the acquisition of LV data during gated operation and
is a problem that has only recently been uncovered.

COMPRESSOR AERODYNAMIC PERFORMANCE

The time-average temperature and pressure measurements and
the time-dependent pressure measurements made on the 8:1 pr stage
have revealed the following:

The compressor impeller appears to meet its design point
characteristics of pressure ratio and efficiency but at a flow
rate lower than design. Using the calculated incidence values
at the inducer blade tip, the flow rate at which good perfor-
mance is obtained agrees with the flow rate at which design inci-
dence Byy is actually obtained; unsteady, time-dependent pres-
sure transducer measurements verify these flow rate/incidence
measurements. The efficiency 'and-pressure ratio measurements
are based upon the static pressure p) measured at the impeller
exit which is used to.calculate the mixed-out impeller exit
total pressure pyox- ;

The vaned diffuser (Build II) performance does not meet
design specifications. The diffuser pressure recovery(ZJDiS
low by approximately 8 points, compared to the design point
recovery of 68.8%, when based upon the calculated pgpx mixed-
out stagnation pressure. The channel portion of the diffuser
appears to attain the proper pressure recovery at the lower
flow rates near to surge, based upon the measured values of
throat static and total pressures and diffusexr flow blockage
factors. At higher flow rates, the diffuser chokes and goes
supercritical with a shock located in the diverging portion of
the diffuser which destroys the diffuser recovery. Although
the impeller inducer chokes at a flow rate just slightly higher
than the original design flow rate of 0.907 kg/s, stage choke
is brought on by the choking of the diffuser.

Overall stage total-to-static efficiency at 100% Np is

75% compared to design intent of 77% (see Figure 78 which is
a repeat of Figure 43). The low efficiency appears attributable
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to the loss in stagnation pressure between the calculated value
at impeller exit and the measured value at the diffuser throat.
Similar vaneless/semivaneless stagnation pressure loss has been
observed in other high pressure ratio, vaned centrifugal stages
and is believed connected with the transonic impeller exit mix-
ing conditions. A similar stagnation pressure loss was also
measured between the impeller exit and pp4 measurement in the
vaneless diffuser tests; this fact may indicate that the loss
process is basic to the impeller exit mixing out process or
that po2* is improperly calculated using the impeller exit static
pressure., There is no evidence, however, for a fundamental
error in the calculation of Po2* based either on fluid dynamic
principles or the evidence in the literature on ijet/wake mixing,
Additional measurements using total pressure probes at smaller
radius ratios approaching closer to the impeller exit are needed
to resolve this gquestion.

Flow range from choke~to-surge was lower than design intent
(6.8% compared to design of 12% with the Build II diffuser con-
figuration). The diffuser chokes at a lower flow rate than de-
sign. ©Near surge, measurements of the pregsure field in the
semi~vaneless space reveal strong shocks standing on the vane
suction surface just upstream of the diffuser throat; the
strength of these shocks appears sufficient to induce boundary
layer separation at flow rates approaching the surge flow rate.
It is hypothesized that separation induced by such shocks could
be the initiator of deep surge. Future efforts should be di-
rected at establishing diffuser designs for this stage that
provide sufficient flow range to cheoke flow conditions and elim-
inateor mitigate the high Mach number accelerations and shocks
on the vane suction surface in an attempt to extend flow range
to surge,

Finally, unsteady, time-dependent, pressure measurements
at the location of the diffuser throat at 80% Np reveal strong,
large amplitude, constant frequency, pressure oscillations as
the stage flow approaches surge. These pressure oscillations
are similar to and believed to be of the same type and nature
as have been observed in other high pressure ratio stages and
reported in the open literature. It is believed that these
precusor pressure oscillations possibly may be connected with
(1) simultanecus flow rate oscillations throughout the entire
stage, or (2) with an unsteady pressure rise produced by the
impeller into the diffuser, or (3) with rotating stall in the
diffuser and, in any event, are strongly connected with time-
dependent, unsteady flow phenomena that are fundamental to the
onset of stage surge in high pressure ratic centrifugal machines.
These oscillations and other unsteady flow behavior need to be
further explored and understood to provide a better basis for
understanding and eventually extending surge range.
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APPENDIX A
ACOUSTO-OPTIC MODULATOR DESCRIPTION

The Acousto-Optic modulation system includes an electron-
ics cabinet and a Bragg angle glass cell., The electronics
delivers a 40 MHz signal to an electrical gate which is oper-
ated on by the input gating signal from the data gate control
panel. The acousto optical head is designed to be mounted to
the Spectra-Physics laser with a threaded adaptor. The output
RF signal from the modulator is launched into the glass inter-
action medium by an array of transducers bonded to the glass
block. An alignment knob varies the "tilt" angle of the block
to the laser output so that the condition necessary £for Bragg
angle diffraction is satisfied. When the laser output is prop-
erly aligned to the grating produced by the ultrasonic vibra-
tions, light is diffracted into the first order. The amount of
light diffracted to that position is dependent upon the ampli-
tude of the ultrasonic wave. The angular separation between
the undiffracted beam and the diffracted beam is proportional
to the wave length of the radiation, the ultrasonic wave fre-
quency and inversely proportional to the acoustic velocity in
the medium. The diffracted beam is aligned to an external
aperture which then absorbs the undiffracted beam.

Specifications. Below are a set of abbreviated specifi-
cations for the acousto-optic modulation system used in this
program.

Name of Parameter Brief Description of Parameter

Bandwidth dc to 3.5 MHz based on a beam
diameter of 0.8 mm at the 1/e?
points .

Rise Time 200 ns for a beam diameter of
1.5 mm at 1/e? points

Extension Ratio 10,000 to 1

Diffraction Bfficiency 85% at 633 nm

Dynamic Efficiency 80%

Input Impedance ' 50 ohms

Carrier Freguency 40 MHz

Carrier Power 2 watts (maximum)

Diffraction Angle 6 mrad at 514,5 nm



APPENDIX B
DATA GATE CONTROL - THEORY OF OPERATION

General Description. The data gate control (DGC) gene-
rates gate pulses of known delay and duration for the purpose
of strobing data into and out of the data acgquisition elec-
tronics. A trigger pulse is generated from an optical blade
position indicator for each revolution of the impeller. Using
this trigger as a synchronization pulse, the wheel speed is
measured for one full revolution (CYCLE 1). During the next
revolution (CYCLE 2), the calculated speed is multiplied by
the desired gate delay. On the third revolution (CYCLE 3),
the gate is opened for a predetermined width after the initial
delay. Figure B-1l is a functional block diagram of the oper-
ation of the system.

Trigger Detection. Blade passage is sensed by an opti-
cal method. ILight directed down a bifurcated fiber optic
scanner is reflected by a passing blade tip and detected by a
high speed photofet. This analog signal is applied to a high
speed comparator, which is used as a line driver between the
remote optical detector box and the gate control panel (approx-
imately 8 meter separation).

Cycle Control Circuitry. A second comparator terminates
the transmission line from the detector box to a single line
digital pulse. These digital pulses are applied to a mode
three counter which enables and/or disables the 3 CYCLES of
the gate control in their proper sequence. When the mode con-
trol switch on the front panel is in the "CONT" position, the
data gate is always enabled and the trigger pulses are inhib-
ited from the cycle control counter. Returning the mode con-
trol to "1" or "100" reinitializes the cyecle control counter
and enables the digital trigger.

CYCLE 1 - Compressor Speed. The compressor speed is
measured by a 16 bit counter which is enabled by the first
digital trigger pulse (start CYCLE 1) and disabled by the
arrival of the next trigger pulse (staxrt CYCLE 2; stop CYCLE1).
The counter's clock is a 17 _MHz crystal controlled oscillator
with a frequency stability of 0.001% (0°C to 50°C).

The CYCLE 1 counter will overflow at 216 (65536) counts,
therefore a compressor speed below about 15,500 RPM will cause
this overflow. If this does cccur, a front panel light is
energized and CYCLE 3 is inhibited keeping the data gate closed
until the overflow condition is eliminated.
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CYCLE 2 - Gate Delay . CYCLE 2 is initiated at the com-
pletion of CYCLE 1. The 16 bit binary number in CYCLE 1 counter
is transferred to CYCLE 2 where it is digitally multiplied by a
16 bit number representing the fraction of a cycle the gate is
to be delayed. Only the most significant 16 bits of the product
are saved and transferred to CYCLE 3. The product transfer
occurs at the completion of the multiplication routine and
before the end of CYCLE 2.

The fraction of cycle 16 bit number is entered by means
of five thumbwheel switches on the front panel. The switches
are direct reading and internal circuitry converts the selected
decimal number (in percent of cycle delay) to its fractional
binary equivalent. This conversion routine must be manually
enabled each time a new delay time is selected or on power up.
A front panel switches is used to accomplish this.

CYCLE 3 - Gate Operation. The arrival of a third
trigger pulse ends CYCLE 2 and starts CYCLE 3. A 16 bit
counter preset during CYCLE 2 with the multiplication product
is enabled, and counts at the 17 MHz rate. Carryout of the
16 bit counter causes a gate flip/flop to toggle (GATE OPEN).
The output of the gate flip/flop is buffered and connected to
the GATE OUT jack. This carryout also enables the three
decade gate width BCD (binary coded decimal) counter which
has been preset. Presetting is accomplished by thumbwheel
switches on the front panel. The dials are direct reading
in 17 MHz clock pulses. Thus, the pulse width will be the
setting times 58.82 ns times M, where M is 1 or 100 depending
on the mode control setting. When M = 1, the gate width
is adjustable from 58.82 ns to 58.76 us. Setting M = 100
causes the 17 MHz clock to be divided by 100 before being
applied to the 3 decade BCD counter. In this mode, gate
width is adjustable from 5.88 us to 5.88 ms.

The gate will not be closed by the ending of CYCLE 3,
but will only close on the carryout of the BCD gate width
counter. The cycle control circuitry will proceed to CYCLE
1 and then CYCLE 2. If the gate is still open, it will pro-
ceed through a dummy CYCLE 3.

Modifications. The data gaté control circuitry has
been modified to permit gating for each blade passage during
CYCLE 3 instead of once during CYCLE 3., If the selected
gate width is greater than the blade pitch, only the first
gate, following the initial delay, will be enabled. The
logic then follows the same procedure as the original
scheme. Tt is possible to select either the original "once
per three" operating mode or the new "once per passage per
three" from a front panel switch.
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Power Supplies. Logic power is supplied by a 5 volt,
5 ampere, modular supply. The comparator is supplied by
an encapsulated + 15 volt source,
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APPENDIX C

DESCRIPTION OF DIVIDE-BY-TWO AND
DOPPLER FREQUENCY PROCESSOR

DIVIDE-BY-TWO_{+2)

The function of this module is to reduce the maximum de-
tected Doppler frequencies to a level which may be processed
by the Doppler frequency processor (DFP). In practice, the
+2 is selected manually, or not, depending on the mean Doppler
frequencies observed on the oscilloscope, If£ the frequency
is above about 80 MHz, the +2 is directly coupled to the out-
put of the photomultiplier tube (50 ohm impedance matched) and
the divided output is sent to the DFP (also through a 50 ohm
match) .

Figure C~1 shows a block diagram of this circuit. The
high frequency signal is first stripped of its pedestal with
a 10 MHz high-pass filter. The zero centered signal is then
applied to an in-house assembled, three-stage amplifier and
then to a level shifter which makes the DC level compatible
with the emitter-coupled logic (ECL) divide-by-two flip/flop.
Finally, the divided signal is level shifted, buffered and
sent through a 50 ohm match for fregquency measurement.

Output from this +2 may be controlled by the data gate
control (Appendix A). Alternatively, an internal gate may be
applied, allowing "continuous" signal output; then the DFP is
controlled by the data gate circultry.
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DOPPLER FREQUENCY PROCESSOR

(text adapted from manufacturer's manual)

The Doppler frequency processor (DFP) consists of two
major componentss:

1) front end detection module (FED), and
2) logic and output display module (LOD}.

The front end module accepts a Doppler burst from the photo-
multiplier or divide-~by-two and produces a TTL compatible
square wave pulse train corresponding to the passage of a
particle by adjacent interference fringes.

The logic and output display module measures the passage
time for the completion of a preset number of square wave cycles
to occur (5/8 oxr 10/16) and outputs either this time directly
or its inverse {(the Doppler frequency). In addition, the data
is validated by comparing the measured times to complete five
pulses and eight pulses (alternatively ten and sixteen pulses
may be selected).

OVERALL SPECIFICATIONS

The system provides analog and digital output of Doppler
frequency or its inverse for individual particles at a maxi-
mum rate of 1 MHz. The doppler frequency range is from 1 kHz
to 100 MHz. The instantaneous accuracy of the system (single
particle measurement) is 1% up to 8 MHz and drops to 10% at
80 MH=z.

Average readings are accurate tc 1%. The LOD module
incorporates two separate counters which measure the particle
passage time for 5 and 8 interference fringes. If these times
differ by more than a preset amount, the measurement is ignored.
A multi-position switch is used to set the comparison thres-
hold, with the error allowed being up to 10 bits, set in one
bit increments. The scale is selected automatically by the
1.OD module. Readings which are out of range are ignored to
eliminate the possibility of including saturated values.

An output is provided to signal the user when the data is
valid, TIn addition, two displays are provided for direct
visual output of average velocity or time, and error or data
rate. The FED module removes the pedestal from the Doppler
burst and limits the resulting signal, providing a square
wave output compatible with the LOD module.

167



168

Description of Operation - FED Module. The Doppler burst
presented at the input 1s passed through a high-pass filter to
remove the superimposed lower frequency pedestal waveformwhich
acts as an envelope to the Doppler burst signature. It is then
amplified and the resulting signal is then electronically lim-
ited about the zerc crossing point (subject to the hysteresis
added to eliminate switching of the Schmitt trigger due to
noise).

Prior to the high pass filtering, the amplified Doppler
burst is passed through a buffer amplifier and presented to a
comparator to determine if it exceeds a preset threshold
height. If the threshold is exceeded, the overload output is
driven to ground indicating to the LOD that the data being
processed should be ignored.

Description of Operation - LOD Module. The LOD module
consists of two timers, validation circuitry and control logic.
Tt is entirely digital with the exception of a portion of the
auto range circuitry. WNormally a burst of TTL level pulses
corresponding to the Doppler burst is presented at the input.
At the occurrence of the first pulse, a 100 MHz clock is gated
to two counters. When 5 pulses have occurred, the first
counter is stopped, after 8 the second counter is stopped.

Each counter consists of 20 bits; however, only 8 bits
are selected depending on the scale setting. When the counters
are stopped, the 8 bits from each counter are compared to deter-
mine if they are in the proper 5 to 8 ratio. The allowable
error is set by a front panel adjustment. If the allowable
error is exceeded, the data is ignored, the counters are reset
and the input circuit is enabled to begin another reading. If
the readings are validated (within set error limits), the out-
put (10 bits) from the eight pulse counter is strobed into a
storage register. . —

These data are then presented, along with the scale, to
a digital output located on the rear panel. In addition, they
are converted to an analog signal. When the D/A converter has
settled, the data ready line, which was brought to the high
state as the data was strobed to the storage register, is
lowered indicating the data are valid. The analog signal is
passed through a divider to convert the time measurement to
frequency. Either time or freguency may then be selected at
the front panel. The selected signal is low-pass filtered and
the voltage level is displayed on the front panel in comnjunc-
tion with the appropriate exponent.



Bach time data are taken, the result of the comparison is
stored. The result of the last 1,000 samples is stored to yield
the percent of signals which are being validated.

At any time prior to data validation, a negative signal
on the reset inputs will cause the data to be ignored; the
counters will be reset and the input circuitry will be enabled
for the next measurement.

In the data rate mode, the number of wvalidated readings
occurring during a one-second intexrval are calculated and dis-
played on the front panel., The display covers two ranges, 9.9
kHz full scale and 999 kHz full scale. The range is automati-
cally determined and the reading is directly in kHz.

Modifications. During the course of working with the
DFP several modifications were made to improve its operation.
One of these was to provide a new FED module with an input
amplifier (Gain=10 or 1) and improved high~pass and low-pass
filters. The second modification was in the discrimination
logic to permit processing of Doppler signals based on the
sequence of zero and threshold level crossings, rather than
only a 5/8 comparison.

S
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APPENDIX D
D-1, LV INSTRUMENTATION SYMBOLS AND NOMENCLATURE

b, = impeller tip depth
C = absolute velocity
Cl = absolute velocity vector measured with LV in

orientation (1) ;

c = absolute velocity vector measured with LV in
orientation (2)

Cog = jet absolute velocity at impeller tip
Cow = w&ke absolute velocity at impeller tip
Cox = mixed out absolute velocity
Cy = absolute velocity at diffuser throat
Ca1 = absolute velocity at impeller inlet, axial
c = speed of light
Dy = Airy diameter of focused laser bheam
D, = laser beam diameter at beam splitter
Dy = laser beam diameter at focusing lens
d = length of side of beam splitter prism
f = frequency or focal length, in context
fa = gum frequency of beam a
fb = sum frequency of beam b
fc = clock frequency
AfD = differential Doppler frequency
fL = frequency of laser radiation
s ‘= scattering frequency
L = probe volume length
N = impeller rotational speed or number, in context
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number of fringes in probe volume
index of refraction

index of refraction

number of occurrences

probability of occurrence of argument
radius

impeller inlet hub radius

impeller inlet tip radius

impeller discharge tip radius
diffuser vane island tip radius
spacing between beam at beam splitter
fringe spacing

ith velocity in a distribution
mass averaged velocity

mean velocity in a distribution
impeller velocity
fluctuating component of Ui
velocity of jet

velocity of particle in probe volume

fluid velocity relative to rotating impeller

diffuser threoat width

probe volume width

probe volume width transverse to plane of measurement
nominally parallel to compressor axis

perpendicular to the axis in a horizontal plane

perpendicular to the axis in a vertical plane
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o = ghsolute flow angle relative to axis

B = relative flow angle

Y = angle between total absolute vector and impeller direction
) = angle between C, vector and total absolute velocity
£ = measurement error

62 = diffraction angle in beam splitter

A = wave length of radiation

O = frequency processor probable error

O = sample standard deviation

0. = turbulence level of histogram

& = total included angle between input beams

1] = angle between beam bisector and detector or Cl

velocity vector relative to compressor
reference axis, in context

Subscripts

la

= direction vectors relative to scattering particle
1b
c = gorrected value

total= total velocity probability distribution broadening

pre = axial direction
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D—-2. CREARE CENTRIFUGAL COMPRESSOR MODEL NOMENCLATURE
AND CDR2 INPUT/QUTPUT NOMENCLATURE

A flow area (normal to mean velocity vector,
specifically defined)

Aeff effective area = "one dimensional" cross-sectional
flow are

Ageom geometrical cross-sectional area
ARi impeller passage geometrical area ratio (inlet
to outlet)
ARequiv equivalent impeller one dimensional flow area ratio
AS, channel diffuser throat aspect ratio (b/W for radial-
plane divergence; W/b for meridional-plane divergence)
a acceleration
a speed of sound
B boundary layer blockage:
_ Beffective
B = l-—A
geometrical
b - meridional depth of passage (normal to mean
meridional velocity component)
BF blockage factor:
B = Aeffective
F A .
geometrical
C absolute velocity (relative to a Newtonian frame,
e.g., compressor casing)
Cg wall friction coefficient:
C, 5 —t—
£7 pwl/2g,

where:
W is measured relative to subject wall
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pressure recovery coefficient:
c = P~Prof
P (Py = Plrer

where:
measuring and reference states and stations
must be specifically defined

specific heat at constant pressure
torque coefficient, friction

diffusion ratio:
DR = (Wl/wsep) t

energy
impeller effectiveness: MRZ/MR2i
force

proportionality constant in Newton's Second Law
F= Ma/go

boundary layer shape factor = §*/0

boundary layer shape factor for incompressible
flow before transformation to compressible flow

static enthalpy/unit mass
stagnation enthalpy/unit mass

total enthalpy/unit mass {(in a coordinate system
rotating in Newtonian space in absence of electricity,
magnetism, gravity and capillarity):
Wz---u2
Pp TR T T

incidence angle of flow onto blades:
constant =1: (778 ft—lbf/Btu)

ratio of specific heats



LPp-

MR

MRy 4

MrelZi

pPr

diffuser centerline length (from throat to exit plane)

impeller load parameter:
LP =1r,Q/W,2;

length of channel diffuser throat, see Figure 3
Mach number
mass

distance along specified meridional trajectory
(often streamline of potential solution)

mass flow rate

Mach number ratio = Mrel 1t /Mrel 23

Mrellt/Mrel2i

ideal impeller discharge relative Mach number for
a given impeller geometry, m and N and for isen-
tropic internal flow; discharge blockage

8. =only blade metal blockage, uniform discharge
s%ate and 62==Bb2 mean line

shaft speed

specific speed
NJQO

3/4
(Ah )

NS=

where:
N =radians/s: (rpm) 3 3
QO = inlet flow=mp_, in m”/s: (£t~ /s)

Aho==ideal stage enthalpy rise in joules/kg:
ft-lbf/lbm

static pressure
stagnation pressure

pressure ratio
pr = P/Py,
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= total pressure; a rotating coordinate property
defined by (for perfect gas):

K
P TT k-1
— = (=)
Poo Too
q dynami¢ pressure:
1 2
= =— pC
q 29, P
0 heat
R radius ratio, r/r2
R gas constant
°C,°K degrees
r radius
r radial coordinate (see Figure 1)
S distance between impeller blades:
S = 2mx/2
SP stability parameter: SP = (3pr/om)/pr
S entropy/unit mass
T static pressure
T, stagnation temperature
TT total temperature (defined by hT and c_ for a
perfect gas) P
t blade thickness (in direction specified)
=8 blade (metal) thickness
u impeller (metal) velocity
W diffuser throat width (in radial plane)
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relative velocity (in coordinate system rotating
steadily in Newtonian space)
total shaft work per unit mass of fluid

work input to impeller per unit mass of fluid

slip velocity:
VS =C, tan Bb2 ~Wys

axial coordinate (see Figure L}

number of blades

absolute flow angle (see Figure 1)

relative flow angle (see Figure 1)

pitch angle in me;idional plane (see Figure 1)
boundary layer displacement thickness

wake width

effectiveness (for impeller ei==MR/MRi

efficiency:

h -h
oS 00

n=—"x
X

(measuring stations must be specifically defined)
boundary layer momentum thickness

tangential angular coordinate (see Figure 1)
diffuser divergence angle

swirl parameter:
A= Ce/Cr
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W work input coefficient:

M, = e
i " 2
u”/g,
EwrL Welliver Loss coefficient = (Poz*-PO4)/(P02*-P2*)
g vorticity or loss coefficients:
Ap
g = _...-...-.-..-.-9--—-
IGV (PO"P)l

TML impeller-tip Mach number:

™i = u,/a

2’ Too

ol density
Py stagnation density
o slip factor:

o=1- Vs/u2
T fluid shear stress
T torgque
P vaw angle (between velocity vector and null

direction of flow angle measuring probe)

Q impeller angular velocity
Subscripts
0,1,2,
3, - stations in the stage (see Figure 2)
b blade property
bf backflow
CL centerline
c cover
coll collector station (receiving volume after diffuser)
crit critical value (must be specifically defined)
D diffuser
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dm

eff

geom

Iw

IGV

le

rd

ref

rel

(impeller) discharge mixing
effective

friction

geometrical

hub

inlet or impeller

ideal

internal wake (loss

inlet guide vane property

jet

leading edge

mean

normal thickness

stagnation

pressure surface of blade
polytropic

radial component (see Figure 1)
rear disc (friction)

reference state or station (muét be specifically
defined)

relative to impeller coordinates

indicates that process follows an isentropic path
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s suction surface

sep flow separation value

surf surface property

T total (see definitions of hT' TT, and pT)

t tip or throat

TS total to static (efficiency)

T total to total (efficiency)

WL Welliver loss

\ wake

X upstream of shock (e.g., Mx) or axial component
(see Figure 1)

v ) downstream of shock (e.g.. My)

0 tangential component (see Figure 1)

Superscripts

* mixed-out state (must be specifically defined)

** impeller discharge state including all work input

from fluid angular momentum, cover and rear disc
friction and back flow

! time-varying property

instrument-indicated property

n, mass—~-flow-averaged property

- time-averaged property

area—averaged property

-+ vector quantity
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Miscellaneous

in natural logarithm

log base 10 logarithm

exp exp a = e

e base of the natural logarithms (e=2.71828...)

£( ) function of ( )

tan_l( ) inverse operator: o= tan—ll mean tan o = A

A incremental (but finite) change

d incremental (but infinitesimal) change,
total derivative

0 incremental (but infinitesimal) change, partial
derivative

L 3.1416..
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D-3, CDR2 COMPUTER OUTPUT LISTINGS

The following pages provide CDR2 data reduction listings
for selected compressor stage tests for Runs 6, 7, 8, and 9.
See Table IX of the report for a description of the stage con-
figuration used for each series of tests.

Table D-1 lists the CDR2 data presented in this appendix,

TABLE D-1. - LISTING OF CDRZ DATA
Run Test Speed (2 Np)

6 6.01 50%
6.06
6.09
6.14

6 6.20 80%
6.24
6.29
6,33

7 7.02 100%
7.10
7.12
7.16

8 8§.32 50%
8.36
8.40
8.44

8 8.58 80%
8.64
8,68
8,72

8 8.46 90%
B.48
8.50 -~
8.56

8 8.86 100%
8.90
8.94
8.96

continued
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TABLE D-1. - LISTING OF CDR2 DATA (CONTINUED)

Run

Test

Speed (% Np)

a

5.02
2.06
2.08
9.10

9.14
.18
9.22
9.30

9.36
9.38
9.42
9.32

50%

802

100%
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CDR24+ fPROJEGT33054 406,01 HAVE PIT ZBF SI UNITS..,10/10/78 KDA

INPUT WALUES

FoO= 101353, Pl= 100044, FXa 1483513, PAx 123106,
Fp4m 195990, PSw 5B94.74 PaoSa 128787, PCDOL= 128787
T00= 2B8.141 TCOL= 357,222 M=x @ 255828 M= 3981.97

U= .2 iLc= ¢ Wa= Q.137707 B4z 3.2250 £-3
BiB=-56.3 D2p=-30. ALPHY= 0 b2= 3,2259 E-3
PRz 1.27048 REEP= 4,39494 E-2 RiH= 2.15002 E-2
R1T= 4.394%4 E=2

RI= 0.079756 & DLADES~ 19 ¥ DIFF= 17
INDUCER YIP

TTREL= Z8E8.077 PTREL= 101275, HRELIT= 0.335298
EIT= 4%.5177 RCTx= O HiT= 181.B75

P1T= 100044, TiT= 2886 937 H1T= 0.14574
B1T=-74.20L3 IT= 17,9013 UiTk 175,006

F10T= 101353. IKEa 0.238359

IMFPELLER TIP

CT24= 189.349 CHZJ= 134.443 C20= 232,234

Clu= 292,723 CH2U~= 50,7372 CY2u= 280.293

W2u= 58.58463F U2Ja 185.808 - UT2Wx 29,2931

PO2J= 194753, MREL2J=m 0,517392

T2J= 321,222 T02Jz 348,008 H2J= 0.54724 U2= 317,598

PD2W= 223517, M2W= 0.789309 Er 0.415437 POZHA= 202126

T2Ue I4A.559 TO2W= 387.036

HR= 1.03451 HRIF 1.24792 TH= 1.3208 E-23 DR= 1.02¥18
WZEP= 174,72

STATES AFTER HIXING

T2¥= 529,244  702%x 355,828 TO2kk= 357.19G
P2¥= 151493, PA2f= 198968,

HIk= 0,435904 DPO2= X137,92

LY2%= 207.138 CH2&= 98,7247 C2i= 231.267
T0283~TCOLE—2, 42911 E-2

L= 2.11B3%

SIG%= 0.B32

WX= 47387.3 HFC= (550.0% UFRD= 1325.07 UBF= 54.819

DIFFYSER

Fam 123106, Hom O.841B4F  B= 7 50869 E-3

Dx= 1.08155 E=5 CP2kA=-0.5%77 H3=2 2.5594

CPAC= 7.77471 E-2 CPD=—0.47808

FO4= 195%50. WL= &.31081 E=2

EFFICYENCIES

DETSBF= 7,90021 E-4 DETSFC= 2,29154 E-2 DETSWL= 2.18811 E-2
TETGRD= 1,90942 E-2 DETSIW £.118513

DETSD= ©¢.5790811 DETSF® 54,2011 E-2

DETSDM= 2,24577 E-2 DETSIU= 5,11534 E-2

ETT= 0.292576 ETE= 0.29257& ETTI= 0.803367

x

CIR2...FROJECT$3305..,4.07 MAVE P1T ZBF SI UNITS.. 10/£0/7B KBA

IKFUT ValLyuEs

Foom 101353, Pl 100745, P2= 152584, PAa 124499,
FPO4= 205498, P3= &4874.76 FOS= 193894, PCOL= 193BF4.
TO0= 2EB, 141 TEQL= T52.058 Hm 0. 175447 H= 3748.14

HW/Ha 0.2 LCw O Wéx 0137709 B4w 3.2258 E=3
BiPw-54.3 B2B=r~30 . ALPHT=2 O EZ= 3.2258 E-3
Pha 1,71306 REEP= 4.3947& E-2 RiHx 2.14002 E-2

RiTm A.37496 E-2
R2= Q.079758 4 BLADES=a 1% 4 DIFF= 17

INDUCER TIF
TTREL= 288.0%9 FTREL= 101275. HRELITa 0.521433

CITa 34.5853 RCT= @ UIT= 177.334
PiT= 1030745, TiT= 287 493 H1T= O 107575
B1V=-70.654 ITu 21.774 UlT= 173.517

P10T= 101353, IKE= 0.2131731
INPELLER TIF

CT2J= 202,907 CH2J= 123.201 (C2J» 237.304

C2W= 301.:414 CH2W= 25.1592 CT2W~ JO0 J&2

UZUx 29,0514 U2Ja 154,468  UT2W= 14.3257

PO2JFe 204287, HREL2J= 0.441808

TZJt= JF2T.761 TO2J= 351 741 H2J= 0.&%9721 UZa 314.888

PD2U= 2341845, HIUz 0,G0P211 E= ¢.048544 FO2HAL 210247,

T2Wa 348,473 TO2W= 393,504

MAr 1.12911 HRE= 2,55248 TR= 1.3208.E-3 DR= 1,11748
WSEP= 15H.542

STATES AFTER HIXING

T2¢= 333,329 TO25= 340 11  TO2+k= 342,034
P2x= 156444,  PO2A= 205551.

H2Im 0,.435611 DPO2= A715.97

CI2k= 227.378 [GH2%¥a $6.6509 €24 232,174
TO2¥%-TCDLE-2.195084 E-2

L= 3.33428

SIG¥= 0.8285

WXw 74262.5 UFC= 2293.88 HFRD= 1911.38 WEF= 27,0448
PIFFUSER

P4a 172499, H4a 0.488732 Be= 0.124225

D= 1.75673 E-4 CPR¥4= 0.354803 Hi= 2.02827

CPACE 0.625447 CPO= 0.7415S53

PO4n 205498, L= 1.,07428 E-I

EFFICIENCEES

DETSEF= 3.64176 E—-4 LDETSFCa 3 08858 E=2 DETSUI = 3.4B217 E-4
DEYsAD= 2.57362 £E—2 DETSE= 0.1303546%

DETSD= 7.880%6 E-Z DEFSF= 5.56237 E-2

DETSDH=_ 3.10127 E-2 DETSIU= 4.25582 E—3

ETTe 0.790541 ETS= ¢,770541 ETTI= £.894943t

SRIGINAL PAGE IS
184 OF POOR QUALITY.

CORZ. « \PROJECTEIION 2. 6.058 HAVE FLIT ZBF SI UHETS...10/10/78 KBA

INFUT VALUES

PQO= 101353, Pi= 100367. Fz= 147562, P4= L3478,
PO4= 202018, PS= 4894.76 FOS= 165247.  PCOL= 145247,
Toox 288.141 TCOLE 358,833 H=w O.Z46754 Ha 3924.48

HU = g.2 LCn o W4z 0.137709%  Ba= 3I,2258 E-3
Blg=—356s3 R2B=-30, ALFHT= 0 B2m 3.2258 E-3
PR= 1,43041 RSEP= 4,39476 E=2 REH= 2,14002 E-Z
R1T= 4,3%475 2

E~2
R2m 0,079754 + BLADESw t% 4 DEFF=x 17
INDUCER TIF

TTREL = 288.07% FTREL= 1QLR75, PRELIT= Q.524778
CET= 47 8894 RCT= 0O UiT= 179.013
PIT» 100152. TiT= 287,014  HIT= 0.14092%
BIT=-74.4833  ITo 18.1833 triT= 172.499

PL10T= 101353, 1IKE= 4 225531

IHPELLER TIP

CT2J= 200,021 CH2d= 141.463 L{2J= 245.0856

C2du 290.904 CH2W= 34,1322 CT2Ua 287.537

U2t= S0.95%4 U2J= 181.183  HT2U= 35.4797

POZJ= 2018B5, MREL2J= D.504944

T2J= I20.633  TO2J= 350.447 H2I= 0.4683718 U2= 313,017

PO2uU= 221379, M2J= 0.7B4S78 E= 0.442235 PO2HA= 205623,

T2ua 343.511 TOZU= 385,47

HR= 1.,04324 HRI= L.7B552 7= 1,3208 E-3 DR= 1.93714
USEFR 172,5%%

STATES AFTER HIXIHG

Tok= 327.459 TO2%¥s 357.479 TO2X¥» ISE.BL
P2E= 151648, FO2%= 205992,

H2kx §,4633573 DPO2= 3431,54

CV2#¥= 217.524 CH2x= ?5.1R92 CIkx 237,44
TO2rx—TCOL=-2,34701 £-2

L= 2.28517

51Gk= 0.BT0F

Ux= 71013.5 WFL= 13583.41 WFRD= 1319.48 WBF= 21.3683

DIFFUSER

Faa 133476 H4= 2772104  B= 5.22315 E-2

DE= 7.3I8§28 E-5 CP2¥4==0.34074 HG= 2.72253

CPACx 0, 453535 CPDIa §0.270117

FOAr 202014, HL=-4.85567 E—4

EFFICIENCIES

DETSEFa 3,0090%5 Er4 DETEFC= 2.23002 E-Z2 DETSWL=-1,71737 Ea
DETSRI= 1,85835 E-2 BETSI= 0,115615

DETSD= 0.2746522 DETSF= 4,0883é6 E-2

IETSDHMa 2,53307 E-2 DETSIH= 0.0491

ETT= 0.6077467 ETS= £,&07743 EYTI= O.6B4385
Xx

COR2. . .PROJECTHI30%. .4.14 HAVE F1T ZHF SI UNITS-..10/10/78 KBA

JHPUT VALUES

PoO= 101352, #1= 100238, P2= 140878, P4= 145583,
Pod4= 202830. Bo= 694,74 POO= 174251 PCOL= 175251
ToO= 2898.151 TCOLE 341.3B9 M= §.239043 Ha IP47.9F

HusMe 0.2 LC= 0 W= 0.337709  B4a 33,2258 E-3
B1B=-54.3 B2E==30, ALPRT= ¢ B2= 3,2258 E-3
PrRa 1.73899C RSEF= 4.39496 E-2 RiH= 2.146002 E-2

RIT= 4,394%6 E=2
R2= (.079754 & BLADES= 19 4 DIFF= 17

INDUCER TIf

TTREL= 28B.0%9 PTRELa 101275, HRELITm 0.5328421
CITm 45,5712 RCT= 9 H1T= §79.451

P1T= 109238, TiT= 287 079 HIT= 0.137035
BlT==74.9754 IT= 18,5754 UIT= 173,51

P10T= 101353. TIhE= (,2L9284

IHPELLER TIP

CT2d= 207,012 CH2J= 143.94% C2J= 252,141

C2H= 294.478 CHZWe 40,0444 CV2W= 291,74

WZHs 45.2623 W24= 179.875  WF2Ha 23.1312

POZte 204905, HKREL2J= D.500897

F2J= I21.44B  FO2J0m 353.041 H2J= 9,70257 U2= J14.871

FPOZUs 225157, H2W= 0.792796 E= 0,490477 PO2HA= 210555,

TZU= 344.7564 T02W= I87.752

HR= 1,05577 HRI= 1.86205 TH= I.3208 E~3 DR= 1,048%93
WSEP= 171.271

STATES AFTER HIXING

T2x= 330.898 TQ2%k= JiH7.979 TO2kE= 361,387
P2&= 153534, PO2x= 2056407,

H2e O0.48459 DPOZ= A147.7%

CT2re 223,957 CH2¥k= P1.4772 CZa 241,717
TO2¥¥~TCOL=-2,22734 E-2

Lx 2.24823

S1G+a 0.87%

1WXs 7ISP0.3 WFC= 1873.7L UFRD= 13%4.7& MEF= Z.94105

DIFFUSER
Paz 145593, Hi= 0,704452 b= 3.B4784 £=2

Dym 5.44112 E-5 CP$4=-0. 250465 HI= 2 76304

CPAC= 0.53571 CPO= §,427503

P4 202830, uL= 5.76508 E-2

EFFICIENCIES

NEFSBE= 5.382%7 E-5 GETSFC= 2.27437 €-R DETSWLY 2.40098 E-Z
OETSRE= 3 89531 E-2 DETSI= 0,114905

DETSD= 0,212584 DETSF= 4, 16967 E=2

DETSDH= 2,74715 £-2 DETSIW= 4.75820 E-2

ETT= 0.470%07 ETS= 0.4%3509 £t71a 0.803055


http:1T-7.4.D3

LGIeAL PAGE TS
OF POCR QUALITY

CDR2. . PROJECT #33054 +a5.20 2BF SI UNITS...10s10/78 KBA

IHPUT VALUES

POO= 101353,
Fo4m 470634
T00= 208,157
HitsHe 0.2
Big==55.3
PR= 2.07279

R1T= 4,394325 E-

R2= 0.07%755
INDUCER TIF

TTREL= 288.104
CiT= ¥3.471
PLiTe 95292.2
BlTa=71.3574
F10T= 101353,

IMPELLER TIP

CT24= 332,273
C2W= 457.87
U2U= 80.3I75
PDOZI= SO2003.
T2J= 376.716
POZ2U= 5733%8.
T2U= AZ9.052
HR= 1,22085
WSEPE 243,042

PLr 24292,2 el= 289724, Fa= 244090,
#53-0 POS= 210083,  PLaAL= 210083,
TCOLe 473.222 H= 0.553383 N= £304.86
iC= Q W4= ©.137709  B4= 3.2Z358 E-3
B2p=-30, AEFPHT= ¢ B2= 3,2258 €3

RSEFz 4.394%6 E-2

Z
4 BLADES= 19 4 DIFF= 17

PTRELE 101275,
RCT= O WiTa 292 #4346
TiT= 283.604 HI1T= §.276592
IT= 15.0594 UiT= 2727.096
IKE= 0.2283746

CH2J= 213,475 CRJ= 375,084

CH2U= §9.3048 LCT2W= 462,863
u2t= 271,399 UT2Ua 40,1875
HREL2J= 0.704201

TO2Js 453.554 H2J= 1 01994

HZWa 1.12977  E= 0.4465378
TO24= 535.4356
HRI= 2.35782 TH= 1.3209 E-3

STATES AFTER HIXIHG

T24= 397.073
P2xm 274275,
H2xw 0.948274
CT2xa 358,344

470,069 TOZwk= 473,337
499321

14953.4

142.254 C2f= 39%.568

TOZx=
PO2%=
DPO2=
CH2km

TOZ2t%=TLOLa 1.466%4 E-2

1= 2.51919
SIGk= O.B7&
HXx 197234
DIFFUSER

Pda 2464070,

D¥x—1,404565 E-5

CP4C=-0.2461475
PD4m 479636,

EFFICIENCIES

UFC= 3793.03

MAw §.949920 B=-9,93208 E=3
CR2¥A=-0. 045252
CPD=-0.285244

ULe 0.127441

NETSBE® 4.991 E=4

DETSFC= 2.02048 E~Z

RiH= 2.14002 E-2

HRELIT= 0,845336

U2a 502.85
PO2MA= SL&E274.

DR= 1.20314

WFRD® 3152.52 MBF= 93 28612

Hi= O

DETSWL= 4.08286 E-2

CDR2...PROJECT#3I0S5,..46.24 SI UNETS...10/10/78 KBA

INPUT VALUES

POO= 101353. Fita $5510.7 P2= 259168, Fa= 243236,
FO4= 367997, F5= 0 FPO5® 3021334 FCOL= 02133,
TOO0= 288,151 TCOLo A74.40&4 M= Q.535I636 M= 5299.2
Hil/H= 0.2 Li= & Wa= 0,137709 Bd= 3,2258 E-
B1B=-55.3 B2RA==30. ALPHT=a © B2= 3.2258 E-
PR= 2.981 RSEP= 4.39496 E-2 RiH= 2.14002

R1T= 4.394%8

E-2
R2e 0.079754 & BLADES= 197 ¥ DEFF= 17

INDUECER TIP

HMRELIT= (,B861543
17o 261.28

HiT= 0.247B33

UlTa 275,848

TTREL= 288.0%% PFTREL= 101275,
CIT= 90.532 RCT= & u
P1T= 9§5610.7 T1T= 283.056
B1T=-71.888 ITs t5.568

P10T= 1013533, IhE= 0.224843

INPELLER TIF

CT2Jm 335.212
C2Zu= 357.498
H2Ua 79.4514
PD2.J= S07116.
T2I» 376.479
PO2Wm 572015,
T2W= 428.82
HR= 1.22394
WSEPT Z43.127

CH2J3=x 215,357 C2J= 399.971
CH2W= 58,9801 CT20x 442.574
W2Jm 273.425  UT2U= I9,8255
HRELZJ= 0.704487

TOZ2J= 454.838 H2J= 1.03033
M2Um 1.12964 E= Q.47177%

TOZW= 535,327
HRI= 2.34135 TH= 1.3208 E-3

b2a 5023.377
FI2Mac 520101

STATES AFTER HIXING

T2¥= 397.208 TO2%= A71.031 TO2%k= 474,52
P24m= 274370, PO2%= 502555.
H2xe 0,973412 DPDZ2x 17535.5
CT2%= IT50.484 CH2k= 142.3&
TozEx-TCOL= 1.48343 E-2

L= 2.5335

C2%a 3B7.762

SIGk= ¢.861522

YX= 1EBE5E. WFE= I770.85 WFRD= 3142.37 WBFa 3364634
DEFFUSER
P4= 263236. Ha= 0 ¥4784%  B=-0.01615B

DE=-2.56922 BE-5
CPACw 0.159952
PO4w 457597,

EPZXx4=-4,88802 E~2 H5= O
CPD= 0.12158%
WLs 0.1514%7

EFFICIENCIES

DETSRD= 1.48374 E-2
DETSD= ©.534241

DETSIw* D.107083
DETSF= 3.70422 E-2

DETSEF® 2.84449 E-3 |
DETSRD= 1.456585 E-2
DETSD= Q.327939

DETSFC= 1.99878 E-2
DETSI= 0.111347

DETSDH= 2.33431
EfT= ¢

E-2
ETS=

DETSIU= 4.B819%7 E-2
0.354476 ETTIa 0.870917

EDRZ. . »PROJECTEIIOS. 0629 SI UNITS...10/10/78 KBA

IKFUT VALUES

FOOm 101333,
PO4» 474655,
TQo0= 2688.181

P2= 25789%.
POS= 430345,
H= 0.4%3055

P4z 330253,
PCOL= A30345s
H= 4298.36

Pl= 9723%.3
PO=

[+]
TCOLm 477,474

HUW/H= 0.2 LC= o N WAm 0,137709  Baw 3,2258 E=3
BiB=-354,3 B2P=—30. ALPHT= O B2= 35,2258 E-3
PRe 4,244 RSEP= 4.37494 E-2 Ril= 2,14002 E-2
RiT= 4.394%4 E-2

R2= 0.079754 4 BLADES= 19 % DIFF= 17

IMNDUCER TIF

TIREL= 288.079
CiY= 77.2831
P1T= $7939.2
B1T=—74.,4008
P10T= 101353,

PTREL= 101275, HRELIT= 0.B848424
RCT= & ViT= 2a7.397
TiTa Z85.179 KIT= 0.228148
IT~ 18,1008 uLT= 274,811
IKE= ©.213239

IMPELLER TIP

CT2J= 344.405
C2W= 474.397
wide 41.9584
POZJ= 525396,
T2Ju 375.954
FPO20= 57744%-
F2Wm 432.356
KR= 1,19557

USEP= 244,737

CH2Jx 225.472 C2Ju AL1.519
CH2U= 52.4574 CT2W= 471.353
W2Jw 27S5.238 WT2u= Z0.§792
KREL2J= 0,709437

TO2J= 459.334 H2J= 1.06403
M= 1.14109 Ew §.5A7071
T02y= 541,839
HRI= 2.43599

u2a 502,332
FO2HA= $35807.

TH= 1.3208 E-3

STATES AFTER HIXING

T2 AQQ. 974 TO2kn A75.736
P2x= 227571, Po2km 510162«
H2k= 0.975745 DPO2= 25644.3
CT2xw 349,795 CH2Ka L12&.47%
Toz¥x-YCOLw 1.57081 E-2

L= 2.92377

To2%%= 479,53

C2¥m 390.825

SIGk= 0.8813522

WX 19347T. WFCw 4345.62 MFRO= 3538.B5 WBFw 127,35

DIFFUSER
Pa= J3G253. Him 0,747203  B= 0.03003%

Dg= 7,07538 E-5 CP2%4= Q.226479 Ha= 0
CPAC= 0.4B2743 CPb= 0.454833

PO4= 474855, ULw 0,1432
EFFICIENCIES
DETSBF= &,58%93 E-4 DEFSFC= 2.19248 E-2 BETSUL= 4,

DETSRO= 1.82723 E-2
DETSDn ©,132438 DETSE 4.01991 E-2
DETSDH= 3.34206 E-2 DPETSINa 4,99504 E-2
ETT= 0 E¥Sm 0.743333 ETTE= 0.875771

DETSI= 0.124229

BRa 1.17431

ALITYND ¥00d dC
Sl 35Vd TYNIODRIO

92427 E-2

C -~ L

DETSF= 3.64443 E-2
DETSIWN= 2.80162 E-2
ETS= 9.540712 ETT1= 0.8ER451

DETSIN™ §. 015844
ETT= 0

CDRZ..-PROJECT#3I05...5.33 2BF SI UNITS...10/10/70 KBA

INPUT VALUES

FG0m 101353,
PO4= ATP145,
TOQ= 288.141

P2 256240,
POG= A00040.
Ha 0,539771

P4= 2786434
PLOL= 400040,
N= £295.17

Fi= 970306
PSw O
TCOL= 471,439

3
3
E-2

DR= 1.19804

DETSHL= 4.88124 E-2

HuAl= 0,2 LE= © Ha= 0.13770% Ba= 3.2258 E-3
P1p=-35.3 B2B==30. #LFHT= O B2= 3.2258 -3
FR= 3.947 RSEP= 4,394%4 E-2 RiH= 2,14002 E-2
RIT= 4.39495 £-2

R23 ©.079756 # BLADES= 1¥ 4 DiFF= 17

INDUCER TIP

TiREL= 283.099 PTREL= 101275, MRELIT= 0.855497

CIT= B&.5454 RCT= O HiTa 269.a77
P1Ta 97030.4 T1T= 2B4.419 H1T= 0.255885
B1T=-72,4000 IT= 1643001 HiT= 276,231

P10T= L01353. IKEx 0.223505

IHFPELLER TIP

CT24= 333.921
LU= 428.609
U2d= 75.7945
PO2.8= S503217.
T2J= 375.244
PO2UW= 555073 .
T2Ua 420,845

HR= 1.2020%

WSEP= 245,375

CH2J= 219.3282 €2J= 397.4685
CH2W= 5F.64 ET2M= 443.3B3
W24= 2735.85 UT2W= 3I7.8972
HRELZJ= 0.711855

TOZJ= 453,837 H2J= 1.03337
HZi= 1.13037 E= 0.4B8338
TO2W= 535,495
HFRI= 2.,38706

uz= 501.28
PO2HAS SL5774.

TH= 1.3208 E-3

STATES AFTER HIXIHG

T2xm 397 138 TO2®x 470,247 TA2¥xx= 473.354
FIx= 2715538, POZR= 495450.
HIX= (267104 DFO2= 19144,2

CT28a 359,814 CH24= 13%2.534
TO2¥#-TCOL= 1.456527 £E-2
L= 2,57844

C3r= 303,922

SIG¥= 0.8785

WX= 187441 WFC= 3B28.12 WFRD= 31%0.1 ¥BF= 75.571%

DIFFUSER

Fac 270443,
D¥= A 13954 E-5
GPaG= 0.800562
PO4m 4791446,

4= 0.917952 B= 2,92724 E=2
CP2&4= 2,71503 E-2 Hi= 0
CFD= 0.560882
UL= 7.81091 E-2

EFFICIENCIES

DETSBF= 4.03133
DETSRD= 1.70174
LETSD= 0,145635
DETSDH= 2,43855
ETT= O

E~4
E-2

DETSFL= 2,04208 E-2
DETSI+ 0.113907

DETSF= 3.74302 E-2
E-2 DEVSIU= 4.94798 E-2
ETS8= 0.740453 ETTI= O 894093

DETSWL=

DR= 1.17923

2.47734 E-2

185


http:01008.00

CDR2+ . +PROJECT #3305. . .7.02 P4a S2E¥P04

[
INPUT VALUES
POO= 101353,

Poa= B52224.
Too= 28B.187

PR= 4.96367

Piw 7B241.7 P2= I68478.
PE= 0 POS= 503083,
TCOL= 571.88% #H= O.RBR134
LC= & 4= 0.137709
E2B=Z30, ALPHT= O
REEPE 4.374%6 E-2

RiT= 4.37496 E-2 -

R2= 0.0797548
INDUCER TIP

TTREL= 28B.104
CIT= 203.573
P1Te 78241.7
B1y=-57.4459
Flo¥= 101353,

IHPELLER TiP

CT2.Jm 423,017
C2Un 5B83.335
W2im 71,8403
PO2J= $91435.
TaJu 422,344
PO2M= 2.0711 E
1.00737 E+d
Tw 505.01
MRm 1,43%45
WSEP= 275,194

STATES AFTER M

TZh= 430.736
P2i= 429485,
H2r= 1.13197
CT2%= 454.394
TO24¥-TCOLw 2.
L= 2,67644

S1C*= 0.B891522
uy= 2a9331.
DIFFUSER

Pa= 445973,
DE= 1.42767 E=

CPAC= 0.133488
POA= 347838,

¢+ BLADESE 9 ¢ DIFF= 17

PTREL= 101275. HRELIT™
RCT= 0O UiT= 400.4&8
T1T™ 267,422  HIT=< Q.620261
ITs 3,14405 TULT= 344,858

IKE= 0.277148

CH2Jm 282,735 C2.J= S0B.805
CHA2U= 79.5%514 CT2W= 579.904
W2J= 3474957 WT2We A5, 7308
HREL2J= 0.8476%

TO2Ja 548,32 H2Js 1.24235
16 H2W= 1,30114

TO2W= 448,408

HRI= 3.280%9 TH= 1,3208 E-3

IXING

TO2¥= S72,584 TO2¥4= S71.71F
PO2%k= P49792.
DPO2= 57574.3
CH2k= 148.515
A3037 E-2

C2&= 484,433

WFC= 5&58.22 WFRD™ 4713.52

Has 1 Bz 1.10699 E-2
5 CP2%am 3,93747 E=2

CPO= 0.14145
L= ©.L9593

PIFFUSER THROAT IS CHOMED

EFFICTENCIES

DETSHF=-1.8B7138 E-2

DETSRD® 1.4291

DETS0= 0.313702

DETSDH= 3.,1735
ETT= &

CDR2. + +PROJECTEIZOS .« 7412 PaA=,5283F04

INPUT VALUES

PQO= 101333,
PO4= B52134.
TOD= 288,147
HU/H= 0u2
BLB=-56.3
PR= 7.44678

1 E-2 DEYSI= 0.104378
DETSF= 3.58404 E-2

DEVSFC= 1.954%3 E-2

SI UNITS...1071L/78 KBA

Pd= 349973,
FCOL= 503083.

Hx 7844.85

B4s 3.2258 £-3
B2= ¥.2258 £-3
RiH= 2.18902 E-2

1.22022

U2= $35.834

Ew==0.515132 FO2HA=

DR= 1.35442

WBF==54£4 .47

DETSUL= £.0177% E-2

6 E-2 DEFSIW= 5,73158 E-2

ETS= 0.57992 ETTIx 0.893522

Pl= 80797.7 Pom J9B37S.
= FOS= 754955,

P5a 0
TLOL= 579,222 M= 0.842733

LCa 0 Ws= 0.137709
B2ZBE=-30. ALPHT= O
RSEPm 4437476 E-2

R1Tm 4.39475 E~2

R2= 0.073754
INDUCER TIP

TIREL= 288.10
CIT= 191.0647
FiTs 80799.7
B1T=—41.0345
PLOT= 101353.

IWPELLER TIP

CT2Ja 4248.435
2= 568.014
W2l= 863334
PO2S= 1.005674
‘f2J= 422,253
PDZU= 1.0755
1.02051 E+6
T2U= 508.743
MR= L,40628

USEP= 296,24

# BLADES= 19 4 DIFFw 17

SI UNITS+++10/21/78 hBA

P4= 455206.
PCOL= 754955,

Ha 7854 Of .
Ba= 3.2258 E-3 v
Bam 3,2338 E-3
R1H= 2+16002 E-2

4 PTREL= 141275. HRELET= 1.1986%
RCY= © wiT= 394.53%
T1Tm 247,877 HLT= 0.57¥537
ITe 4.73459 ULT= 333,184
IKEm §,252052 .
CH2.= 28&.358 C24= 513,574
ChZum 74.7547  CT2U= 583.243
MZJr 347.264  WIZW= AT, 1647
E+s HREL2J= 0.850745
TE2J= 550,422 H2J= 1.25451 U2m 425,41
Ets H2W= 1,30477 E= 0.534478 PO2HA=
TE2W= 471,373
HMRI= 3,3384% TH= 1.3208 E=3 ER= 1,33181

STATES AFTER HIXING

T2&= 460,767

P2a= 430262,

H2¥e 1.1331%

CTZk= 357,808
TO2¥&=TCOL= 2
is Z,80034

TO2¥x» 575,043 TO2wx= 579,24

PO2%k= 58244,

DPO2= 44241,

CHZ2¥® 163.482 C2Z¥= 486,122
+43037 E-2

SISk= 01851522

HEw 2PEFPP.

WFCe 5BA7,02 WFRDx= 4872.5:

7

1 WEF==474.4

DIFFUSER
Pam 453205, Ha= 1 B= 4,4458% E-2
DEr £428707 E-5 CP2EAn 4.44979 E-2 H3= 0

Cesl= 0.745009

POA= GG2547,
DIFFUSER THRO:
EFFICIENCIES

DETSEBF=—1.57138 £-3

DETERD= 1.&40
DETSD= O,1202
DETSDH= 3.447
ETT= &

186

CPO= 0.&15211
L= 0.1B8179

AT IS CHOKED

DETSFC= &.017587

58 E-2 DETSI= 0.125092

DETSULa 5.463680% E-2

17 DETSF= 3,50928 E-2

43 E-2

DETSIU= 5.70013 E-2

ETS= 0,253884 ETTi= 0,874103

CDR2..,PROJECT#3305. . .7.10 PAn,52B3F04 51 UNITS,..10/11/78 KBA

INPUT VALUES - -

POO= 101353,
POA= B50374.
Tooa 288,147

Fim B0061.9 P2= 387782,
Q%= 727174,

P5= O F
TiOL= 574,778 He 0.845001

FP4m 454782,
PCOL= 727174,
H= 78353.24

HUl/t= 0.2 LC= © Wax 0.13770%  BA= 3.3258 E-3
BlR=—54 3 BZE=-30. ALPHT= O B2m 3.22358 E-3
PRt2 7.17469 RSEPS 4.39498 E-2 RiHa 2.14002 E=2

R1T= 4.394%& E-

2
R2= 0.079756 4 BLADES= 19 # DIFF= 17

INOBCER TIF

TTREL= 280.104
CIT= 194.727

FTREL= 101275 HRELIT= 1.,20357
RCT= O uirT= 3IPE.2B9
PLT= BOOLYL.?  TiV= 2&9.191  H1Tz 0,591404
BLT=-50,549 IT= 3.269 U1T= 345,147
PLOT™ £01353. INE= 0,2865683

IHPELLER TIP

CT2J= 426,929 CH2J= 288.412 C2= 513,488 )
C2i= 5B7.741 CH2W= 75.2354 CT2d= 5B2.704

U2in B5,8743 H2Je T49.475 UT2U= 43.4371

PO24= 1.0049 E+S HRELZJ= 0.B52145

T2J= 422.07 TOZJw S50.341 H2U= 1,25427 U2a 426,343
POZN= 1,07335 E+é H2Uw 1.30442 E= 0.333376 b ra i
1.018%9 E+é

T2Um 504,547  TO2W= 471,237
HR™ 1.4124 MRI= 3.344486
WSEP= 294,595

TH= 1,3208 E-3

STATES AFTER HIXING

T2au 480,553 TO2i= 574.77
P2&x= 431119, PO24k= F54542.
H2%e 1.13304 DPD2= 43951.9
CTZ¥= AS7.404 CH2¥= 164,48 C2x~ 495,943
TOZ¥-TCOL= 2.4303% E-2

L= 2.7B749

TO2%¥a 575.802

SIGE= 0.BALS2R

WXe 274442, WFC= 5824.8 MFRD= 4854. WBF=-2729.42

DIFFUSER -

P4= 454282, Ha= 1
PE= 5.95704 £-5
CPal= 0.579558
Fl4= B55859.

B= 4.21247 E-2
CP2¥4= 4,42437 E-2 HS= O
CPD= 0.54550%9
ML= 0, 188471

DIFFUSER THROAT I5 CHOKED
EFFICIENCIES

DETSBF==%.24981 E=3
DETSRD= 1.44354 E-2
DETSD= ©.138388% DETSFm I,5257% E=2
DETSDH= 3.44512 E-2 DEYSIW= %.75437 E-2
ETT= 0 ETS= (+.741917 ETTI= 0,8B80804

DETSFE= 1.97525 E~2
DETSIm Q.119194 -

CDR2...PROJECT4IFOS -.7.16 P4a,528%P04 SI UNITS...10/11/78 KBA
INPUT VALUES

POO= 101353, Fl= 79827.5 F2= I92450. PAdm 4327514

POA= B574B7. FPo= o POST 4755BP. PCOL™ SP45E7.
TOO= 288.147 TCOL= 574,333 H= 0.655412 H= 7840.59

HWl/tw @42 L= 0 Wa= 0.13770F BA= J,2258 E-3
B1Bx-54.3 B2b=-30, ALEHT= O B2= X,2258 E=3 -«
PR= 3.4755B RSEPx 4,39494 E-2 R1H= 2,26902 E-2
R1T= 4.39496 E-2 = -
f2c 0.079755 4+ BLADES= 19 & DIFF= 17
INDUCER TIF

TTREL= 208.104
€IT= $195.88 RC
PLT= 79822.5 TiT= 24B.945
ELTs—40.4482 ITa A.148i7
FPLOT= 101353. IKE= 0.258271

PTREL= 101273+ HRELIT= 1.20657
Ta O HiT= I#7.153
HiT= 0.595154
UIT= 345.4E6

IMPELLER TIF
CT2J= 424,795 <CH2J= 261,468 CIJ= 507.7% -

C2H= 587,017 CH2ZU= 73.2632 CT2U= JBL1.7746

Waka 90,3704 M2I= 345,431 WIDU= 45,1853 -
PD24= £.00223 E+4 HREL2J= ©.842795

T2J4= 423,542 TO02y= 549.%71 H2Jw 1.24288 U2Z= 526.761

FO2u= 1.08517 E+6 HZUa 1.,3032F Ex 0.517949 PO2HA=
1.01882 E+é .

T2U= 504,212 TO2U= &70.493

HR= 1.43177 HRI= 3,27434 TH= 1.3208 E-3 DR= 1.35185

uStP= Z93.7483 ~
STATES AFTER HIXING

T2x= 440,119  TOZI= 574.329 TOZ2rxa 576.358
P2&- A33583. PO2tm 950564,

H2ka t.13345 DPD2a 58154,

CT2%m 454.351 CHI¥= 164.848 C2%= 4197.89%
TO2¥*-TCOL= 2,43208 E~2

L= 2,73513

51Gk= 0.881522

Wxa 293977, WFC= S5735.72 UFRDa 4779.77 WDF=~2553.4

DIFFUSER

PA= 457751 Maw 1 B= 1.56043 E=2

Dx= 2,34809 E-5 CP2%T33 3.44092 E-2 M52 O
CPAC= 0.559271 CPD= 0.461247

PO4A= 832764, HLw 0.204141

DIFFUSER THROAT IS CHOKED .
EFFICIENCIES

DETSEF==%.0258% E-3
DETSRN= 0.Q13259
DETSD™ §.177527
DETSDM= Z.15413 E-2
ETT= O

DETSFC~ 1.?510B E-2
DETSI= G¢,114517
DETSF= 3.574%8 E-2
DETSIU= $.4&2315 €-2
ETE= 5.7079%5 EVTIw 0,8BT4B3

DETSHL= Q.G42192

DR= 1.33613

DETSUL= T.49795%% E-2


http:EFT.UND.ES
http:UF-5414.49
http:UBF-2729.42
http:0LT.-6.59

€DR2. . PROJECT4#3305...8,.32 HAVE PIT SI UNITS...10/10/78 hBA

INFUT VALUES

P00 10135%. Pi= 100408, P2= L57301, Fa~ 157301 .
P04= 2041B8, P53 £8%74.74 FoS= 181422,  PCOL= 181422
T00= 289.147 TCOL= 374.167 H= 0.127004 H= 3552.12

HW/Hm 0.2 LCe O W4z 0.13770% B4= 3.2238 E-32
B1B=u56.3 BZB=-30, ALPHT= O B2= 3.2258 E-3
PR= 1.7% RSEP= 4.37496 E~2 Rid= 2.,14002 E-2

R1iT= 4.3%4%5 E-2
RZ= 0.079756 4 BLADES= 19 & DIFFc 17

INDUCER TIP hd
YTREL= 289,104 PTREL= 101275. BRELIT= 0.526722

citr= 43,430 RCT= 0 WiT= {79,051

PLT= 100408,  T1T= 287.224 HiTx 0,127872

BLTw-=75:93 ITm 1%.47 ULT= 173,494

PL10T= 101353. KKE= 0.185355
IMPELLER TIP

CT2)m 235,429 CH2JI= 127.12 C2.)= 2568.513

CZlWm 307,242 CH2W= 14.3752 CT2U= 304.705

UZUx 14,5971 H2J= 149,344 WT2U= B.27954

PO2J= 224814. HREL2J= 0.412795

T2Jda 326346  TO2Ja 352.341 H2Jx 0.74298 (2= 3513 205

PO2U= 2436456, H2Us 0.8B1697 E= D.705374 POZHA= 230180. -
T2U= 3I5T.435 TOIJ= 400.344

HR= 1.273597 HRI= 3.43275 TH= £.3208 E-3 DR= 1.25%47
USEP= 142,617

STATES AFTER HEX1ING

T2ka I7.47%  TO24= 359.977 TO2k= 374.15
F2xm 1617835, FOZk= 223070,

H2%= ©.592827 DFO2= T71E0.45

CT2ts 250,484 CH2Ea 47,0702 C2¥n 235.085
TO2AK-TCOL=41.44074 E-2

L= 5.32574

SIGs= 0.8B1L522

Ux= 846480 5 UFL= 3251.03 WFRD= 270%.1% WBFa 1503.07

DIFFUSER

Pa= 157301, H4= 0.422242 EB= 0 449191

D¥x 5,35221 E-A CF2¥4=-7.31428 E-2 HI= 2.78403
CPAC= 0.31444 CPD= 0,32042

PO4= 204188. .WL= 0.3080%3

EFFICIENCIES

DETSEF= 1.73805 E-2 DEVSFC™ 3.75927 E-2 DETSUL= 0.1045623
BETSRO= 3.13272 -2 DETSI= 0.158323

DETSD= O0.240375 BETSF= 6.8919% E-2

DETSPHa 3.7744f E-2 DETSIHx 3.24732 E-2

ETT= 0.503098 ETS= 0-403088 ETTI= Q.843442

x

CDR2...PROJECT#3T05...8.40 HEAS PLT SI1 UNITS .10/10/78 KBA&

INFUT WALUES -

FOO= 101353, Pla 98576.4 F2= 142144. Fd4s 142144.
P04s 197370. P33z 58%4.74 FO5Sw 170577.  FCOLs 170577
TO0m 288.147  VTCUL= 355 444 H= 0.331122 N= 3972.33

HW/H= 0.2 LC= 0 W= 0.13270¢  Bd= 3 2358 E-3
Fl1E==55.3 B2B=-3¢. ALFHT= @ B2a 33,2258 E-3
FRa 1.6B3 RSEF= 4.,394%4 E-2 Rif= 2,16002 E-2

R1T= 4.39494 E-2
R2= 0.079754 # BLADES= 19 4 DIFFa t7

INDUCER TIF .

TTREL= 2B88.104 PYREL= 101275, KRELIT= 0.554B55
CIT= 70.088 RCT= & T uiY= 188.124

FiTe 93574.4 TiT= 285.714 H1T=~ 0.,20671&
E1Te-58.1265 IT= 11.8245 UiTa 174,582

F10T= 108303, IKE= 0.241802

IHPELLER TIF

CT20= 185,475 CH2Je 158,512 C2Jm 244.895

CaW= 281,379 CH2W= &3.141% CT2W= 248,915

UIlkx 96,004 U2t= 205.093 UT2U= 19.001%

FO02J= 194778, HREL2J= 0.5744

T2Js 317.232  TO2I= 347,027 H2J= 0,4686538 U2= 315.817

FO2H= 208734, H2W= 0.763327 E£= 0.337751 FO2HA= 197407,

T2W= 339,442  TO2W= 378.724

HRs 0.¥65637  HRI= 1.33081 THe 1.3208 E-3 DR= 0.P85068
USEP= 194,935

STATES AFTER HIXING

T2xw 323.208 TO2¢= IS3.37&6 TO2¥¥= I55.418
P2km [44478. PO2ix 195475,

H2k= Q.67173 DPOZw 213372

CT2¥= 203.107 CHM2¥= 131,937 C2%3 242.198
TO2Xx=TCOLe=2 42282 E=2Z

L= 1.57942

$i6y= 0.881522

UxX= £7591.9 WG 1186.71 UFRD= $98.728 WEF= 1048.4

DIFFUSER

Pdm 142144, Hi= 0.749082 B=-0, JL0551

D¥==5.0987 E—4 CP2¥A=-4,57606 E-2 HS= 2,74349

CPAC= O.514458 CPi= 0 511771

PD4= 197320, Ul=—0.037544

EFFICIEHCIES

BETSRFa 130066 E-2 PETSFCa 0, 017557 BETSHL=—] ,44GA5 E-2
BETSRIm [ 46309 E~-2 DETSI= ¢.119451

DETSD= 0.192147 DETSF= 3.21879 E-2

CEVSIH= L.50441 E-2 BETSIW= 5.54106 E-2

ETT= 0.483362 ETS= 0.483382 ETTI= O 480549
4

CIRZ. 2 PRONECTH3305. . «8.36 HAVE FIT SI1 UNITS..,.10/10/78 KBA

INFUT VALUES

POO= 101353, Pi= 100421, P2z 150814, 4= 1508145,
POA= 2017046 PSa 6874.74 POS= 177874, FCOL= 177B74.

TO0= 288,147 TCOL= 343.778 = 0,230425 Hx 3944,26

HU/H= 0.2 L= o Us= 0.137709 B4= 3.2258 E-3
BiBs—~,4.3 B2B=—~30. ALFHT= O B2= 3.2258 E~3
PR= 1.735 RSEP= 4.37476 E-2 RiH= 2.14002 E-2

R1T= 4.39496 E~2
R2= 0.079756 + BLADES= 19 & DIFF= 17

INDUCER TIP

TTREL= 288.104 FIREL= 101275, HRELIT= 3.52832
TIT= 432331 RCT= & UlT= 129.597 -
P1T= 100428, Tif= 2B7.034 HiTe 0.12717%
B1T==76.07Q80 IT= 19 7708 uiT= 174,316

F10Ta 101353, INE= O 21222

INPELLER TIP -

CTZ2u= 211.795 CH2J= 141.274 C24=2 254,59
C2H= 297.18% €H2U= 37,2095 CT2W= 2%4.85
W2i= 42,9458 W2J= 175.747 WT2u=-21,482%
PO2J= 210442, HRELZJ> 0.488318

T2J= 322,643 TO2J= 354.83 HZJ= 0.708154 UZ= 315.333

PO2Ua 229447, N2U= 0,798841 E= 0.504341 PO2EA= 214403,

T2u= 345.844  TO2Us 309,441

HR= 1.0BL92 HRI= 1.,95173 TN= L.,3208 E-Z DR= 1.07344
USEPa 147,31

STATES AFTER MIXENG

TZxa 332.0%2  TO2x= J&1,804 TORkkw 353 7352
PZts 1553503, POZ2¥k= 210132,

H2¥= 0,&7043% TDPO2= 4270.465

CT28= 228.405 CH2x= 87.3788 C2¥= 244.549
TO2¥¥-TCOL=-2. 21504 E-2

L= 2.41398

SI1Gk= (.881522

UXa 7S99 2 WFC= 1772.77 WFRD= 1A77.31 WEF= 4%1.448

DIFFUSER

Pam L50BL&. Ha= 4.5657996 Bz 3.27942 E-2

D= A,83715 E-5 CFAXA=-8.57794 E=l H5= 2,771G68

CPFAC= ©¢.531703 CPD= &,409514

PD4= 20E704, WL= 0.154237

EFFICIENCIES

DETSRF= §.46954 E-3 DETSFC= 2.33277 E-2 DE¥SWL= 5.45235 E-2
DETSRD= 1.943%8 E-2 BETSI= 0.120914

DETSOx Q.2:8075 BETSF= 4.27675 E-2

DETSOM= 2.70421 E=2 DETSIM= 2.45353 E-2

ETT= 0.551011 ETS= 0.8561011 ETTI= 0.8790854

*

CLR2. s+ s FROJECT #3305, , .. 44 HEAS PIT SI UNITS...10/10/78 hBA

INPUT VALUES

POO= 10135X. Fi= $7489.8 P2= 128504, Fau 128504,
FO43 1B&1435. P53 4874.764 PO 137023, FCOL= 159023,
TCO= 28B.147  TCOL= 348,443 M= 0.4073256 N= 3943.01

HU/H= 0.2 LC= O Uds 0.13726%  Ba= Z.0258 E-3

BLE=-56 3 B2R=—30. ALFHTa © BPw 33,2258 €-3

F= 1.56% RSEP= 4.37496 E-2 R1H= 2.18002 E-2
a

RiTw 4,394%6 £-0
RZ= 0.079754 & BLADES= 17 & DIFF= 17

INDUCER TIF

FTREL= 286,104 PTREL= 101273. KRELIT= 0.55B671
EiT= B1.9992 RCI= o U1T= 192.51

PiTe 97482.8 TiT= 284.80% HITs ©,242224
D1T=—54.78B¥4 IT= 3.4893&6 ULT= 173.173

FLOT= 100353 » INE= 0.30409

IMPELLER TIP

CT2ax 152,341 CH2J= (89.879 C2J= 249.817

Ciu= 27%,732 CHZU= 138,101 CTZW= 234.341

uzZUs 159.445  W2J= 2a4,310 HI2Us 79,7326

PO2J= 179021, HRELZI= 0.594726

TZJ= 308.219  TO2Ja 339.243 MH2J= 0.70PP13  UZc 314.074

POzW- 1870%6 H2ZW= @ 753128 Er 0.267106 POZHA= 181276

TZu= 329.702  TOIW= 3I56.922

M 0.81¥144 HRI= 1 04312 THa 1.3208 E=3 DR= 0.927784
USEP= Z31 799

STATES ATTER HMIXING

TZ%= 313 B84¥ TO2%= 344.786 TO2¥¥= 3538.328
F2¥= 129587, FOZi= 180142

H2k= 0.7020463 DFO2= 1134 5

CT2¥= 177 419 CHi= 175,149 C2i= 249 323
TOZix=TCOL==0, 11658

L= 1 Q1285

S1Gk» 0.801522

W= S0539.9 HFC= B97.02 WFitp= 747.017 #BF= 2617 &

DIFFUSER

Pas 128501, Haa 0.744455 D=-0 209387

DE=-1.00318 E-J CP234=r2,14309 E-2 H5= 2.&9736

LPACa 0.52PA67 CPD= 0.582253

PO4= 1B4145 WL=-0 118741

EFFICIENCIES

UETSDFw 4.535412 =32 DEFSFC= 0.0:4817 DETSULa=5,30024 E~2
DETSRD= 1,23475 -2 LEFSI= 0.14990%

LEISH= 0,1%7108 hETSFw 2 71845 E-2

BEYSDH=x 1.01123 E-2 DETSIW= 5.450849 E-2

ETTe 0.452789 ETS= 0.652¥8F ETTI= 0.850097

¥

187
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CDR2, . .PROJECT43305...8.44 ZBF 8@ UNITS...10/10/78 KBA

INFUT VALUES

P00= 101353. Ple 93151.7 P2= 333337,

Poam 457008 PS= 4B2433. POST 497542,
T00= 288,167  TCOL= 525,833 Mt 0.445823
Hu/H=2 0.2 Li= 0 ¥z §.137709
B1Ba-54.3 B2B3-30, ALFHT= 0

PR= 4.909 RSEF3 4,37498 E-2

RIT= 4,37476 E=2

RY= 0.079756 & BLADES= 1?2 4 DIFF= 17

IWBUCER TIF

TTREL= 283.104
CiIT= 111.181
PiT= 24141.7
B1T==70.3741
P10T= 101333.

IHFELLER TIP '

CT2Ja 391,709
C2Wm 333.127
U2u= 73,0027
PO2Sx 717443,
T2= 404,375
POZW= 835693,
T2u= 457821
HR= 1.34589

WSEP= 254.4B3

PTREL® 1061275,
RCV= O
Ti¥= 281.992
ITw 14.0781
IKE= 0.225998

U1T= 331.049
HIT= Q.330037
U1Te 311,821

{M2d= 220,454 €£2J= 444.851
CH2Wm 53,2222 CT2U= S529.348
U2Jz 293.437  UT2U= 35,5013
MRELZJm 0.730153

TO2J= S0t.224 H2J= 1.10954
H24= L.22956 E= 0,512095
TOZW= &05.731

HRI= 2.928Y6 TH= 1.3200 E-3

STATES AFTER MIXING

T2%= 430.664
P23= 355012,

TO2¢= 522,507
FO2x= 709869 .
H2E™ 1.04697 DPO2= F1224.5
CT2¥= 411.24 CH2x= 128,937
TD2¥x-TCOL= 2.19938 E-2

L= 2.957%91

TO2xx= 525.855

C2F= 434.076

S1G*x 0.84B3

Wim 2425864 UFC= S2I7.04

DIFFUSER
Hax 1 B= £.90183 E-2
CP2%¥4=—5 ., 4070& E=2
CF= 0, 399943

P4a 333337,
Di= $.759F E=~5
CPACo 9,533854
POA= 528741,  HLa 0,229248
DIFFUSER THRDAT IS CHOMED
EFFICIENCIES

DEYSBF= 4.85278 E~4
DETSRD= 1.8074% E=2
DETSD=a 0.200576 DETSF=.3,97547 E-2
BETSDH= 2.3647% E-2 DETSIN= 4.74528 E-2
ETY= ¢+6B6053F ETS~ 0.400053 ETTI 0.808&427

DETSFC= D,148%8 E-2
DETSI= 0.113371

*

Pa= 353357,
PCAL= 477542
Na 7094.97

4o 3 2258 E-3
B2= 3,2258 E-3
R1H= 2.14003% E-2

MRELLTa 0.982704

U= 545.8486 .
POZHA= 741093,

IR= £.29785

UFRD= 4382.55 UPF= 117,443

HS= 0 210373

DETSUL® 7.07371 E~2

CDR2,...PROJECT#3305.:..8.50 SI UHITS...10/10/78 KBA

INPUT VALUES

POO= 101353, Fi1= BIBIE.?
POA= &S44403. PEa A4B159.

PZ= 305%781.
POS= 461021,

J00= 288,167 TCOLw 517, Ha 0.800137
HU/K= 0.2 LC= O Had= Q.137709
BiE=—T&.3 B2p=-Jb. ALFHT= O
PR= 4.7468 RSEP= 4.39474 E-2

R1T= 4.39496 E-2

R2m 0,079755 # BLADES= 1% 4 DIFF= 17

INDUCER TIF

TTREL= 28B8.104
CIT= 175.343
P1T= BIF58.9
BlTm-40. &847
PLOT= 102353,

FTREL= 101275, HRELIT=
RCTa O UiT= 357,924
TiT= 272.788 HiT= Q.529058
ITm A,35474 ULlTa 312.033
IhEm 0,27575

IMPELLER VIF

CH2J= 251,431 C2J= 444.176
CH2H= 99,9214 CTIU= 508,551
W2J= 321.32% UT2U= 57,4097
HREL2J= 0.807622

TO2J4a 492,818 KH2J= 1.11873
M2W= 1,20778 E= 0.42231
TO2UWw 590.087
HRI= 2.,47524

Ci2J= 35656.152
G2W= 518,284
W2W= 113,377
PO2J= 675097,
T2J)= 396,129
FO24m 7554B2.
T2Um 450,337
Hi= 1.33722

WSEP= 27B.772

TN= 1.3200 E~F

STATES AFTER MIXING

TO2e= 512,428
PO2%a 558131,
H2E= 1.05%84  [PO2w 23042.9
CT24= 394,64  CH2éw 101.033
T023x~TCOL= 2.18158 E-2

L= 2.17F7B7

J2em 420,354 TOZk%a 517.022

P2gx 327898,
C2¥= 434,184

$1G¥= 0.881522

W= 2322945, HFCw 4072.48
DIFFUSER
FAn 307781 Hé= 1 Bw=0,224312

Cp2x4=-5.88758 E~2
CPD= 0.445804

D¥=-3,20078 E-4
CP4= 0.422323
PO4= SR2G21. Wim Q.245307
DIFFUSER FHROAT IS CHOMGD

EFFI{IENCEES

DETSEF= F,86339 E-3
DETSRD= 1.46097 E-2
DETSD= 0.191014

DETSDH= 2,07259 E-2

DETSFCe 1,75316 E-2
DETSI= 0.111721

DETSFa 3.21412 E-2
DETSIW= 5,29704 E-2

ETTa 0.497R45 ETS= 0,.497245 ETTI= 0.688279

188

F4= 3079B1.
PCOLm 481021.
He 7099.78

E4w 3I.22580 E-3
P2= 3.22%9 £E-3
RiH= 2,18002 E-2

1.907997

U2= 566423
POZHA= 591174

DR= 1.283%3

WFRD= 3373.73 WEFa 1342.07

H5= 0.321375

DETSUL= 7.$5402 E-2

CORZa,+PROJECTE3305, 4 48+48 ZBF SI UNITS...10/10/78 KBA

INPUT VALUES

POO= 101353,
PO4= 4562345,
TOO0= 28B.1467
HelsH= 0.2
B1B==54.3
PR= 4.885

Ple B%200.7
P5x AB2433.

P2= 325754,
POS= 495210,

TCOLm %24.556 H= 0.7L0779
Le= 0 Wiz 9.L3770%
B2B=-30. ALPHTE 0

RSEP= 4.37495 E-2

R1T= 4,3747& E~2

R2a 0,079756

INCUCER TIF

TTREL= 288.104

CIT= 140.46

PiT= 89900.7
B1T==40.7336
F10T= 101353,

IMPELLER TIP

CT2I= 377,898
C2M= 528.031

U= 87,2373
Pg2d= 71271B.
T2J= 402,095
PO2W= B11570.
TaR=® 466.373
HE= 1.35749

USEPa 281,942

SYATES AFTER M
T2¥e 427,505
P2¥n J4G04&,
H2¥= 1.05697
CT2%= A08. 438
To2x3-TCOLm 2.
L= 2.44144
SEG¥= 0.879
W= 230108,
DIFFUSER

Pi= 324687,

Dx=-5.83934 E-5

LP4c= 9.582031
PO4= A1£230.

DEFFUSER THRGA
EFFICIENGIES
BETSBFa &.2878
DETSRD= L.4455
DETSD= ©.20052
DETSDHa 0, 0235
ETT= 0.470247

X

% BLADESw 19 & DIFF= 17

PTREL= 101275«
RCT= O
TiT= 378.278
ITa 943364
IKE= 0.243728

WiT= 342,255
HiT= 6.420274
UL7= FL3.014

CH2J= 237,507 CZum 448.032
LH2We 75.5498 CT2U= 522.599
UlJe I01.84B  HT2Ua 43,5184
HREL23x O.7253203

T02Jw 500.361 H2Jw 1.12038
K2U= 1.22237 Eo 0.474849
TORU= £00.E04

HRI= 2,73337 TH= 1.3208 E~3

TRING

TD2%A 520.812
PO2%a 704455,
DPO2= 261683.5
CH2¥= 154,61F
18836 E-2

TO2&k%= 524,577

C2¥= 336,723

UFC= 3741.33

Hé= 1 Rm—4.150456 E=2
CPaxa=—4,29079 E-2

CPD= 0,412243
HL= 0.24B255

T IS CHOLED

4 E-A DETSFC= 1.97487 E-2
& E-2 DETSIm §.107232

1 DETSF= 5 42023 E-2

58 DETSIUR 4.88433 E=2
ETS= 0.490247 EVII= 0.890749

PAm 125507,
PCOL= 495210,

N= 7099.37

Be= Z,2268 E-3
B2x 3,2258 E-3
RiH= 2.314002 E-2

HRELIT= 1.02261

2= §55.217
FO2HA= 732548,

DR= 1.30&51

HFRDa 3%251,12 UBFw= 150,974

H5= 0,193382

ETSUL= 7.04515 E-2

CDRZ..,PROJECTA3I0S...B.56 ZBF SI UNITS...I10/10/78 KXBA

INPUT VALUES

POO= 101353,
PQa= 527394.
TOG= 2B8.147
Hu/H= 0.2
BlB==54,3
PR= 3.8%4

Pl= 77400.5 P23 231154,
F5= 344738, POS= 370514,

TCOLE ATS,. Ha ©.885454
LC= 0 Wi 0.13770%
B2B==30, ALPHT= 0

RSEP= 4 39498 E-2

R1T= 4,3747&¢ E-2

RZ2a 0,07972546
INDUCER TIP

TIREL= 288.104
CIT= 207.5B%
PAT= ?22300.5
B1Te~54 3485
F10T= 101353,

INPELLER TIF

GT20= 330673
CaW= 504,232
W= 144,237
PORJm 58494}
T2J2 364,428
FPOCW= 550257,
T2k 449.387
HRA 1,05834
USEP= 3%54.298

STATES AFTER H

T2x= A0Z.43
P2i= 244305,
HIxw 1.0735
CT2x= 351.458

4 PLADES» 19 & DIFF= 127

PTREL® 101275.
RCT= O WIT= 374.4
TiTa 254.585  HiT= 0.433458
IT= 4,85248 E-2
INE= D.332103

CHZJ= 334,212 L2J= 470,306
CH2W= 142,233 CT2W= AB3.754
W2J= 408,351 4TZWU= 82,1182
HRELZJ= 1.0494%

TOZJ=x 473,247 H2t= 1.23494

Haua 1,1893% Em 0.420083

TO2U= S72.4%9
HRI= 2,37%&1 Ti= 1.3208 E-3

IXIHG

TO2%= 493.25
PO2%w E4455F,
BFD2a 33345.5
CH2¥a 233.784

TOZXt= A494.023

C2¥x= 430.38F

TO2ZX-TCOL= 225406 E-2

L= 1.5448
SIG¥= 0,877F

UK 210633,

UFC= 323745

DIFFUSER
P43 2311%4. Ha= 1 B=rQ, 740744
DE=-1,04752 E-3 CP2%4=~{. 110249

CiACm Q.777246
PO4= a34315.

CPOx 0.A50534

L= 0.3B46455

DIFFUSER THROAT 15 CHOKED

EFFICIENCIES

DETSEFa 7,3077 E-4
DETSRD= 1.28153 E~2
DETSD= 4,201162

DETSDi= 3,79758 E-2
EFT# 0.445201

ETS= 0.645201

DETSFC= 1,53796 E-2
DETSI= 0.153438
IETSF= 0.0281%94
DETSIM= 8,57352 E-2
ETTI= 0.844362

P4= 231154.
PCOL= 370514,
N= 7095.07
Bd= 3,2258 E~3
F2= 3.2258 E-3

fiH=

mnT=

2.08002 E-2

HRELIT= 1.14314

31L.824

U2= 545.875 s
POZHAR 378003,

- DR= 1,05731

WFRDa 2699.55 WBF= 153.923

M%= 0.42B8517

DETSULE 0.13429



COR2. ..PROJECT43305, ,.8,58 ZBF SI UNITS,..10/10/78 Kpp

INPUT VALUES

PO0= 101353. Pim $4781.7
POA= A73504.  P5a 335478,
TOO= 288,147 TCOL= 474,387 He= 0.50757

P2= 240760,

HH/Ha 0.2 LC= 0 W4= Q.13770%
BIE=-3H6,T B2 R==30, ALPHT» O
FR4 J.66 REEPz 4,39494 E-2 RiHe

R1T= 4.39495 E=2
R2x Q.079754 # BLADES= 17 4 BIFF= 17

IHDUCER TIF

TTREL= 288.1c4 PTREL= 101275.
CIT= 8B.7471 RCT= O WiTe 294304
PiTa 95781.7 T1T= 2B4.214 HiT= D.263024
BiT==72,1577 ITc 15.8577 ULT= 275.341
P19T= 101353. [LKE= D.22362B

INPELLER TIP

C¥2J= 333,745 CH2Ja 210,655 C2J= J94.8448
C2Wm 471,134 CH2U= 58,7824 CT2U= 457.427
W2u= 6348072 UWZ2Ja 26F.278 UTI2H= 34,0536
PG2J= 5032132, HMRELZJa 0.493204

P4= 240760,
POS= 370952. PCoL=

370952,

Ne 6287 68
B4z 3,2258 E-3
B2= X.2258 E-3

2.18002 E=2

HRELITa 0,9%B433

T2i= JI27.142  T020= 453.822 K2Jw 1.01852 U2z S501.48

PO2U= 579578, H2W= 1,L3523 E= 0.504945
T2U= 430.844  TOZw= 538,392

MRI= 2.5723 TH= 1.3208 E-3
USEP= 237.3539

STATES AFTER HIXING .

T2¥a 398.853 TO2i= 470.742 TO2¥ke 574.404
P2%e 274521, FO2X= A9REI9.

M2y~ 0.P40308 DPO2= 19582.4

CT2x= 340,481 CH2¥= {29,998 C2%= 383,205
TO2¥x~TCOL= 1.4B137 E-2

L= 2,77297

SIGk= G.B4BS

UxX= 18B430. UFE= 4107.72
DIFFUSER

Has 0.985445  B= 7.92793 E-2
CP2¥4=-7.08%55 E~2
CPDa 0.A24756

Pax 250750,

DE= 1,12112 E-4
CRag= Q.5I7754
PG4n 473504, UL= 0.113%54

EFFICIENCIES

DETSBF= &.50395 E=4 -
DETSRDm E.81554 E-2

PETSD= Q.174447 DETSFr 3-99461 E-2
DETSDN= 2.&7411 E-2 DETSIH= 4.80191 E-2
ETT= Q.588146 ETS= 0.688146 ETTI= 0.8845%3

x

DETSFCa 2.17997 E~2
DETSI= {.115407

FO2HA® 518421. .

DR= 1.211%93

WFRDa 3423.1 WBFo 174,438

H52 0.377594

DETSUL= 3.576564 E-2

CDR2. . .PROJECT43I305. ..B8.48 ZBF SI UNITS...10/10/78 hBA

INPUT VALUES
.
POO= 101353, Pi= B5129.3 P2= 2123724
PQ4= 425B0G. PS= 293404
T00= 289.147 TCOL= 451,387 H= 0.738%02
HU/H= Q.2 LC= &
BLB=~54.3 B2Be—30a ALERT= O
PR= 3:23503 RSEP= 4.374%86 E-2 -
R1T= 4.394%5 E-2
k2= 0.079754 ¥+ BLADES= 17 # DIFFe 17

IMDUCER TIP

Pa= 212372,

POS= 327800, PCOL= 327680,

Ha 46278+48

uA= Q.E37709 E4x 3,2258 E-3
PS= 3.2280 E-3
RiHa 2.14002 E-2

TEREL= 20G.104 PTREL= 101275, HRELIT= 0.943347
RCT= O

CIT= 162,984 W1T= "320.484
P1Te B4129.3 TiTm 274.884 H1T= §.489%24
P1T==57.4323 IT= 3.1322% Ulle 275.945
PLOT= 101353 IKE= 0,311446

IHFELLER TIF -

CT2J= 295,957 CH2Jm 270.2656 (234 £00.7F2
C2Wa A41.474  CNzum 145,278 CT2U= 41d.B808
U2W= 157.763 HW2J= 339.1 UTWU= B3.8753
PD2J= 432744, HRELZJ= 0.8%021%

T24= 355,737 TO2J4= 435,034 H2J= 1,9638
PO2Wa 4450B0. H2ZYa 1.08932 Ee © 339457
T2um a10.%07 TOZW= 5064203

HR= 1.07253 KRIx 1.7841 T= 1.3208 £-3
USEP= J01,.472

BTATES AFTER HIXTNG

T2%= I75.07 TO2x= 449,339 TO2k¥kc A3L,404
R2i= 224076, FO2%= 424407, -

K2¥= 1 Q0228  DPD2= 10940.7

CT24= 320,131 CHIEx 219.627 C24= 388.226
T02%%~TCOLe Q.015564

L= 1.45741

SIG¥n ©.0925
WX= 154892, UFC= 2473.5t
DIiFFUSER

EI~-0.540357

1
CP244=-5,839562 E-2
CPD= 0.3517958

Pa= 212372, Ha=
D¥a-7,464158 E-4
CPACS 0.51147
FO4= 401274, WL= 0.L15823

DIFFUSER THROAT IS CHAOKED
EFFICIENCLES

DETSFC= 1.50009 E-2
DETSI= 0.113778

DETGEF= 2.88355 E-4
DETSRD= 1.250056 E-2
DETSD= ©.187971 DETSF= 2.75014 E-2
DETSDH= 1.92779 E-2 DETSIUa 6.&47107 E-2
ETT= 0.67825 ETS= 0.49825 EfTI= 0.686222

x

U2a 300,742
PO2HA= AJTA27.

DR= 1.04306

WFRD= 2051.26 WUBF= 47,5474

K52 ©.40315

DETSHLu 4.210138 E-2

COR2, , .PROJECTE3305: 0 +Ba64 TBF SE UHITS.. 10710478 KEA

IHNPUT VALUES

POO= 101353 . PL= 89790.4 P2= 238000,
POA= ASA7S. FS= 315814, POS> 351208,
ToO= 24B. 147 TCUL= 44KE.444 M~ 0.873131
HWAH= 0,2 LCw O Wim Q. 137709
BLE=-55.3 B20=-30: ALPHT= @

PR= 3.446597 RSEF= 4 37496 E=2

RiTw 4.394%8 E-2

R2a ¢.079735&6 + BLADES= 19 # DIFFw 17

EWNDUCER TIF

TTREL= 288,104 PTREL= 101275,
CIT= £41.353 RCT= O WiT= 310.301

PlT= G9770.4 T1T= 278.18 H1T= Q.422418
B1Te-42,7007 IT= 4.40072 UlT= 276.235

P10T= 101353, IKE= 0.274834

IHPELLER TIP

CT2J= 31{4.085 CH2JM= 238.345 C2J= IP4.282
C2k= 451.192 CH2Us 110 621 CT2W=s 437.42%
W2l= 127,735 H2J= 303073 UT2W= 63.8473
FO2Ja A556BL. HMREL2J=s Q.7F0162

T2JI= 357 459 TO2Jd= 444,104 H2J= 1.03001
PO2uU= S07BR31. MW= 1.10235 Er 0.380581
ToW= AIP.161 Ta2U= 518.523

HR= 1.17354 HRI= 1,28321 Th= 1.3208 E-3
USEP= 246%.497

5TATES AFTER WIXING

T28= 385,841  TO2su 459,067 TOZEX= 461,436
P2E= 2498464 PO23¥= 442152,

MIzs 0.902574 DPO2x 11949.7

CI2%= 338,749 CH2Es 104,717 C24w 385.839
TOHZEE-TEOL= 001341

L= 1.,8338%
§IGk= 0.8835
Ux= 1751714

DIFFUSER

WFGCT 2914443

P4A= 238000, M4
D¥=~3.76%919 E—4
CFAC= 0,5354
PB4z 449595 HL= 5.70953 E~2

=1 Be-0,254535
EFZx4u-5.47022 E-2
CPD= ©.478253

DIFFUSER THROAT IS CHORED
EFFICIENCIES

DETSBF= %.58784 E-F
DETSAB= 1.3B447 E~2
DETSD= 0.192087 DEYSF= 3.05022 E£-2
DETSDb= 1.B&764 E-2 DETSIH= Q,Q35374

ETTr ©.70326% ETS= 0.703265 ETTI= 0.B?5I52

NETSFC= 1.44375 E-2
DETSIn 0.104448

*

PAR 2380504
PCOL= 3512283,
H= 4285.27
Ba= 3.2258 E-3
g2= 3.2258 E-3

R1H=

R.:14002 Em2

HRELiT= 0.927301

UZ= %01.288
FO2HA= 474121

DR= 1.15145

UFRD= 2428487 WBF= 1&.7748

HS= 0.3BBEEL

DETSWL= 1.99701 E-2

CDR24 . +PRUJECT#ITO0N. 44072 ZBF  SI UHITS..-10/10/78 KEA

IHPUT VALUES

PQOx 101353, Pl §3850.7 P2z 1APB72.

POs= 357393, PS= 235022, POSa 257435,
TGOn 28B.167 TCOLm A432. Hx 0.777457
/K= 0.2 LC= & Ha= &.137707

ElBa=54,3 B2ha-=30. ALPHT= O
PR= 2.45878 RSEP= 4,37495 E-2

RET= 4.32404 E-2

RZ= 0.079756 4 BLADESa 19 4 DIFF= 17

IHDUCER TIF

TIREL= 288.104 PTREL® 101275

£IT= 175.332 RCT= O W1T= 324,745
PiT= 83040,% TiTe 272.79 M1iTa 0.529031
B1T=-57.54%6 ET= 1,24744 UlT= 275,743
F10T~ 101353. IhE= 0.34783%

IKPELLER TIP

Ci2J= 259,934 CHZJ= 352 887 C2J= 438,288
CIU= 433,347 EM2Wa 219,531 ET2Ucs 373,548
U2W= 25Z.A93 H24= 427,027 UT2We 128.748
PO24= 373001. HREL2J= 1.18752

T2J= 322,078 T02Ja 417,203 H2I= 1.22078
FO24= 317857, H2W= 1.0%852 E= 0.327538
T2U=x 370.34& TOZUa 482,529

MR= 0.830255 HRI= 1.4B401 TH= 1.3208 E-3
WSEFx= 379.38%

STATES AFTER MIXTNG

T2¥m 350,542 TOZ2kx 430,324 TO2kkw 431.997
P2x=x 1494468, FO2%m 3AF045.

H2k= 1.07178 DFO2= 12927.1

CT2x= 282,693 CH2*= 285,554 C2x= 401.§L7
TO2¥x-YCOL=-3. 42475 E-3

Le 0.987983

SIGt= 6.895
MX= 145120, WFC= [9758.8
DIFFUSER

A= 147392, Hae
Di=-1,75014 E«3

CP4Ca ©.875236
PD4= 283343, ULm 0,345872

i Ba=1,243567
CPIfA=+(. 109008
CPp= 0.55701B

DIFFUSER THROAT IS CHORED
TFFICIENCIES

DETSBF= 4.81473 E-3
NETSRO= 1.002480 E-D
DETSh= 0.202339 DETSF= 0,.024745
DETSDH= 2.94624 E-2 DETSIW= 0.101413
EVV= ©.641358 ETS= 0.441358 ETTI= 0.B43497

DETSFC= 2.34%78 E-2
DETSIm 0.155303

*

P4z 149892,
PCOL= 259495,
hx 6274,07

Ba= 3.2258 E-3
B2m 3.2258 E-3

RiH=

2.16002 E=2

HRELIT® 0,78595

uZ= 500,395
POZHAI 361772,

BR= £.840841

WFRD= 1432.33 WDF= &7.974

H5® 0.446003

DEXSWL= 0.184299
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CDR2, ».PROJEGCT#3I305.. .B:86 PLT/105 SI BHITS...10/10/78 KBA

INPUT VALUES *

POO= 101253,
PO4= 201028. BS= 420528,
TOO= 288.167 TLOL: 591.611
Hi/Ha 0.2 LC= 0
B1E=~55.3 B2B=-30.

PR= &.49898
R1Te 4.394%96 E-2

R2= 0.079756 4 BLabES= 19

Piz 85784.4

INDUCER TIF

TTRELE 288,104 FTRELS 1012

CIT= 144,905 RCTa O
PLTw B5784.& TiT= 275.568
BLT—44.5051 ITa 8,20512

PLOT= 101353, IKE= 0.235754
INPELLER TIP

CT2J= 442,932 CH2Jz 250,564
C2M= 594.711  CH2U= 58.353
W2Wa 67.3918  W2J= 319.336
FO2Ja 1.07668 E36
¥ZJ= 432,785 TO2J= 551.01%
POAl= 1.18%34 E+&

1.07921 E+&
T2W= 513.807
HR= £.49884
uSEPR 270.79%

m
w

TOZUr 683.1%4
HRI= I,44092

STATES AFTER HIXENG

T2i= 448.354 T02Z%= $B5.712
P2¥x 4563155 PQZr= [.9Q3431
ti2ta 1,13996 DPO2= 54903.7
CT2e= 473.115 CHXxx 138.703
TO25¥-TCOL= 2.414B2 E-2

Lw 3411

SEGk= 0.03E322
Wxm F099BL. HFCw &967.37
DIFFUSER

Pa= 4237486, H
Dks 9,9972 E-3
CPACn 0.8275058
PO4= 796085,

It

o 0.413585
DIFFUSER THROAT 18 CHOKED
EFFICIENCIES

DETSPF= 1.57674 E-3
DETSRD= 1.84518 E-2
BETSD= ¢.218234

DETSEH= 3.13413 E~2

ETTa 0.6571B4 ETS= 0.557184

x

RSEPT 4.394%6 E-2

=1
CP2¥4w—5,87647 E-2

DETSFCs 2.21742 E-2
DETSIF 0.122577
DETSF= 0.040614
DETS1N= 4.88254 E-2

Pam 40374 .
PCOL= &50&F1.

N= 78&6.32

BA= 3.2238 E-3
B2= 3.2258 E-3
R1H= 2,15002 E-2

P23 423764,
POF= &584%1.
Ho 0.772458
Uac 0,137707
ALFHT= Q

4+ DIFF= 17

75. HREL.IT= 1.1522%
uiT= 383,114

HLT= O.495%8)

ULT= J45.81

C2Jn 513:68%

CF2UW= 593,85

wr2u= 33,5958

HREL2J3 04768787

B2J= 1.23942 U2m 527.544

BOU= 1.31479 | E= 0.559708 PO2HAR

THa 1.3208 E-I DR= 1.41478

TH2er= 591,435
£t .

C2ix 493.026

HFRD= 5722.81 WBF= 4BB.746

Bm 7,06%44 E-2
HS= 0,27584
CPD= 0.342354

DETSHLx Q.120703

E¥VI= 0.877421

LDR2. . FPROJECT$2305, . B.94 ZBF SI UHITS...18/10/78 KBA

INPUT WALUES

POO=a 1013%3.
PO4= BALI7S7.
Too= 288,257

Fi= 7353B,2
P5= 504054,
TCOL= 5B0.833

HR/M= Q.2 ‘LC= O
BLE==f4.J B2E=-30.
PR= &.32 RSEF= 4.37496 E-2

RLT= 4,374%4 E-2
R2= Q.079755 # PLADES= 19

INDUCER TIP

TTREL= 288.164 PTREL= 1012
GITs 202,149 RLT= O

PLT= ?78538.2 TET= 267.712
B1Ta=39.7473 ITm 3,44724
F10T= 101333. IKE= Q267477

THPELLER TIP

CH2J= 274,003
C2U= 569,354 CH2Wa 7724855
W2Us BP.A505  WZJ= 342,639
PO3t= 1.0L125 E4&

Ta2J> 424.084 T02J= 551.335
POZU= 1.11239 E+b

1.07148 E+&
T2H= 50B.015
HR= 1.4701
USEP= 270,361

STATES AFTER HIXING

CT2Jm 425.%93

TO2U= §73.523
HRI= 3.33952

F2i= A&1.621 TO02%= I75.044
P24z 440a%4. P02¢a 975183,
H2%= 31.13Z87 DPO2= S54299.6
CT2%m 457,592 CHOA= 153,012
T025¥=TCOL= 2.A3378 E-2

L= 2,77308

S1G¥= 0,077
Hxw 2981485, UFCx 5837.42
DIFFUSER

Paa 400905, Hq=
Dx=-1.5488% E-4

CPACT G &75772
PO4n ¥55376.

1
CP2%4w-0,
Wim 6,411093
DIFFUSER THROAT 15 CHOMED
EFFICIENCIES

DETSIF= $.4%181 E-4
GETSRD®» 0.016272

BETSD= 0.208436

DETSDH= 2.97054 E-2
ETT= 0.471003 E£TS= 90.5671003

190

DETSFC= 1.93504 E=Z
DETSI= 0.120581

DETSF= 3.58424 E-2
DETSIN= 5,44441 E-2

P4T 4007854
PCOLw &403551.

N= 7884.12

ha= 33,2250 E-3
B2= F.225¢ E-3
Ri1H= 2,15002 E-2

P2= 400985,
POS= &40551.
H=x 0.B86773
= ¢,L37707
ALPHT= &

+ DIFF= 17

75 « HRELIT= 1,221
¥iT= 401.234
K1T= 0.41%413
UiT= 344,592

2= 507,537

CT2u= S5B4.24

UT2H= 44,7253

MREL2J= 0.8311&6

H29x 1.,23382 UZ=x 52B.964
HZW= 1.30411 E= Q.5I5033

PO2HA=

Th= 1.3208 E~-3 DR= -1.39185

TO2rk= 580.856

Clxw 494,435

HFRD® 4846418 WEF2 170.00&

B==0,1156
073892 H3n 0361637
CPD= 0.374155

DETSUL= 0. 1295386

ETTI= 0.87743%

CORZ++ +PROJECT#339T. 148,90 ST UNITS) ) #10/L0/78 KBA

IHPUT VALUES
POOw 101353, Pl= 82109.7 P2Z= 418002,
PO4= 897401,  PS5= sz0S2d. POS= &S&454.
Q0w 298,147  TCOL= SB&,83F H= ©,027167
Hil/H= 0,2 LC= O Wa= 0,137709
BiB=-%55,3 B2Pp=-3¢. ALPHT= 8
PR= §.47701 RSEP= 4.374%4 E-2

RiTu 4.39496 -2

R2= 0.079756 4 BLADES™ 17 & DIFFw 17
INDUCER TIP

TIREL» 288,104 PTREL™ 101275, HKRELITw
CI¥= 184.44B RCT= 0 WiT= 292,424
FPiTw 82109.7 TiTe 272.145 H1T= 0.550194
B1Tw-41.741 ITe 5.44101 U1T= 345.035
P10Tm 101353. IKEw ¢.252093

THPELLER TIP

CT2Jm 424.191 CH2J= 252,901 C2J= S509.293
£2un 593,113 CH2U= £4,%04  CT2H= 509.3327
W2u= 77,2543 W2Jw 325,408 WT2W= 30,4281
PD2Ja 1.04983 E+é
T2I= 431.815  TOQ)= 557.131 M2ZJ= 1.2308
POZH= 1,18867 E44 H2U= 1.31045
1.0732 E+6

TiW= $10.898
HR= 1.351193

USEPw 275.894

Ta2W= 678,334

HKRI= 3.4F123  TH= 1,3208 E=3

STATES AFTER HIXING

T2x= 443,447
P2xe 355135, PO2&m 1.01545 E

H2k= 1.1374]1 DFO2r 57743.3

CT2X= 4465.B18 CH2%= 150.234 C2%w 430,397
TO2XX-TCOL= &.024253

L= 3.10723

TO23« 581.635 TO2ex= 585.858
+4

SiGTm §.8513522

WUx= JI0q%71. WFC= &357.79 WFRDa S5298.32

DIFFUSER

Pax 418002. HAm
D¥n-2.B5568 E-5
CP4Cw 0,445503
PO4= 767319,

i b=-5,97457 E-3
EP234=-4.B1814 E-2

CPD= 0.ISBLES
U= 0.407879

DIFFUSER THRDAT IS CHOMED
EFFICIENCIES

DETSBF= 5,48289 E—4
DETSRDs 1.73732 E-2
DETSD= 0.2137292

DETSDH= 2.8983% E—2
ETT* 0.449432 ETS= :668452 ETTIn 0.852244

DETSIm 0.1L7754
DETSF= 3.82211 E-2

HREL2J= 0.734B78

DEYSFCa 2.0842% E-2

P4= 418002,
PCOL= SB5444x
W= 7873.45

FA= 3.2253 E~3
B2= 3.2258 E-3

RlH= 2.14002 -2

1.15558

U2a §27.95%
Ea 0.837923%

WRF= 173.311

H5= 0.287217

DETSIWx 4.99825 E£-2

CDR2...PROJECTH#3IZ0S. ..8.94 ZEF ST URITS...10/10/78 KBA

INFUT VALUES
PQo= 101353, Pl= 75035.4 F2a 3770687,
PO4A= 849740, PS5= 55501, P0F= 612475,
ToO= 288.1467  TCDL= 524,389 M= 0,909453
HU/H= 0,2 LC= O H4= 0, 137705
ElB=-55.3 B2B=-30. ALPHT= O
PR= 5.042%9% RSEF= 4,394%4 E-2

R1Te 4.394%6 E-2

R2= 0.079756 ¥ BLADES= 19  # DIFFe 17
ANDUCER TIF

TIREL= 288.104 PTREL= 301275, HRELIT=
CIT= 210.411 RET= O HiTe 40%.508
P1Te 75035.4& T1T= 244.233 H1T=m 0.470047
BiTx=57.73aF  Ii=m [ 4349 UlT= 34£.275
P10T= 101353. [IKE= 0.2B5145

INFELLER TIF

CT244 A19.542 CH2Jw 295,653 C2J= 513,844
L2W= 586,015 CH2W= 83.8338 CT2W= 579.788
U2UE 95,8025 H2.J= 342,763 WUTZWe 4B, 4014
FOQ2ZJa ¥84980. HREL2J= Q.BR7503

T2Ja 318,737 TO2J= 547.272 H2J= 1.26019
POZ2im 1.04048 Eté H2U= 1.30212
T2H= 5034904  TO2W= 667164
HR= 1,41425 HRI= 3.32054
YSEPa 307,457

TH= [ 3208 E-3

STATES AFTER HEXING

T2x= 458.282 TO2%= S571.304 TOZ&kk= 575.413
Pax= 421543, FO2fa 933174,
Ha¥= 1,13237 DPO2= 52904.8
CT2¥e 451.447 CH2ia 175.52
TO2t%-TCOL= 2,43442 E-2

La 2.5732

3
L2x= 4B4.55%

S1G¥= §.69

U= 294515, WFE= 5510.5

DIFFUSER

P4= 377047, Ha= 1
DA==3.01073 E-4
CP&CE 0,706237
PO4= ZE03P4-

B==0,212701
CP2x4=-3,7E403 E-2

CPO= 0 37306
HL= 0,435517

DIFFUSER THROAT ES CHOMED
EFFICIENCIES

DETSEF= 4,14264 E£-4
DETSRO= 1.356173 E-2
DETSD= 0.209542 DETSF= X.43584 E-2
DETSTHa 0.034694 DETS5IWa £.080524

ETT= 0.540457 ETS= 0.440457 ETTI= Q.B47997

CETSFE= 0.01B741
DETSI= G.136001

x

Pas= 377057,
PLOLa 612475,
H= 7878.9

Bd= 3.2258 E-3
2= 3.2256 6-3

PO2+5A=

DRa 1.,42228

DETSWL= 0.127825

RiH= 2,16002 E-2

1.25513

UZ= 528.389
Ee= 0.514381

WFRH= 4562.08 UBF= 121.568

H5= ¢.372801

POZHA= F4081.

DR= 1.331%2

DETSWL> 0.138508



CDR2, . ,PROJECTH3IZOS, .. 9,02 ELZ DIF HAVE PAT ST UNITS,..10/11/78 KBA

IKPUT VaALUES

FOO= 101333,
FO4m 201744,
TOO= 208,147
HU/te= 0.2
BlE=-85.3
PR= 1.89

Plo 100734, P2= 152309- P4 17&830
PS= POS= 191557, FCOL= 191557,
H= 3935.18

TCOL® 343,278 He 0,177808
LG= o Has 0,149352 BaA= 3.2258 E-3
B2B=-30. ALPHT= & B2= X.2058 E-3
RSEP= 4.304%6 E-2 RiH= 2.14002 E-2

R1Tm 4.39476 E-2

R2= 0.079754
INDUCER TIF

TTREL= 288,194
ClT= 34.B151
P1Te 100734,
B11a=77.983
P10T= 101353,

IHPELLER TIF

Ci2m 222,433
C2Ur 301.147
uzp= 27.2188
POZ2Jx 216545,
T3f= 325.992
PO2U= 233400,
T2Wa 343,067
HR= 1.12999
USEPs 158.089

+ BLADES~ 19 # DIFF=s 17

HRELIT= 0.519933
RC = 176.824

TiT= Z87.49 HiT= 0,.108251
IT= 21,4683 ULT= 172.94%
IKE= 0,207092

PTREL= 101275,
T= 0 wLT

CH2Ja 13R.354 C2J= 261,953

CH2Uo 23,5721 CT2U= 300,243

U2Je 1565.828 UT2U= 13,5094

HRELZ2J= 0.450L22

TO2J= JIS7.623 HZJ= 0727749 U2: 313.852
H2U= 0.807Q28 E= 0,512181 PO2HA= 219956,
TOZH= 3%3.006
HRIm 2,5i856

THN= 1.3208 E-3 0 DR= 2.118%

SYATES AFTER HWIXING

T2t= 334,351
P2xm 157403,
H2kw 0,&759

CT2a= 237,997

TO2*= J54.712 TO2¥¥= 343.258
PO2xx 213IPE3.

DPD2% 4043.1%

CH2¥= 45.7B03 C23= 2497.252

TOZ2ek-TCOL=-2, 13835 E-2

L= I,55323
SIG*= 0.80152%2
Wen Z7TAET.7
DEFFUSER

Pdo 178430,

Dew 1.30%23 E—4

CPAC= Q.597007
PO4= 201759,

EFFICIENCIES

DETSBFe=4,454034 E=2
DETSROD= 2.47441 E=2
DETSDa 0,147333

DETSDH= 3.79302 E-2

ETT= ¢

x

HFC= 2241.55 HFRO= 1883.55 WBF==3352.02

Ham 0.481424  g= 0.104018
CP2T4= 0.334345 H= 0
CPD= 0.502984
UL= 0,215475

DETSFC= 2.9%55%9 E-2 DETSUL= 7.B5%78 E-2
DETSI= 0.090%21

DETSF= S.4%?211 E-2

DETSIU= 4.24734 E=3

ETS= 0.7561745 ETTI= 0.709079

GDAR2...PRDJECT43I05...7.08 BEL2Z DIF HAVE PL¥ 5I UHITS...10/11/78 KBA

INPUT WALUES

POO= 1013534 |
POA= 199154,
TO0= 288.157

RiT= 4,37495 E

R2= 0.0797356
IHDYGER TIP

TTREL® 288,504
CITe A§.7528
PAT= 100228,
B1T=-74.8978
Pl0T= 101353,

IHPELLER TIP

ET24= 207.2%2
C2U= 293,843
W= 45,8041
FO2J= 205897,
TJ= 321.382
PO2u= 2249441,
T2Wa 344,526
MR= 1,0554%
WSEF= 170.%56

Pl= 100226, P2= 1497614
F5a © FOS= 175645. FLOL= 175545,
TCOL= 350.22Z ti=m 01240404 N= 394247

LC= 0 Ha= 0,149352  BA= 3.2258 E-3
E2Bw -3, ALPHT= & B2= 3,223 £-3
RSEF= 4.39475 E-2 RiH= 2.15002 E-2

Fa= 150740,

=2
¥ BLARES= 19 * DIFF= 17

FTREL= 101275+ HMRELITw 9,523062
RCT= ¢ WiTe 179,467
TiT= 287,074 HiT= 0.13757
IT= 18.5978 UL¥a 173.271
IKE= 0.22241

CH2J= L44.036 C2J= 252.421

CH2Ue 40,5353 CT2u= 291.034

WA= [79.517 WT2= 23.4034

HRELZJ= ¢.a79732

TO2S= 353.025 H2Jd= 0.70343L U= 314.437
H2W= 0.794355 E= 0.497785 BD2HA= 210450,
TO2U= 3§7.33

HRI= 1.85081 TH= 1.3208 E-3

STATES AFTER MIXING

T3xm 330,746
P2i 153384,
H2¥a 0,66553F
ClZxw 224,04
TO2Ex-TCOLx~-2,
L= 2Z,43399

§IG%= 8.631%22
His 72408.3
DIFFUSER

FA= 150740,
D¥= 7.25178 E-

CPACs 0.5E194%

PO4= 122196,

EFFICIENCIES

DETSBFa~1.48626 E-2
DETSRD= 1.90702 E=2
DETSD= O,220421

DETSDH= 2.74589 E-2

ETI= 0

]

TO2x= 35%.8%7 TO2kiz 350 199
PO24= T0537La

DPO2= 4078.22

GH2E= P2.0463 C2%= 242.212
28288 E~2

WFCw 15857.0¢ UFRD= 1380.84 WOF=-1075.18

M4= 0.442021 B= 5,01574 E-2

5 CP234==4,51693 E=2 5= O
CPI= ¢.420087

L= 0,135315

DETSFCa 2.20B43 E~I
DETSE= 0.102713

DETSF= 4,19545 E-2
DETSIN= 4.814622 E=2
ETSa §,476866 ETTi= 0.9%7287

DETSHLE 4,724622 E-2

DR= 1,04977

LDR2. ., PADJECT#3305...%.04 BLE DIF HAVE P1T

INFUT VALUES

POQr 101153,
FO4A= 201381,
TOO= 264,157

Plz 1005534, P22 151485.
POS= 187125,

PS= 0
TCOLe 363,444 Ha 0.189602

il 0.2 Le= ¢ Wam 0,.149352
B1B=-56.3 B2B=—30. ALFHT= ©
PR 1.8565 RSEPE 4,394%4 E-2

R1T= 4.3%4946 E-2
R2= 0.079754 + BLADES= 1% & DIFF= 17

INDUCER TEP

TTREL= 28B.1¢4 PTREL= 10127%.
CIT= 38.5561 RCTa O WiTe 174,756
P1T= 100554, T1T= 287.424 Mi1T= 0.113413
D1T==-7743774 IT= 21:0974 UiT= 172,478
P10T= 101353. IKE= §.206474

IHPELLER TIP

CT2d= 218.764 CH2J4= 138.22 C2J= 258.772
C20= 298.%44 CHIU= 2 3I8T4 CTIH= 257.801
UI= 30 4549 W2a= 147.306 WT2= 15.2324
PO2JSm 213741, HREL2J= 0.454525

T2J= 323.051 T024= 354,302 H2J= 0,719417
PO2N= 231284. H2U= 0.80244 E= ©.504451
T24m 346,911 TOZu= 391,704
MR= 1.118B84 HRI= 2.3447F
USEP= 15%,.51%

TN= [.3208 E-3

STATES AFTER MIXING

T2a= 33T.411  TE2¥= 353294 TOZak= TAF.42F
P2¥a 158638, PQ2¥= 211787,

M2¥= 0.471341 DPO2= 5459.87

CTZa= 234,373 CHZEs 71,3608 C24= 245.273
TO2EX-TCOL==2,13072 £=2

Le 3,27332

SIG¥= 0.,881522
Wx= 7?5458, WFCa 2078.8% UFRD= 174%.07 W
DIFFUSER

Pam 173355, H4s G.467103 b= B.255627 E-2
D= 1.17888 E-4 CF2¥4= 0.30328Z HE=
CPACa 0.,552922 CPD= 0.%89042
FR4= 201361 U= O.189081

EFFICIENCIES

DETSEF=-2.1403) E-2
DETSRD= 2.I11B2 E-2

DETSFCw 2.77418 E-2
DETSI= 0.10642

DETSD= 0.150244 DETSF= 5.08599? E~2Z
DETSDH= 3.44663 E-2 DETSEU™ 4,24748 E-2
ETT= O ETS= 0.743334 EFTI= 0.89359

*

COR2 ..PROJECT#3J05. ,9.10 BL2 DIF KAYE P1T

INPUT VALUES
PGO= 101353 Pl= 99985, F23 344670,
PO4= 195935, POn 0 FOS= 15G408.
Teo= 288,187 TCOL= 3IG5B.387 H= 0.254444

HilsHw 0 2 LCa © Hax 0,149352
BiB=-56.3 B2Bw=30. ALFHT= ©
FR= 1.484 REEP= 4.394%4 E-2

R1T= 4.39496 E=2 -
R2= Q.079754 4 BLADES= 1% + DIFF= 17

INDUCER TIP

TTREL= 289.104 PTREL= 101275,
CITt= 50.B397 RCTa 0 H1T= 190.583
P1T= 99985, Tii= 285.877 HaT=a 0.14%444
B1T=-23.448% I¥= 17.348% LaT= t73.z28
F10¥= 101353. IKE= (¢.231085

IHFELLER TIF

CiZJ= 201.091 CH2Ja 148.291 C2J3 249,654
C2H= 290.271  CHIW= 39,1422 ET2W= 254.081
H2W= 54.7444  W2J= 184.458  UT3U= 28.3753
PO2J= 200937, HREL2J= 0,520861

T2J= 320,085  TO2J= 351,092 H2J= 0.492402
PO2Ur 219751. HIW= Q.7083217 E= 0.44717
T2U= I43.2 TO2Ua 384,979

HR= 1,02071 MAL= 1.67462, TH= 1.3208 E-3
WSEP= 177.£84

STATES AFTER HIXING

T2%z 329.032 TOZ¢= 357,88 TOZxe= 358,345
P24a 150911 FO23= 202721.

K2%m O 553866 DROZ= 3IL78.37

CV2a= 219.087 CHIZ¥a 102.37% C2Z¥= 240.924
TO2%%-TLOL=-0. 023702

L= 2.13022

SIGk= 0.801I522

Wx= 7055%.8 WFCe 1492 19 WFRDa 1243.49

BXFFUGER

PAx 122947, Ha4e 0.04273
D= 7.AFI78 E-F

CPAC= 0.375048
FD4n 195935, HL= 0.130982

Lm 5,34483 E-2
CP2¥A=-0,539352

EFFICIENCIES

JDETSRF=-1.056977 E-2
DETSRD= 1.76232 E-2
DETLD= (.408571 DETSF= 3.87711 E-2
DETSDHK= 0.025059 DE¥SIM= 5.1&8135 E-2
ETTa ¢ ETS= 0.484445 ETTI= 0,895238

¥

TETSFC= 211479 E-2
DENSI= 0.104749

ST UMITS...10/11/78 Kka

Pax 173365
PLOL= IB7123.

H= 3924.0%

Pé= I.2258 E-3
B2» 15,2288 £-%
R1H= 2.15002 E=2

HRELIT= 0.5L97%4

u2= Z13.034
PO2KA 21724%.

DRa 1.10804

DF=—15617.32

o

DETSUL= &.74285 E-2

S1 UNETS.. 10/11/78 hBA

P4z 122947,
PClL= 150408,

H= 3942.7

Bd= 3.2258 E-3
B2= 33,2259 E-3
RIH= 2.15002 E-2

HRELIT= 0.531548

U2= 314.4549
POZHA= 205300,

DRr 1.01631

WBF==754.,947

H5= 0
CPO=—-2,70947 E£-3

DETSNLE 4.B84025 E-2

~191
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COR2...PROJECT$3305..,9,.14 BL2 DIF ST UHITS...10/11/78 KBA

THRUT VALUES ]

FaO= 101353, Pi= $3298.8 PZ= 242319, Pd= 349921,

POA= 47714%. FP= 0 FOS= 424263. PLOL= 324243,
TOO™ 2BB.167  TLOL= 477, Ha 0.4944634 Hx 4314.18

NUSHE 0.2 LCn O Max 0.149352 EA= 3.2338 £=3
BLER=54.3 B2B=-30, ALPHT= O B2= 3.2253 E-3
PR= 4.188 RSEP= 4.394946 E-2 RfHo 2,16002 £-2

RiT= 4,354746 E-2
R2= 0.07975& & BLADES= 19 & DIFF= (7

INDUCER TIP

TIRELw 288.104 FPTREL® 1012735, HRELIT= 0.856633
CET= B3.92&% RCT= O UrT= 289,219

P1Tu 97298.8 T1T= 284.65 H1T= 0.Z247987
B17=-23,173 ITr 15,673 ULT= 2770056

P10T= 101353, IAE= 0.217574

IKPELLER TIP

CT2J= 345,828 CGCH3JI= 220.977 C2J= 407,714

C2Um 475,448 CH2Wa 54,0924 CT2UHa 472.38

W2Uw &2, 4545 W2J= 276,785  UT24= 31,2332

PDZJ= $527918. HREL2J= 0.&75477

T2Jm 377,79 TO2J= AL0. 454 H2Jx 1,05702 2= 503.594
PD2U= 588494, HM2Us 1.1425 E= 0.538322 FO2MAm 541634,
TaW= 433,127 TO2U= 543.074

MRw 1.23994 HRI= 2.,53422 TH= 1.3208 £-3 DR= 1.20458

WSEP= 240.481
STATES AFTER HIXIND

T2%= A0L.72 TO24= 477.0B88 TO2x4= 477.016
P2¥m ZBOF71. POk 517405,

H2%= 0.978713 DPD2= 24028.4

C724= 371,133 CH2%k= 12£.0804 C2%= 391.%44
TO2A¥=TCOL= 1,56403 -2

L= 2,74347

SIGE= 0.881S22

Wxm 193160 WFGm 4ZB1.%7 WFRD= 3368.31 WAF=-1570.56

DIFFUSER

PA= 349921. HaA= 0, 4683768 B= B.3214% E-2
= 1,18817 E=4 CP2EA= 0.291319 H5= ¢
CP4C= 0.5B4247 CPDa ¢,40551
FOAm 477145, WLa 6.170%1

EFFICIEMCIES -
DETSEFw—8,23443 E-3 DETSFCm ©0.022148 DETSUL= 5.47987 E=2
DETSRD= 1.B84733 E~2 DETSI= 0,112037
DETSDk= 04131775 DETSF= 4.06413 £-2
DETSBH= 3.11145 E-2 DETSIW= 4.B5158 E-2
ETT= 0 ETS= 0.754188 ETTI= 0.8a87%43
x

CDR2. » .PRDJECT#3305...9.22 BL2 DIF SI UNITS...10/11/78 MBA
INPUT VALLUES

POS= 101353, Fi= 9577B.5 pam 259527, PA= 30GFA2.

FO4o 473532, PS5z O PO5= 397181, $LOL= 357101,
To= 26R.167  TCOL= 473.333 H= 0.557485  d= 4305.17
Husrs 0.2 LCx 0 W4= D.149352 BA= 3.2258 E=3
B1Pp=r%i.3 B2p==3{. ALFHTa O B2= 31,2258 E-X
PR= 3.918 RSEP= 4,394%6 E-2 RtHa 2,14002 E-2

RiT= 4.394956 E-2
RZw 0.07¥756 & BLADES= 17  # DIFF= 37

INDUCER TIP

TTREL= 2B8.104 PTREL= 101275+ HRELET= ©.B870434
CIT» 98.0078 RCT= 0 WiT= 293,93t

Pi¥= $577B.5 TiT= 283.357 H1T= 0.290234
BiT=470.5225 IT= 14.2225 Urt= 227.11

F107= 101353, [IKE= 0.230575

IMPELLER TXP

CT2J= 235.137 CHRJ= 214.337 C2J= 376,877

C2Ws 467,614 CH2U= &%.7763 CT2W= 442.578

U2Wz H50. 5937 W2Jm 273.748  UT2U= 40.2959

P02J= SAY522. HREL21= 0.705174

T2J= F76.E34 TOZJ= ASA.?S83  H2J= 1,029F2  U2= 502.875
PO2Wa 572943, H2W= 1.1298 E= J.458784 PO2HA™ 5208456.
TaUs 423.924 TO2Uw 535.488

HR= 1,23435 HRI= 2,35128 TH= 1.3208 E-3 . . 8= 1.20775

WSEP= 243.348 : -
STATES AFTER HIXING

T2x= 397,245 TOA= 471,183 TOZks= 473,348 .
P2¥= 274513,  FOR¥= 503307,

H2xm G.P74172 DPO2= 173373

CT2¥= 350.825 Ci2¥= 143,19 L24= 388.013

To2ek-TCOL= 1.A4&78% E-2

L= 2,51851 -

SIGE= 0.8891%22 B

UxX= 187348« HFC= 3758.45 UWFRD= 3132.05 WBF=-872.545

DIFFUSER

PA= 300742- H4= 0.B34576 Ba 4.55238 E-2
DE= 5,50017 E-5 CPZ¥4= 0.115E3 H5= O
CPAC= 0,55712% CPDa ¢ F35578
POA= 473539, WL= 0.130154

EFFICIENCIES

DETSEF==4, 74411 E-J DETSFC= 2.00414 E-2 D&TSHL' 4.21302 E=2
DETSRD= 1.4717% E-2 DETSI= §-104089
DETSD= 0.157804 DETSF= 3.67793 E-2
DETSDH= 2.37196 E=2 DETSIU= 4.B3544 E-2
ETT= 0 E75= 0.735104 ETTE= 0.B895Ft1
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COR2...FROJECT#3305...7.18 BL2 DIF ST URITS...10/11-. KBA
IHPUT VALUES -
POO= 101353, Plw 95724.5 PR= 240794, Pax I31373,

P5= 0

FDAs 4783465 PGS= 41493%. PCOL= 414%3%.
TOO= 2B8.167  TCOL= 474,511 H= 0.5330484 W= 6312.%

bl He 0.2 LC= D WAx 0.149352 B4n I.2258 E=3
ElB=-5& 3 B2HB=-30. ALFHT= 0 B2= 3.2238 E~3
FR= 4,094 RSEP= 4.374%4 E-2 ' RiH= 2,14002 E-2

RiT= 4,394%5 E-2
R2z O.,079758 * BLADESa 1% #+ DIFF= 17

IHNDUEER TIP

TTREL= 288,104 PTREL= 141375, HRELIT= Q.B42064
CIT= 87.48B4 ACT= O UiT= 291,508

PIT= 94724,5 TiTw 254.168  HiT= 0.244441
BRT=~72.1224 I7= 15.8224 WT= 277,432

PLOT= 101353, IKEw {,220792

IHFELLER TIP

CT2.J= 339,843 CH2J 21B.421 C2Ja 403,799

C2H= 471.537  CHZWe &2.A927 CT2u= 447.38

WZi= 73,1404 U2J= 272.895  WUT2U= 340803

PO2J= 517720, HREL2J= ©,702503

T2Jw 377.156  TO2J4= A57.4B3 H2J= 1.0425 U2= 503.44

PO2W= 5E0331. HIM= 1.13814 E= 0.47¥57 POZHA= JZOZ42. ‘
T2U= 430.898  T02W= 539,108
HR= 1.227L3 HAT= 2.34438 TH= 1.3208 E-3 GRs 1.2018

WSEP= 342.546
STATES AFTER MIXIMG

T2x= 399,33 Ta2xa 473,504 TO2%kT 474.4626
P2ka 277570, PO24k= 510047,

H2¥= 0,975195 DPO2= 20195.5

CT24= 145.344 CH2x«+ 135,87 CDIs I69.912
TO2k%~TCOL= 1.523%4 E-2

L= 2.5890&

SEGS= 0,091522

WX= 19070F, WFC= 3972.1 UFRD= II10.06 WBF=-520,584
DIFFUSER
Pa= JXLI?F. Hi= 0.744897 B= 4$.051%3 E-2
D= 8.64138 E-5 CP2%4= £.231104 Hi= ¢
CFACE ¢.548504 CPDa 0.590717
PD4A= A703SS, W= 0.134328
EFFICIENCIES
. .
DETSBF=-2.73015 E-3 DETSFC= 0.020828 DETSUL= 4.35783 E=2
BETSRD= 1.73547 E-2 DETSI= 0.£10755
DETSD= 0.137794 DETSF= 3.BLlBAZ7 E~2
DETSDH= 2,4832% E-2 DETSIUa 4,.84677-E~2
ETTa 0 ETSa 0.75145 ETTI= 0,88%245

x

CDR2++ o PROJECT#3305, .. 9.30 BL2 DIF SI UNITS...10-11/78 KBA

EHPUT VALUES

FOOx 101353, Flo 25204.2 P2= 257774, P4= 259007,

PO4a 455926, pPS= 0 FOS= 32B181. FCOL= 328181,
To0= 288.147 TCOL= 471.722 #=x 0,571073 Nw 630346
Lc= 0

Mil/Ha 0.2 W4= 0.149352  P4= 3.2258 E-3 _
B1B=-36.3 B2B=-30. ALFHT= © hie 3.2258 E-3

PR= I.238 RGEF= 4.37478 E=2 . RiHi= 2.14902 E-2
RiT= 437475 2 . -
R2a ©,079755 # BLADESs 19 & DEFFa 17

n
)

ENDUCER TIF

TTREL= 288.1[04 PTREL= 101275, HMREL1T= 0,875882
CIT=s 102,882 RCT= © WiT= 295,52

F17= 75204.2 TiT¥= 202.6B2 HiT= 0.30487

P1T=r6F. 56306 IT= 13.3308 UlT= 277,041

P10T= EQ1353: IKEs 0:23514F7 .

IHPELLER TIP

CT2J= 332,503 CH2J= 2E7.441 C2J= 397.3

C2ux 458 009 CMZUm 73,833 CT2W= 44&D.137

UZU= §5.255 W2 )= BY4.174  WUTIZU= 42.4275

PO2J= 502265. MREL2Sx 0,7120%8

T2Je 375,911 TO2J= A53.525 H2J= 1.025672 U2= 50275

FO2U= S&4919. H2Ha 1.12674 E3 0,454004 FO2HA® S151946.

T2U= 427.945 T02u= 533,212

HR= 1.23 HRI= 2.29732 TH= 1.3208 E-3 DR=a 1,20351
WSEPa 245.3529

STATES AFTER HIXINS

T2tz IF6.1046 TOZE= 45F.73F4 TOZkE= 471.7237
P2ta 272313, PO2&= 498754,

H2em 0.973572 DPO2Zs 14441.4

CT2%= 358.026 CH2K= 47,5 C2¥= 387,22
TOZEX-TCOL> 1.44)1S3 E-T

Lo 2.4273

EI1G¥= 0.881522

HX= 195594 WFC= J448.4% WFRDa 3040.57 WBFa-$71.211
DIFFUSER

P4= 23%007. Ha= 0,7407Q8  P= 1.04818 £-2

Dx= 1.52531 E-5 CFZ34c-5,874625 E-2 H%= 0O

CpPACe §.347402 CPD= 0.245723

PO4= 455826, HLw= 0.1E35161

EFFICIENCIES

DETSEF=-5.33782 £-3 DETSFCa 1,94487 E-2 DETSHL= & 0B3IB3 E-2 -
DETSRO= 1.63737 E-2 DETSI= 0.102503

DETSDa 0.275F03 DETSF= 3.60226 E-2

DETEDM= 2,2d4525 E~2 DETSIU2 4.89654 E=2

ETT= O ETSa 0.420594 ETTI= 0,897497

x
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CDR2. . « PROJECT#ZIO0OH. 4 o ¥+ 32 SI UNITS...50/10/78 KBA

INPUT UALUES

POO= 101151,
POAw Q14551
TO0® 2EB.1&7
HU/H= 0.2
B1P=-55.3
PRa 5402

RiT= 4.324%96 E-2

R2# 0.07%754
ENDUCER TIP

TTREL= 2BE.104
ClT= 214.279
PiTm 75541.7
B1T=-37.9387
P10T= 101353.

EHPELLER TIP

CT2J= 418.748
C2k= 354,321
2= 95,0845
POZJa 927545,
W2Ju 415.125
PO2S=
T2U= 504.184
HR= 1.37343
USEP= 313.56

1.00478 E+6

F2a 35Tar.
FoSm 508792,

©.895299
Hi= 0.13770%
BZE=-30, ALPHT= ©
RSEP= 4.39476 E-2

Pi= 75541.7
P33 0

TEOL= 575.811
Lc= 0

+ BLﬂ;J‘ESl 19 & DIFF= 17

PTREL= 1012735,
RCTA @
TET= 254,743
IT= 1.43873
IKE= 0.28307

HRELETa
UlTe AQ7.435
HiTa 0.8462287
ULTa 345,294

CH22» 305,617 C2J= 518,547
CH2u= 83,2114 CT2H= 578,558
MHZJS= 387,76 HT2H= 48,0422
HREL2J= 0.9083%2

TO2Jm §4s8.076 M2Jo 1.,27735
Hau= 1,3004
TO2U= £47.143
HRI= 3.33095

STATES AFTER HIXINB

Tax= 437,205
P2ix 413315,
H2i= 1,13234
ET24a 450.72B

TOZ%¥= 570.543 TO2¥¥=x 575,635

P02 914512,
DPG2= 4$80B0.3
CH2¥w 175.0%2 C2lk= 483.8%

TO22%-TCOL= 243208 E-2

L= 2.35402

S1Gi= 0.8B1522

TH= 1.3208 E-3

Pd= 243304,
PCOL= 568792,

M= 7854.59

B4m 31,2258 E~F
2= 3.2258 E-3
RlH® 2.16002 E-2

1.,247461

2= 524,61

E= 0.5273B% FO2MA= $83393.

DR= 1.2993%

COR2...PROJECT43305..,%.36 SI UNLTS...10/10/78 KRA

INFUT VALUES

PoO= L{r1353.
POs= BESTE.
T00= 288.167
HUHa 9.2

P1Pa=56.3

PRE T.60B78
RiT= 4.394%&
RI= Q.379756

INDUCER TIF

TTRELa 288,104
CIT= 183.827
F1Ts 82231,
BlT=-41.,9727
F10F= 101333,

IHFELLER TIF
CT2J4c 432,852

C2U= 5SE.222
W2W= 80,1383

PR2J= 1.03048 E¥6

T2ds 425:447
FD2U= 1.1123 E+
1.04864 E+&
T2um S09.15%
HR= 1.43244
WSEPw Z68.708

STATES AFTER HE

T2¢m 463,427
Plt= 442080,
H2te 1,13524
CT2%= 442,508
TOa£-TCOL= 2.4
L= 2.97002

§1G¥e= 0.88i022

E-Z
1 BLADES= 3%

Pox 399533

Pi= 82231,
PSa 0 FOS= 271192,

TCOL= 594,555 H= 0.837332
LC= 0 ua= 0.13770%
E2DBm-30. ALFHT= 0O

REFF2 4.374%46 E-2
& DIFF= 17

PTREL= 1012?5.
RCT= @ WAT= 391,467
TiTx 271,261 HIT= 0.555178
ITa 5/&67274 ULT= 345.621
IhE= 0.25323

CH2J= 272,13 €RJ= SL4.208
CHAU= &9.4018 ET2Wa 507,134
W2J0= 340,677 UT2W= 40.05%1

TO2Ja 554,203 HZJm 1.2508
& H2UWa 1.30874

TO2ZH= &75.553

HBRi= 3.4%424  The 1.3208 E-3

XING

TO2ka 578,746 TO2¥k= 5E4.58
FO2xn 981441,
DPO2= 55181.1
CH2k= 1%55.846
2784 E-3

C2xc 488.443

A= S14907.
PCOLa 771192,

Ha PR44.43

BAw J.2258 E=3
B2= 3.2258 E-3
REIH= 2+16Q02 E-2

HRELIT= 1.15445

HRELZJ= 0.B246873

U2a 527.203

E= ©.545022 PO2HA=

DRa 1.35472

Hx= 293222, WFCe S5447.%

HFRD= 4554.5% WBF= 745.7567

Wxo 302584 . UFC= 4L37.4%

UFRD> 5114.58 WEF= 393.56%

DIFFUSER
Pan 442304,

Dim=5.,98025 E~F

GCFaC= ¢.178541
PDA= 914491,

EFFICTENCIES

DETSBF= 2,51157 E-3
DETSRD= 1.553%7 E=2

Ha= 0, 730055
CP2¥4= S5.78423 E-2

Ui= 0.197145

CETSE= 0.138234

Ba—d4,2285% £-2

DETSFCx 1.845477 E-2

H3:
CPD= Q. 170477

DETSHL= 5.97%5% E-2

DIFFUSER

P4= 514707 .

D= 9.556087 E-5

CFAC™ 0.730045
FD4= G&59614

EFFICIENCIES
DEVSEF= 3.2B395

He= Q.B?7062 B= £.05B3146
CP2tam 0.134959 MSa
CPD= 0.&09FAL

Hl= 0.214426

E-3 DETSFCe 2.02834 E-2

o

DETSHLE &,40234 E-=2

BETSD= 0.204507
EE}SDH- F.85827 E-2

DETSFﬂ 3.41874 E~2
SIW= 5.268841 E-2

ETS= 0.577257 ETTI- Q.B61744

DBETSRO= 0.014903 DETSI= O.12B455

CDRZ. » PROJECTH3305. . .9.38 SI UNITS...L0-10/78 KBA

INPUT VALUES
POD= 101353,

FO4c B77613.
T00m 285167

PR= 7.31293

Pi- 79&?6 H P2m 393139,
POS= 741457,
T:nL- 585.833 H= 0.840011
L= 0 U4= 0,13770%
B2P==30, ALPHT= O

REEF® 4.,39495 E-2

PAE 593974,
PCOL= 751437,
N= 7870,31
B4c 33,2252 E-3
B2= 3.2258 £-3

DETSD® 0,121281 DETSFm 3.71B47 E-2
DETSDH= 3.34844 E-2 DETSIUw 5.4279% E-2
ETT= ¢ ETS= 0.750284 ETTI= O.B71545
x

CDRZ.. .FROJECT#3305.. .9:42 SI UHITS...219/10/78 hKBA

INFUT VALUES

POO= 101353,
FO4= 43477,
To0= 288 167

P2= 371053,
FOS= &73288.
TLOL= 3574.889 He 0,873577

Pl= 26589,
P5= 0

PA= 459129,
PCOL= S73268.
He 7854.97

RIT= 4.3947¢ E-2
R2= 0.079754 # PLADES= 9
INDUCER TIF

TTREL= 288.104
CIT= 1%7.502 RCT= ¢

P1T= 79494.% T1T= 2468.545
B1T=—40,2744 ITm 3.97438
F10Ta 101353, ThEx 0.251007

IHFELLER TIF

CT23= A28.4B1 CH2Ja 284.444
C2u= 589.8%1 CH2Wa 73,4458
u2u= 94.8078 Wiz 347.338
FO2J= 1.01%17 E+6

T24= 423.711 T02I= 552,497
POZ2u= 1.09215 Eté

1.03374 Eté

T2U= 508,127  TO2Ws 473,927
HR= 1.43328 HRI= J.51153F
WSEP= 294.47

STATES AFTER HIXIMG

PTREL™ 101275,

RiH= 2.15002 E-2

# DIFF= 17

HRELITm 1.210%2
ULTw 378.311L
HIT= 0.,400431
ULT= 345,897

C2J= 514,588

ET2W= 585.301

WI2We 42,4037

HREL2 = O.844855

H2J= 1.2%545% U2= 427,705

HZu= 1.30714  E= 0.537447 FD2HA=

Th= 1.3208 £-3 BRE 1.34244

HW/Ma §.2 iC= 0 Wa= 0,137220%  Ba= 3.2258 E-3
E1Br-56.3 B2B=~30, ALFHT= O B2a 3.2258 E-3
FR= £.,843 RSEP= 4.33494 E-2 RiH= 2.14002 E-2

RiT= 4.374P&

E-2
R2= 0.,079754& # BLADES= 1% * DIFF= 17

INDUCER TIP

TTRELm 288,104 FTREL® 101275, HRELIT= 1.23653L
CIT= 211i.404 RCT= & WiT= 405.184

F1Tm 74587, Ti¥= 245 791 HET= 0.5448083
B1T=-53.5505 IT= 2.25053 ULT= 345,442

P10T= 101353, IhE= 0.,278477

IHPELLER TiIF

CT2J= 420,448 CH2Ja 302,205 C2J» S18.003

C2d= 385.804 CH2u= B1.770% CT2U= 560.048

U= P4.4204 HZJm T66.148 WI2KW= 47.2102

PGZI= 984544. HREL2J= 0897747 -
T20= 414.83% TO2J= SA7.479 HK2Jw 1,27337 UZo &27.279
POR2Wa 1.0237¢ E+6 fi2Ws 1.30204 Em ¢.5262B6
T2Wa 505,104 TO2Ua 568,756
HRe 1,37933 HREIw 3,32727
WSEF= 310,445

Thw 1.3208 E-3 DR= 1.30517

STARTES AFTER HIXING

T2k= 442.09
P2%w 434517,
H2dm 1,13497

To2¥= 577.037 TO2#kw 585.858

FO2¥o SHE874.
DPD2» S4R48.

T2¥= 458,243
P2&k3 A17%91.
H2¥= 1.133121

TO2%w 571,984 TO23%m 576,713
PO23= PI5648.
PFOZa 68144,2

CT2¥= 450,005 CH2E=

141.54%4 C2%= 487,582

TO2¥¥=TCDOL= 2,42515 E~2

L= 2.B4561
SIO¥= 0.BY1522
HX="303923.
DIFFUSER

P4= 573974,

De= 2.15823 E-5
CPag= 0.59047¢
PO4= 977513,
EFFICEERCIES
PETSBF= 1,4098& E-2
DETSRD= 1,62873 E=2

DETSD= 0.120104
DETSDH= J.34872 E-2

WFC= 5340.08

Ha= 0,
CP2¥Aa 0.295764

UFRD= 4%50.07 UBF=» 4284.99

7?2707  Bm 1,52617 E-2
U= 0

CPDx 0.4103%7

UL= 0.17145

DETSFC= 1.9?5447 E-2
DETSI= 0,13803:
DETSF= 0.035632
DETSIU= §.54333 E-2

DETSUHL= 5.02931 E-2

EiT= 0 ETS= ©.740843 ETTI= 0.840747

X

CT24= 452,552 CH2¥x 173.947

Torer-TCOL= 2.43133 E~2
L= 2.60155

SIG¥m 0.831522
WX= 274550,
DIFFUSER

Pd= 459129,
Byx—8.106%8 E-&
CFPAC= 0.54508
POA= @334677. HL= 0.14]B
EFFICIENGIES

DPETSBF= 1.80953 E~3
DEVSRD= T S&797 E-2
DETSD= 0, 140105
DETSDHw 0.037552
ETT= O

*

UFC= 3542,31

Hd= & 959247

(2a= 494.812

HFRD= 4610.3¢ WRF= 532.011

B=-5.73278 E-3

CP2k4= 0.100593 H5a O

CPD= 3,502675

DETSFC= 1.5B157 E-2
DETSI= 0.,135468%

DEYSF= 3.449354 £-2
DETSIM= 4.17318 E-2

DETSUL= 4.8E259 E-2

EiS= 0.704206 ETTE= 0.854311

POZHA= 7PI?F2.
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