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ABSTRACT

The present investigation deals with the first phases of an ongoing
project. These are the design and construction of a turbocharger test
facility, the overall steady-state performance map, and the Initial results
from the high response instrumentation concerning centrifugal compressor
stall. The test facility was designed so the compressor would operate at a
pressure ratio of 2.0 and a mass flow of 50 LBm/min. To accomplish this
goal an air ejection system was designed using the compressor exhaust and
the Gas Turbine Laboratory high pressure air supply. In addition, an
exhauster was used to reduce the turbine exit static pressure below atmos-
pheric in order to increase the turbine work. The overall performance of
the compressor was measured at four different rotational speeds, and it was
found that the surge points depend upon the amount of throttling of the
valve at compressor exit. Dynamic response pressure measurements taken in
the inducer region of the impeller indicated that rotating stall may be
present in the impeller preceding system surge. The surge frequency was
found to be 28 Hz.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1 INTRODUCTION

Under normal operating conditions a compressor exhibits a steady and
axisymmetric flow, aside from the blade to blade pressure variations and
the small scale unsteadiness associated with the moving pressure and
velocity fields. However, if the performance map of a compressor is
plotted in the form of pressure ratio versus corrected mass flow for
different rotational speeds, a limiting line is found which separates
stable operation from unstable oéeration. This line is often defined as
the "stall" line, and steady flow generally does not occur to the left of
this line (see Figure 1).

When the stall line is encountered the resulting phenomena can take

one of two forms: rotating stall or surge. In surge the compressor

experiences large amplitude fluctuations in the total annulus average flow,
while in rotating stall one to several cells of severely stalled flow are
found to rotate around the circumference, although the annulus averaged
flow is independent of time once the stall cells become fully developed.
In some cases a combiﬁation of both phenomena may appear.

Significant progress has been made in the understanding of surge and
rotating stall in axial flow compressors. In multistage axial flow
compressors the sequence of events seems to be local rotating stall

followed by syétem surge. However, there is a lack of fundamental
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understanding of the occurrence of these phenomena in centrifugal
compressors. Reviewing the literature one finds disagreement between the
experts on what "triggers" surge in centrifugal compressors.

For these reasons a basic research program was undertaken to obtain
systematic experimental data from which the mechanisms of these phenomena
occurring in centrifugal compressors (turbochargers, in this case), may be
explained. As an example, specific questions that can be addressed are:

® Is it the onset of rotating stall that causes surge?

® What is the influence of overall system parameters on the "surge

point"?

Is surge breakdown axisymmetric?

Can one portion of the impeller be associated with stall?

How does the diffuser (vaned or vaneless) influence surge?

In order to investigate these topics, a turbocharger compressor was
instrumented with high response pressure probes. The compressor was also
equipped with steady-state instrumentation so that the characteristic of
both the impeller and vaneless diffuser could be found.

This project is an ongoing one and the present report deals only with
the first phases of the work. These are the design and construction of a
suitable turbocharger test facility, the steady-state performance maps, and
the initial results from the high response instrumentation concerning

centrifugal compressor stall.
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1.2 LITERATURE REVIEW

One of the first definitive studies which separated surge and rotating
stall into two distinct phenomena was conducted by Emmons, Pearson, and
Grant [9]. The centrifugal compressor used in this study contained an
axial flow inducer blade row, a straight radial bladed impeller (no
backsweep), followed by a vaneless diffuser and collector case. The
inducer and impeller were separated by a small axial gap.

This compressor produced characteristics of three distinct types. The
first type was at low rotational speeds. The curve of pressure ratio
versus mass flow was negatively sloped from maximum flow to near zero flow,
with a steep drop in pressure and deeply pulsating flow (deep surge)
occurring at very low flows.

The second type was exhibited at slightly higher rotational speeds,
where a double peaked curve was encountered. As the flow was decreased
from maximum flow to the first peak, mild pulsating flow (mild surge) was
present. With further reduction in flow, the mild surge ceased and
rotating stall was present in the axial bladed inducer. At still lowe:
flows the rotating stall disappeared, the second peak was encountered and
deep surge was found. Finally, at high rotational speeds the pressure
ratio rose rapidly with slight reduction in flow, to a peak where deep
surge was encountered.

It was discovered that the zones of mild and deep surge merged at high
rotational speeds, thus precluding the appearance of mild surge and inducer
rotating stall preceding the deep surge region. However, no information
was given about the vaneless diffuser's influence on system stability.

Amann and Nordenson [3] also found that the centrifugal compressor

they used exhibited the phenomena of mild and deep surge separated by a
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zone of inducer rotating stall at low speed (an impeller tip speed of 1019
ft/sec). As the impeller tip speed increased, the region of rotating stall
disappeared and mild surge preceded the zone of deep surge. Upon reducing
the flow at high impeller tip speeds, deep surge was encountered without
any preceding zone of mild surge.

A vaned diffuser was used in this investigation and it was found that
by its redesign, the surge line could be moved further to the left without
any degradation in compressor efficiency during normal operation. However,
although the surge margin was improved (at high rotational speeds and low
flows), the entire speed line was also shifted to the left by the same
amount .

The diffuser's influence on system stability was also emphasized in
the study by Toyama, Runstadler and Dean [35]. The measurements were
focused upon the impeller exit/diffuser inlet region. In this location,
hot-wire, hot-film and dynamic pressure transducers were installed. It was
found that when the instantaneous pressure rise coefficient was between .U
and .45 the compressor surged. It previously had been thought that
separated flow in the diffuser caused surge, but hot-film measurements
showed that the flow separation occurred once flow reversal had already
been established. Their measurements gave indications that the surge
breakdown was axisymmetric. No measurements were taken to determine the
impeller's influence on compressor stability.

Extensive measurements were taken along the shroud of a radial bladed
impeller by Bammert and Rautenberg [4] with high response static pressure
transducers. They found that at low flows rotating stall occurred after
the peak of the pressure rise curve, and upon further reduction of flow,

system surge was encountered. The measurements showed that during surge a
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period of large scale fluctuations in static pressure preceded a period of
rotating stall followed by a period of recovery. After the recovery period
the surge cycle was repeated.

Even though the compressor contained a vaneless diffuser, no measure-
ments were taken in this component, their supposition being that the
impeller was the element that caused compressor instability at the speed
considered.

As can be seen there is conflict of opinion on which component causes
a centrifugal compressor to stall. This is particularly evident from the
discussions given of Toyama [35]. In these discussions, Balje offers the
6pinion that surge in centrifugal compressors is a system phenomena and not
determined by the machine itself. However, Greitzer and Cumpsty feel that
the local events create the conditions that are required for the global
type of behavior seen in surge. Bullock is also of the opinion that local
events occurring in one component of the compressor cause a system surge.
Finally, Jansen [19] states that surge is initiated by compressor component
stall, and this component stall is a rotating stall, rather than a flow
separation along a blade surface or wall.

So the picture which emerges from the literature is that there is no
consensus of opinion on which component causes system instability, or the
fluid mechanics which govern the instability. For these reasons a basic
investigation studying the phenomena of centrifugal compresscr instability

is warranted.
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CHAPTER 2

TEST FACILITY DESIGN

2.1 INTRODUCTION

As the first phase of this investigation a suitable turbocharger test
facility had to be designed. The criterion for the design of the facility
was that the system would drive the turbocharger at a reasonable speed over
a substantial portion of the stable operating range and be flexible enough
to be used on turbocharger projects in the future. A pressure ratio of 2.0
and a mass flow of 50 LBm/min were used as design goals.

After considering several different facilities, an air ejection system
was found to best fit the design goals. The ejection system uses the Gas
Turbine Laboratory high pressure air supply as the primary stream in the
ejector. This air flows through a converging-diverging nozzle into a
mixing tube. The exhaust from the turbocharger compressor (the secondary
stream) flows into a supply tank and then into the mixing tube. The mixed
out flow enters the radial-inflow turbine which then drives the compressor.

The design of this system is described in the following sections.

Also discussed in this chapter is the design of the convergent-divergent
nozzle, the supply tank, the modelling results, the steam ejector, and the

vibration isolation of the compresscr.
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2.2 AIR EJECTOR

2.2.1 Air Ejector Design

A schematic diagram of a simple air ejection system is shown in Figure
2. The "i" denotes the primary stream (high pressure air) and "o" the
secondary stream (compressor exhaust). The high pressure air exhausts from
a convergent-divergent nozzle at Station 1 and, through mixing, increases
the pressure of the secondary fluid as it passes from a supply tank (at
"o") through the mixing tube. At station 2, the quantities are taken to be
uniform or "mixed out".

This system is analyzed in a one-dimensional fashion with the
following assumptions:

1. Steady, adiabatic flow;

2. Constant (cross-sectional) area mixing;

3. Perfect gas with constant specific heats;

4, Negligible wall friction; and

5. Equal specific heat ratio and gas constant for the two streams.

The usual design procedure for an ejector consists of evaluating the
properties at Stations 1 and 2 with the geometry already known. In the
present case, the primary and secondary stream properties are known;
therefore, geometry and properties at the mixed-out station are to be
determined using trial-and-error.

Choosing a mixing tute diameter, the properties at Station 2 and the
convergent-divergent nozzle exit area can be determined. A parametric
study was thus carried out with mixing tube diameters of 2, 3, 4, and 5
inches, and with primary stream pressures of 75, 100, and 125 psi (these

were set by the air supply capabilities). 1In all cases the primary stream
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mass flow was taken to be .5 LBm/sec, with a total temperature of SMOOR.

In the calculations, three specific design points were chosen. The
points were all at a pressure ratio of 2.0, but at the following compressor
mass flow rates: 40, 45, and 50 LBm/min. With tﬁese design points, the
air ejector system was determined by varying the mixing tube diameter and
the primary stream total pressure until the optimum pressure gain through
the tube was obtained.

The first step in the design procedure was to choose a primary stream
total pressure, and a secondary stream mass flow. The secondary stream

Mach number at Station 1 can then be determined using,

, _ +1
m, RT‘I‘ogc - -1 2] 2(y-1)

P Ag, " Mo Mo

where ﬁo is the secondary stream mass flow (compressor exhaust), TTO the
secondary stream total temperature, PTo the supply tank total pressure, Mo1
the secondary stream Mach number at Station 1, A the mixing tube cross-
sectional area, R the gas constant, Yy the specific heat ratio, and 8o the

gravitational constant.

The supply tank total pressurgf PTo' was found by calculating the
pressure drop from the compressor exit to the supply tank entrance. This
required an estimation of the piping layout between these two components.
The preliminary design called for the expansion of the compressor exit flow
from the 2.9 inch diameter scroll exit to U4 inch pipe, a gate valve (to
control compressor mass flow), and a sudden expansion from the 4 inch pipe
to a large reservoir (supply tank) where the velocity would essentially be

zero. The pipe length between these two components was assumed to be 15

feet with two 90° elbows.
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The secondary stream total temperature was taken as the compressor
exit total temperature. This was determined by assuming a compressor
total-to-total efficiency of 75% with a pressure ratio of 2.0 and an inlet
compressor temperature of 80°F. With the secondary stream Mach number
determined, the static pressure at Station 1 could be found.

Since one-dimensional flow is assumed, the static pressures of both

streams are equivalent at Station 1, and the primary stream Mach number,

MiI' (using the calculated static pressure, P1) for ideal expansion is
thus:
y=1 1/2
Pril ¥
M, = [-3— T -1 E 2.2
i1 [1-1 P
1

where PTi is the primary stream total pressure chosen in step one.

With the properties of both streams defined at Station 1, the next
step was to determine the mixed out properties at Station 2. As given by
Weatherston [38], the mixed out properties can be determined from the

following expression:

. . . . 1/2
[(mi + mo)(miTTi + moTTo)]
N, = . - , E 2.3a
m /Try . m/T1o
N. N
1 (o]

where the Mach number function, N, is defined as

MG+ w2112
N = _ .
1+ yMz

The total pressure at Station 2 is given by,

E 2.3b

«20=



+1
. . 1/2 x:l 2 2(7-1)
(mo + mi) (RTngc) [1 + 5 M2 ]

Y M,

P =
T2 A gc

E 2.4

where ‘l‘T2 is the mixed out total temperature determined from an energy
balance on the mixing tube. Therefore the ejector performance for the
primary stream total pressure, PTi' and secondary stream mass flow, ﬁo, is
fully defined.

For the ejector performance given by each of the mixing tube dia-
meters, secondary stream mass flows, and primary stream total pressures,
the mixing tube diameter and primary stream total pressure were selected
which gave adequate total pressure at Station 2. The primary stream nozzle
area was then determined at Station 1 and a convergent-divergent nozzle
designed to give the required Mach number. A supply tank and convergent

inlet to the mixing tube were also designed to match the chosen system.

2.2.2 Air Ejector Design Results

The results of the air ejector analysis are shown in Figures 3, 4, and
5. In these figures, mixed out total pressure, PT2' is plotted versus
mixing tube diameter for each of the secondary flows and primary stream
total pressures. The results are shown in dimensional form since they
refer to this specific configuration.

From each of these figures it can be seen that the 2 inch diameter
mixing tube gave the optimum total pressure gain for the diameters con-
sidered. However, at the time, there was a concern about keeping the
velocities at the mixing tube exit as low as possible since it was thought
that a combustor might be needed in the system to insure the required

turbine work. Also, the system had to be kept reasonably short in length
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due to space constraints. For these reasons, the mixing tube diameter was
chosen to be 3 iﬁches (with the provision to change to the smaller diameter
if necessary). As it turned out, a combustor has not been required, so the
3 inch diameter tube could be changed to the smaller diameter tube to take
advantage of the higher exit total pressure it offers. To date, however,
it has not been necessary to switch to the smaller diameter mixing tube.

With a primary stream pressure of 125 psi, Table 1 summarizes the
results of the ejector analysis, with primary stream Mach number and mixed
out total pressures given for each secondary stream mass flow. Also shown
in this table is the primary stream nozzle exit area at Station 1. The
nozzle exit area was calculated by using equation 2.1 for the primary
stream with the exit Mach number chosen to be 1.62, since this matched the
test facility design goal (50 LBm/min).

Thus with the primary streaﬁ total pressure, nozzle exit area, and
mixing tube diameter chosen, a convergent-divergent nozzle and a supply
tank had to be designed to give the required performance. These are

discussed in the next sections.

2.2.3 Convergent-Divergent Nozzle Design

The convergent-divergent nozzle was designed for an exit Mach number
of 1.62, and a mass flow of .5 LBm/sec. The analytical technique
presented by Foelsch [11] was used to determine the geometry of the
divergent portion of ﬁhe nozzle. It is assumed that the fluid behaves like
a perfect gas with constant specific heats.

In this method the necessary information to design the divergent
section is the nozzle exit Mach number and area. The x and y coordinates

of the wall contour are solved in a step by step fashion. The equations




for these coordinates were derived by integration of the characteristic
equations of axially symmetric flow. This analysis contained no boundary
layer correction, however, from information found in reference [40], a
boundary layer correction was applied to each of the y coordinates of the
wall contour.

The convergent portion of the nozzle was designed in accordance with
the method presented by Morel [24]. In this method the information
necessary to design a nozzle contraction is specified by the values of
Cp1nlet and Cpexit' the maximum wall pressure coefficients for contraction
ratios greater than 4 (the contraction ratio being defined as the nozzle
inlet area divided by the throat area). The throat area was calculated as
part of the divergent nozzle design and found to be .175 in2.

The inlet diameter to the convergent portion of the nozzle was chosen
to be 2 inches to match the pipe‘size of the Gas Turbine Laboratory high
‘ pressure air supply. To avoid boundary layer separation, the values of

and Cp were chosen to be .35 and .04, respectively [24].

cPinlet exit
The nozzle was machined of aluminum and its dimensions are shown in

Figure 6. Appendix A includes a detailed description of the procedures

used to design the convergent-divergent nozzle.

2.2.4 Supply Tank Design

The supply tank was designed using standard pipe parts. The tank was
constructed using a 1é inch length of 6 inch diameter pipe, with standard
flanges at each end. A 4 inch pipe was welded to one side of the tank
allowing the exhaust from the compressor (secondary stream) to enter.

The end plate for the supply tank through which the high pressure air

‘is supplied to the convergent-divergent nozzle was constructed from a blind



flange (see Appendix B). A round hole was bored in the flange and an
O0-ring added so that the depth of the nozzle at Station 1 (see Figure 2)
could be varied.

The converging entrance to the mixing tube was also designed by
Morel's analysis for axisymmetric flow. However, in this case, the
contraction was designed so that the inflection point occurred at the
inlet, thus providing a smooth contracting section. The coordinates for
this design are presented in Appendix B, and the component is shown in

Figure 7. Figure 8 shows a diagram of the complete system.

2.2.5 Air Ejector Modelling

Since a one-dimensional analysis (with no mixing tube wall friction)
was used in the determination of the ejector geometry, a mixing tube length
/could not be obtained. Thereforé} the length of the mixing tube had to be
found experimentally.

Several experimental programs have been carried out on air ejectors
(21, [211, (221, [37], and it has been found that the length needed for
mixing is between 7 and 10 diameters downstream from Station 1 (see Figure
2). In the mixing tube there is an increase in static pressure (P2) with
length until a maximum is reached, and then a decrease in static pressure
with further increase in length. This maximum pressure point determines
the mixing tube length.

For simplicity tﬂe mixing tube length was determined without using the
turbocharger. This required a dimensional analysis of the ejector system
with the system parameters being

Prqge Tpys Bys and Pyy or My,

for the primary stream;




P

for the secondary stream; and

PT2. TT2' m2. and P2 or M

for the mixed out station.

variables listed above.

10

2
There are eight equations which link the 12

These equations are the continuity equation,

m, + mg = m, E 2.5
conservation of momentum,
2 2 2
A1i[P1i + My Pli] + A.lo[P10 + ™M P1o] = A2[P2 + M, P2] E 2.6
exit static pressure,
P2 = Patm E 2.7
conservation of energy,
miTTi + moTTo = m2TT2 E 2.8
one-dimensional flow,
P1i = P1° = P1 E 2.9
and the isentropic relationships,
X
Prig 1, 2|7
P1 = 1 + 15— M1i E 2.10
X
P -1
To -1 2l Y
—2 . X
P1 = 1 + > M10 ) E 2.11
P \ y-1
T2 _ Y=-1 2
T’-;- = 1-0-—2-—M2 E 2.12

Of these 12 variables, four are controllable (P

T’

'I‘To and TTi)'

However, if a throttle valve is placed at the end of the mixing tube, P2

can also be included as a controllable variable.

the other seven can be determined.

25—
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Thus PT2 can be expressed as a function of Patm' M2. and valve

geometry, and equation 2.7 can be replaced by,

PT2 = Pat.m f‘"z'

where KL denotes valve geometry. Therefore the dependent and independent

variables can be expressed as

KL) E 2.13

Tpoe Myo Mye Myy Poo= 0CPpose Poo Toyw Proy Trgw Poype K)o E 2074

This can be nondimensionalized to

Py my my T, Pri  Pro Py Tpy
P '®m 'wm T - % P, 'F.__'T. 'K £ 21
atm i i Ti atm atm atm To
or
P > My, Tpp Pri Pro Tpi
P . -ﬁ)—- 1] -‘m_- 1] T— = d’ M2' P [] P 9 [ KL E 2.16
atm i i Ti \ T2 T2 To

For the dependent variables listed above, the most important is the

ratic of the primary to secondary mass flow rates, i.e.,

m P P T
o L L E 2.17
i T2 ‘T2 'To

The ejector system was again analyzed so that the design case and
modelling case could be compared. An analysis similar to the one presented
in Section 2.2.1 was used (the results are shown in Table 2). However, in
this case the geometry is already known. Since one-dimensional flow is
assumed and the geometry fixed, the exit Mach number, M1i' will be the same
as in the design case.

Based on this approach, the mixing tube length can thus be determined
using the laboratory air supply only; Chapter 4 shows the results of the

experimental determination of tube length.
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2.3 STEAM EJECTOR

Although the air ejector increased the total pressure and mass flow

rate entering the radial-inflow turbine, it would not run the turbocharger
at the design points unless the air was heated to approximately 1100°R.
Several means of heating the air to this temperature were examined.
However, installing such devices was not desirable because of the addi-
tional handling problems and possibilities for instability that may be
encountered.

An alternative approach considered was reduction of the turbine exit

static pressure. If the back pressure of the turbine was reduced to
approximately 13 psia, it was calculated that the system would run at the
design points without any combustion device. The Gas Turbine Laboratory
has an exhaust system (6 inch Steam Ejector) which was (theoretically)
capable of achieving this reduction in turbine back pressure. (Tests had
to be run on this system to see if it would achieve the required turbine
back pressure; results of these tests are shown in Chapter 4,) By util-
izing this Steam Ejector, the test facility is fully specified and is shown

in Figure 9.

2.4 VIBRATION ISOLATION

During surge the compressor mass flow undergoes large scale oscilla-
tions. These oscillations subject the entire system to alternating
vibratory stress levels. Since running the compressor in surge is basic to
this investigation, the compressor was isolated from the rest of the test
facility. The turbocharger was mounted on a frame which was fixed to a
1/2" x 36" x 36" steel plate. Skid-mate pads were placed on the bottom of

the plate to damp out the vibrations. To isolate the turbocharger from the
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rest of the system flexible tubing was employed. For the turbine inlet and
compressor exit, 3.5 inch diameter flexible tubing was used which had a
maximum temperature and pressure rating of 250°F and 22 psig, respectively.
The flexible tubing used to connect the turbine exit to the Steam Ejector
was 4 inches in diameter and had a pressure rating of 25 inches of mercury

vacuum.
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CHAPTER 3

FACILITY DESCRIPTION AND INSTRUMENTATION

3.1 TURBOCHARGER

The turbocharger used in this investigation is manufactured by

Cummins Engine Company. It consists of a centrifugal compressor and a

radial-inflow turbine; a turbine housing was selected which best fit the
compressor performance required. The compressor has a 5.06 inch diameter
impeller wheel, followed by a vaneless diffuser and scroll collector; the
impeller has no backsweep. The radial-inflow turbine has straight radial
blades and a conical diffuser ex;t. The turbine model number is TR 876

BU12, and the compressor model number is ST-50.

3.2 INSTRUMENTATION

The following sections examine the instrumentation used in the deter-
mination of the mixing tube length and the compressor characteristic. Also
discussed are the high response pressure transducers used to examine the

unsteady flow during stall.

3.2.1 Steady-State Iﬁstrumentation

To determine the mixing tube length of the air ejector, static
pressure taps were placed along the tube length at .65, 5, 6, 7, 8, 9, 10
and 11 diameters downstream from the mixing tube entrance. At the .65

diameter location, four static pressure taps were placed 90° apart and were
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used to determine the performance of the convergent-divergent nozzle. The
taps at the other locations were placed 180o apart. The diameters 5, 7, 9,
and 11 were also provided with Kiel (total pressure) probes positioned so
that they were 90o from the static pressure taps at each location.

The secondary stream mass flow was calculated from the average of the
four static pressure taps in the inlet with the total pressure being
atmospheric. The primary stream mass flow was obtained by using the
measured upstream total pressure and temperature and the known area of the
throat of the convergent-divergent nozzle, where the flow is choked.

The static pressure of the mixing tube taps was measured with a bank
of water manometers. The least scale division was .10 inch and the scale
readability was +.02 inch. The secondary stream mass flow and velocity
profile were measured with a manometer tube using oil as the manometer
fluid; the manometer fluid has a specific gravity of .827. The primary
stream total pressure was measured with a Solfrunt pressure gauge with an
accuracy of +.25 psi.

The turbocharger was instrumented so that the characteristic of the
compressor could be determined. The compressor was supplied with thirty
static pressure taps and three locations for total pressure measurements.
Shown in Figure 10 are the pressure taps along the impeller and vaneless
diffuser for one plane of the compressor. At a circumferential position of
180° there are matching static pressure taps. Also shown in Figure 10 is
the position of a Cobra probe used to measure the impeller total pressure.
The Cobra probe was placed one blade spacing downstream of the impeller.

At the exit of the compressor there are four static pressure taps and
two Kiel probes. Static pressure taps were also distributed along the

scroll collector. In addition, the total temperature was measured at the



exit using a half-shielded tip thermocouple. This provided measurement of
the compressor efficiency from compressor inlet to outlet.

Since the Mach number at compressor exit is low (.27 for the test
facility design point), the difference between recovery and stagnation
temperature for the thermocouples is small. Also, the temperature of the
exit is low enough to make radiation effects insignificant. Thus, use of
the half-shielded tip thermocouples should give negligible error (in
temperature measurement) due to radiation and convection effects.

The overall compressor characteristic was measured and presented as
the variation of corrected mass flow with pressure ratio (total to total)
for different corrected rotational speeds. The mass flow and speed were
corrected to 14.696 psi and 545°R. The total pressure of the compressor
was taken to be the average of the two Kiel probes at the compressor exit.

The turbine was instrumented with a Kiel probe at the entrance and
four static pressure taps at the exit of the conical diffuser. This
provided the means to measure the expansion ratio (total to static) across
the turbine. The total temperature was measured at inlet and exit of the
turbine with half-shielded tip thermocouples.

A minicomputer was used to control the measurement of pressure,
temperature, rotational speed and reduction of the data; the data
acquisition and reduction programs are listed in Appendix C.

A 48 channel Scanivalve was used to gather the pressure data. The
output from the Scanivalve is input to the computer through an analog to
digital converter. The uncertainty in the pressure measurements was *.25
psi. This was due to an error in the pressure gauge used to calibrate the
pressure transducer in the Scanivalve. In order to reduce this error in

the future, a mercury manometer will be used. The listed accuracy of the
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transducer is .06% of full scale.

A 12 channel Thermocouple Multiplexer was used to gather the tempera-
ture data. The uncertainty in the temperature measurements was found to be
t.3°C. The turbocharger RPM was measured through the use of a magnetic
pickup and a frequency counter. At 33000 RPM the counter was found to have
an error of .5% using a Strobotac to measure RPM. The output from the
frequency counter was feed directly into the computer and stored.

The mass flow rate of the compressor was measured using a calibrated
inlet. The inlet was calibrated by traversing with a Cobra probe, using an
inclined manometer. The least scale division on the inclined manometer was
.01 inch and the scale readability was +.002 inch. The manometer used oil
with a specific gravity of .827. The traversing mechanism used a
micrometer to read the depth in the inlet pipe; the micrometer could

measure to .001 inch.

3.2.2 Dynamic Response Instrumentation

The compressor was also instrumented with dynamic response pressure
transducers to diagnose flow phenomena during stall. These pressure
transducers have a miniature pressure sensing diaphram of .091 inch
diameter (Kulite XT-140-50), and were statically calibrated for a pressure
range from 0 to 50 psig and temperature compensated to a maximum tempera-
ture of 350°F. They were flush mounted 90° apart along the wall of the
compressor at the sam; axial and radial locations as the static pressure
taps shown in Figure 10, but at different circumferential positions. The
pressure transducers were positioned at 0° and 90°. and the static pressure
taps at 135° and 315°,

The output from these transducers was fed into an interface box, which
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amplified the signal. During stall the response of the transducers was
input to the analog to digital converter and stored by the computer; the
signal was also displayed on a dual trace oscilloscope. A Fast Fourier
Transform was performed on the digitized data and plotted out as frequency
versus amplitude. Due to disk storage limitations in the present configu-
ration, a maximum of 2048 data points could be taken using two transducers
simultaneously at a sample rate of 2.05 kHz. Source listings of the

programs are given in Appendix C.

3.3 FACILITY DESCRIPTION

An overall piping diagram of the test facility is shcwn in Figure 11.
During operation air enters the compressor, flows through a valve at the
compressor exit (used to control the mass flow), and enters the supply
tank. From the supply tank it mérges with the high pressure air (from the
convergent-divergent nozzle), "mixes out" and enters the turbine. The flow
then exits through the laboratory exhaust system (6 inch Steam Ejector)
which is used to reduce the turbine exit static pressure.

The turbocharger required an oil supply system for lubrication of the
bearings. This system is shown in Figure 12. The oil system had to ful-
fill the following requirements at the inlet to the bearings: a temperature
range between 180°F and 220°F. and a pressure range between 40 psig and 60

psig. Rotella-T 30W motor o0il was used as the lubricating fluid.



CHAPTER 4

EXPERIMENTAL RESULTS

4,1 INTRODUCTION

This chapter presents the results of the air ejector modelling, mass
flow traverses, and the compressor steady-state characteristic. In
addition, some preliminary results of the dynamic pressure measurements of

the compressor are discussed.

4,2 AIR EJECTOR MODELLING
As discussed in Section 2.2.5 the air ejector was modelled so that the
mixing tube length could be determined experimentally without using the

turbocharger. Figure 13 shows the results of the measured mixing tube
static pressure versus length. Also shown in this figure are the mass flow
ratios corresponding to the three design points selected in the ejector
design (Section 2.2.1). This figure shows that the maximum static pressure
rise was roughly 7 diameters downstream from the mixing tube entrance for a

mass flow ratio of 1.64, but the peak is rather flat.

The velocity profile was also measured and is shown in Figure 14,
where the ratio of thé velocities (V/VCL) is plotted versus the emersion of
the Kiel probe in the mixing tube (Depth/D). This shows the velocity
prpfile at 7 and 9 diameters to be nearly uniform across the pipe signify-
ing that the flow is mixed out. At 5 diameters, however, the profile is

not as uniform. Since the maximum static pressure was found to be at 7
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diameters, where the flow is nearly uniform across the pipe, this was
chosen to be the mixing tube length.

Figures 15 and 16 compare the modelling and design results to experi-
mental measurements. In Figure 15 mixed out Mach number is plotted versus
the ratio of the primary to secondary stream mass flow rates. This figure
shows the experimental points being almost coincident with the modelling
results. The slightly higher Mach numbers determined experimentally were
due to the boundary layer growth in the mixing tube, which reduced the
effective area.

The difference between the modelling results and the design points is
caused by the assumption of equal total temperatures for the primary and
secondary stream used in the modelling. If the total temperatures were
taken as equal in the design analysis, the design points are coincident
with the modelling results. )

In Figure 16 the mass flow ratio is plotted versus the ratio of the
primary stream total pressure to mixed out total pressure. As can be seen,
the experimental results lie above the modelling curve indicating a smaller
pressure rise. This is due to wall friction in the mixing tube. The
design points are found to lie below the modelling curve indicating a
slightly higher pressure gain due again to the differences in inlet total
temperatures.

In addition, the Mach number of the primary stream was measured for
each mass flow ratio éorresponding to the design points and found to be

1.62.



4,3 STEAM EJECTOR

Due to the lack of documentation, experimental tests had to be
performed on the laboratory exhaust system (Steam Ejector) to find out if
the system could reduce the turbine exit static pressure enough to drive
the compressor at the test facility design point. The characteristic was
measured with use of a bellmouth inlet attached to a valive leading to the
exhaust system. As the valve was opened, the mass flow was measured using
the average of four static pressure taps in the inlet. The performance was
measured with and without a fairly high solidity screen following the inlet
to provide system resistance. The Steam Ejector static pressure was
measured downstream of the screen position in both cases.

The characteristic of the Steam Ejector, with and without the screen,
is shown in Figure 17, where the performance is plotted as r~orrected mass
flow versus the ratio of the stagic pressure to atmospheric pressure. The

mass flow was corrected to SRBOR and 14.696 psi. Also shown in this figure

is the required performance of the Steam Ejector to drive the compressor at
the test facility design peint. The operating range of the Steam Ejector
lies between the curves denoted "screen" and "no screen"; the operating
range would vary if a different type of screen was used (different
solidity). As can be seen the test facility design point is within the
operating range. Thus the Steam Ejector was able to achieve the level of
hack pressure reduction needed to drive the compressor at the test facility
design point, and thié meant that heating of the air to increase turbine

work could be eliminated.



4.4 INLET CALIBRATION

The compressor inlet consisted of a 4.375 inch diameter 2 foot long
tube with a bellmouth inlet leading to the inducer portion of the impeller.
The mass flow entering the compressor was calculated from the static
pressures measured six inches downstream of the tube entrance. To correct
for inlet boundary layer, an effective area was used (tube area minus the
displacement thickness). This was determined by measuring the boundary
layer six inches downstream of the inlet tube entrance and calculating the
displacement. thickness. Over the range of mass flows for which the
compressor had stable flow, the effective area was found to be .99 of the

actual area and was kept as constant in our flow calculations.

4,5 COMPRESSOR STEADY-STATE CHARACTERISTIC

A prerequisite to any compressor instability investigation is the
measurement of the compressor's steady-state performance map. Centrifugal
compressor performance maps are generally presented as corrected mass flow
versus total to total pressure ratio for different constant corrected
rotational speeds (usually referred to as speedlines). On a line of
constant speed, as the flow through the compressor is decreased, a line is
reached which separates stable operation from unstable operaticn. This
line is often defined as the "surge" line, and steady flow is generally not
possible to the left of this line.

Results of the détermination of the overall performance map of the
compressor used in this investigation is shown in Figure 18, which gives
the variation of corrected mass flow with pressure ratio (total to total)
for four different corrected speeds: nominally 33000, 39000, 45000, and

51000 RPM. The line separating the stable and the unstable coperating



regions of the compressor characteristic is also shown.

Due to mass flow limitations inherent in the present facility, the
available stable mass flow range of the compressor decreases as the
rotational speed increases. Over and above this, however, there is a
marked change in stall point as a function of speed. This is most dramatic
between the speedlines of 39k and 45k RPM where the stable mass flow range
decreases sharply. At the lower rotational speeds (33k and 39k RPM), the
pressure ratio rose slightly from the maximum flow obtainable with the test
facility to a flat region which was obtained over a substantial portion of
the flow range. As the flow was decreased further the pressure ratio
decreased gradually until the surge line was reached. Since there is a
maximum flow and pressure ratio limit, only part of the speedline at the

higher speeds can be obtained. Thus, at the highest speed measured (51k
RPM), the pressure ratio decreasé& from the maximum flow measured to the
surge line. At 45k RPM, the pressure ratio reached a peak with decreasing
flow and then dropped gradually until the surge line was encountered. The
experimental uncertainties in mass flow for the various speedlines at the

stall point are: +1.90% at 33k RPM, +.85% at 39k RPM, +.20% at 45k RPM, and
+.16% at 51k RPM.

Figure 19 shows the same overall characteristic, but this time it is
presented as the variation of axial velocity (nondimensionalized by the
inducer tip speed) with pressure ratio (total to total) for the same four
speedlines. The nondimensional parameter, Cx/U, gives a measure of the
relative inlet flow angle at the inducer inlet. Notice at the high speeds
(51k and 45k RPM) the compressor surged at the same value of Cx/U.

One difficulty encountered in this investigation was the determination

of the surge line, or point for the individual speedlines. The variation
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in the point (Cx/U) at which each speedline surged is given in Table 3,
along with the maximum percent difference. As can be seen, the greatest
variation occurred at the 45k RPM speedline where the difference in the
surge point between two different runs is 73%. The minimum variation
occurred at 51k RPM, where there is no difference between the separate
runs,

The differences in the point of instability from run to run is
believed to be caused by the procedure used to throttle the compressor.
This procedure varied according to the speedline desired and the other
users on the high pressure laboratory air supply. Although some discussion
of this point is given below, it is planned to document this in more detail
during the next phase of the tests.

For speedlines below 45k RPM, the Steam Ejector was used to obtain the
maximum flow point through the cémpressor with the valve to the laboratory
air supply closed. The turbine exit pressure was then increased by
slightly closing ihe Steam Ejector valve. The valve to the laboratory air
supply was adjusted and the test facility is now being used in its air
ejector configuration. This procedure was repeated over a substantial
portion of the speedline. When the turbine exit pressure approached
atmospheric, the compressor was further throttled (towards surge) by using
a valve located at the compressor exit. By following this procedure,
steady rotational speeds were attainable as the surge line was approached.

For speedlines of 4sk RPM and above, the Steam Ejector alone could not
be used to obtain the maximum flow point, making it necessary to use the
laboratory air supply as well. From this point on, the same procedure was
used as for speedlines below 45k RPM.

The procedures outlined above were used when no other users required



the laboratory air supply. However, on those runs when the air Supply was
in great demand, the compressor exit valve was used extensively to throttle
the compressor. The amount of throttling required of the compressor exit
valve thus depended upon the other users' requirements of the laboratory
air supply and it was found that this could cause large variations in the
stall point between runs.

Since the compressor characteristic should be the same for different
runs, the difference in the flow through area of the valve (amount of
throttling) is the most likely cause of the variation in surge point
between runs. This can be better understood from consideration of the
dynamic stability of the compression system. For small perturbations from
the mean flow, dynamic instability can occur when the net mechanical energy
output from the compressor is greater than during mean (steady) flow. When
the net energy input balances th; net dissipation over a cycle, a periodic
oscillation can be maintained [15]. This situation exists only when the
compressor is operating on the positively sloped portion of the
characteristic.

On those runs where extensive throttling was done with the compressor
exit valve, the compressor surged at a higher Cx/U (see Table 3). On these
runs the situation may therefore be that the different amount of throttling
has already affected the dynamic stability of the compression system. This
should be examined further by performing specific tests to document the

dependency of surge point on throttling.

4.6 DYNAMIC RESPONSE PRESSURE MEASUREMENTS
In order to determine the flow behavior preceding and during stall,

the centrifugal compressor was equipped with dynamic response pressure
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transdﬁcers. From measurements taken with these transducers it is hoped
that questions such as those presented in the introduction can be
addressed.

The results described below are for the 51k RPM speedline. Two
pressure transducers were placed in the compressor for these measurements:
one over the axial inducer portion of the impeller (channel 2), and the
other, 90° circumferentially and in front of the inducer (channel 1). Only
two transducérs could be used at the time of this study. At present,
however, two more channels are being added to the interface box so that
four pressure transducers can be used at the same time. This will allow
measurements to be taken at two separate axial or radial positions in the
centrifugal compressor.

The response of the pressure transducers was resolved in the frequency
domain to see if there was a preéominant frequency lower than the blade
passing frequency (one per rev). This would indicate a rotating stall or,:
for extremely low frequencies, a system surge. In Figures 20 through 26,
the variation of frequency with amplitude is shown. Also, shown are the
values of Cx/U at which the data was taken as the compressor was throttled
down the steady-state characteristiec.

At a Cx/U of .34 the first data point was taken and is shown in Figure
~ 20. As can be seen there is a large amplitude spike at the blade passing
frequency and a smaller amplitude spike at 94 Hz. (The blade passing
frequency measured in'this figure is 2.54% below that measured by the
frequency counter indicating that there is an error in the frequency
counter's measurement of rotational speed.) This lower frequency point
could be a rotating stall. If this is true, the stall cell is rotating

around the annulus at 11% of the impeller rotational speed.
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As the compressor was further throttled (Cx/U of .30) the smaller
amplitude spike keeps roughly the same amplitude but has an increase in
frequency to 199 Hz (Figure 21). This is 24% of the compressor rotational
speed. At a Cx/U of .27 (Figure 22), the amplitude of the low frequency
spike has increased and is higher than the blade passing frequency. The
frequency has also increased to 233 Hz, or 28% of the blade speed. In
addition, this figure shows a spike at a lower frequency (28 Hz) than the
possible rotating stall frequency (233 Hz).

The 28 Hz frequency spike grows in amplitude as the compressor is
throttled to a Cx/U of .26 (Figure 23). There is also a large amplitude
spike at 224 Hz which is 27% of the compressor rotational speed.

Figure 24 shows the results when the compressor encountered surge. As
can be seen, the 28 Hz frequency has the highest amplitude. This is the
surge frequency which was shown ;o grow in amplitude as the compressor was
throttled toward the surge point. Also, shown is a spike_at 269 Hz which
is approximately 32% of the rotational speed. This seems to indicate that
the compressor is going in and out of surge with a rotating stall region
preceding or following the surge.

Bammert and Rautenberg [4] have examined a centrifugal compressor in
surge. They found a cyclic behavior with a cycle that lasted approximately
7 seconds. The important point is that after a period of low frequency
high amplitude fluctuation, the pressure versus time results show that
there was a period ofvtime in which the compressor operated in rotating
stall. Following this, there was a reccvery period and the cycle was
repeated.

In order to verify that the compressor was in rotating stall pressure

versus time plots were obtained of the data. These results are shown in
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Figures 25 and 26 for Cx/U of .30 and .26, respectively. As can be seen in
Figure 25, there is no clear indication that the compressor is in a
rotating stall, but Figure 26 seems to show that there is a rotating stall
in the impeller region. However, the sampling rate used was such that only
2 data points were taken per revolution of the compressor (due to
limitations of the current computer configuration being used). In order to
resolve if a rotating stall is actually present, the number of points per
revolution should be increased.

A plot of the variation of pressure with time to the left of the surge
line is given in Figure 27. This figure shows two complete cycles of
system surge. During each surge cycle, large amplitude fluctuations in

pressure with smaller variations in pressure superimposed upon them are

shown. The smaller pressure fluctuations could be the result of rotating
stall occurring within each surge cycle.

The above preliminary results of dynamic response pressure
measurements at 51k RPM imply that as the surge point is approached,
rotating stall exists in the impeller and grows in rotational speed and
amplitude of disturbance. Close to the surge line, the surge frequency
appears and grows in magnitude until the surge point is reached, where it
is the predominant frequency.

Although other data has been obtained at different speedlines, this
should be regarded as of a preliminary nature. The results indicate that
in the future, all fbﬁr probes should be placed in the compressor at the
same time. Also, the number of data points per revolution should be
increased in order to obtain verification of presence of rotating stall in

the impeller of the compressor.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 SUMMARY AND CONCLUSIONS

The main emphasis of this investigation was the design and construc-
tion of a turbocharger test facility and the instrumentation of the centri-
fugal compressor. The test facility was designed so the centrifugal
compressor would operate at a pressure ratio of 2.0 and a mass flow of 50
LBm/min.

To accomplish this goal, an air ejection system was designed using the
Gas Turbine Laboratory high pressure air supply and the compressor exhaust
flow. In order to increase the expansion ratio, the Gas Turbine Laboratory
exhaust system (Steam Ejector) was used to decrease the turbine exit
pressure below atmospheric. This allowed the turbine to produce enough
work for the compressor to operate at the test facility design point. The
facility is now working and appears to be reasonably convenient to operate
with good reproducibility.

The compressor was equiped with steady-state as well as dynamic
response instrumentation. An overall performance map was obtained for the
compressor, and dynamic response pressure measurements taken. The overall
performance of the compressor was measured at four different rotational
speeds. The stall points were found to depend upon the amount of

throttling done by the valve at the compressor exit. Thus further
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investigation is required to clearly define the stall point of the
different speedlines.

Dynamic response pressure measurements were taken in the inducer
region of the compressor at a rotational speed of 51k RPM. It was found
that rotating stall may be present in the impeller preceding system surge.
As the compressor was throttled towards surge the amplitude and frequency
of this "rotating stall" increased. 1In addition, as surge was approached
the surge frequency was observed to grow in amplitude. At the stall line,

the surge frequency predominated and was found to be 28 Hz.

5.2 RECOMMENDATIONS
The present work is only the preliminary phase of an ongoing project.
The test facility constructed was found to be able to run the centrifugal

compressor over a substantial flow range. However, certain improvements on

the facility should be made.

When running at high speeds (above 39k RPM) the oil was found to reach
its upper temperature range (220°F) quite rapidly. In order to keep the
oil temperature within the operating range, a heat exchanger should be
added to the oil system. Also, use of flexible hose with higher pressure
and temperature ranges will allow the facility to operate at compressor
rotational speeds in excess of 51k RPM.

For the dynamic response measurements, four transducers should be used
simultaneously. In addition, a high frequency filter should be used, since
frequency below the one per revolution are of interest. Also, as discussed
previously, the number of points taken per revolution should be increased
to document whether the impeller is in rotating stall.

The magnetic pick-up used in this investigation had an output voltage



which was below the threshold voltage of the frequency counter. Thus, in
order to measure the rotational speed, the output from the pick-up had to
be amplified before being input to the counter. The electrical noise level
of the amplifier was such that the counter picked up spurious signals.
(This was apparent in the dynamic response pressure measurcments which were
resolved in the frequency domain.) At low speeds the counter was found to
indicate a rotational speed higher than the actual speed. Therefore, a
better amplifier should be obtained, or a magnetic pick-up with a higher
output voltage (above the threshold of the counter) should be used.

For the steady-state measurements, the Cobra probe should be placed in
the compressor at the location shown in Figure 10. This will alliow
determination of the impeller and the vaneless diffuser characteristics and

might give some indication of which component causes the centrifugal
compressor to stall. Finally, as stated in Chapter 4, the dependence of

the surge point on throttling should be addressed.
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Table 1. Optimum Conditions for the Air Ejection System

Pipe Nominal Diameter = 3 in

ﬁo(LBm/min) ﬁi(LBm/min) M, PT2(psi) ﬁz(LBm/min)
40 30 1.61 32.9 70
45 30 1.62 33.0 75
50 30 1.62 33.1 80
(A,) = 0.221 in®
idgxit = O

Table 2. Summary of Modeiling of Ejector

DESIGN POINTS MODEL POINTS
Ppi/Prp  W/my M, Ppy/Prp  M/my M,
3.79 1.33 131 3.93 1.35 127
3.78 1.50 141 3.93 1.50 .136
3.78 1.66 .151 3.93 1.66 14y
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Table 3.

Corrected Speed Run N

Variation of the Compressor Stall Line

umber Cx/U

Maximum Percent Difference

51000

51000

45000

45000

39000

39000

33000

33000
33000

14

20

12

18

10

19

11

15
21

.15
.26

-14

.15

.13

.12

-51=
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Ficure 14, VELocITY PROFILES IN THE MixiNe TUBE
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APPENDIX A

In this section the design of an axial symmetric convergent-divergent
nozzle will be described.

To determine the geometry of the divergent portion of a nozzle for
uniform parallel flow at nozzle exit the analytical technique presented by
Foelsch [11] was used. The required parameters for this analysis are the
nozzle exit Mach number and diameter. It is assumed that the fluid behaves
like a perfect gas with constant specific heats.

The first step in this analysis is to determine the constants ¢E and
Tg at the nozzle exit (see Figure A-1 for the nomenclature). These
quantities are found using the following equations, with M being the nozzle

exit Mach number.
- .,‘.[,/ an™!\ /L 4% - 1) - tan™!\ /M7 - 1] A.1
2\ vy=1 y+1

+1
2 + x=1 M2) 2(y=-1)
T A2

In the second step, ¢E is used to determine the constant w

w= (1/72) bg A.3

but w is also equal to eA amd ¢A;



w = {1/2) q,E = GA = “l)A A4

Next Ta and A2-1 are found for ¢A = (1/2) ¢E through use of Table 1 in

reference [11].

In step three the x and y coordinates of the section AB are found by

varying /62-1 from /ﬁA2-1 to /&112-1. For the 2-1 chosen between A and B

'

the following equations are used:

- 1[‘ (X ean=t =L (2 C 4y - otan™! M2 - 1] A1
21\ vy-1 Y+1

¢ =
e = ¢E - d»’ A.S

(1 'Y+1

2 Y-1 2) 2(y=1)

—T + — M
12 - +1 1+1ﬂ A2
F(Q) = //;inze + 2(cosp - cos u9(¢42-1 sinp + cosp) A.6
y = (DE/II) sin (w/2) (‘c/‘cE) F(o) A.T

Dg 1 + (coso M>=1 ~ sing)F(o)

X = sin (w/2) 2- co -—

E sino -1 + co30

where DE is the nozzle exit diameter.
In step four X is determined from equation A.8 and subtracted from

all the x's obtained in step three.

DE T cos(w/2) - 1
X D ——— cotw - A. 8
o 2t

E 2cos(w/2)[sin(w/2) + cos(w/2)]

The final step consists of calculating A and R from equation A.9 and

determining the coordinates of point D by using equation A.10.



DE Ty cos{w/2) -1

R=h= 4t sin(w/2) cos(w/2) + sin(w/2) A.9
Dg
Xy = R sinw ¥p = 5+ R(1-cosyw) A.10

E

The values of y calculated in equation A.7 are for a perfect fluid, so
some boundary layer displacement thickness must be added to compensate for
the mass flow in each cross section of the nozzle. From information found
in reference [40] boundary layer correction can be applied to each of the

above calculated coordinates. 1In this work a correlation was presented for

Mach number versus [(G*Revs)/(st)]. Thus for each /M2-1 between MA2'1
and /g112-1' [(6’Re1/5)/(xu/5)] was obtained from Figure 23 in reference

[40] and the displacement thickness added to the y coordinate calculated in
equation A.7.

The convergent portion of the nozzle can be designed in accordance
with the method presented by Morel [24]. In this method the information
necessary to design a nozzle contraction is specified by the values of
cDinlet and cPexit' the maximum wall pressure coefficients, for contraction
ratios greater than 4 (the contraction ratio being defined as the nozzle
inlet area divided by the throat area). The throat area is calculated as
part of the divergent nozzle design.

The values of Cpinlet and Cpexit were chosen to be .35 and .04 to
avoid boundary layer separation at inlet and exit [24]. Knowing these
values and the contraction ratio (must be above 4), the design of a nozzle
contraction is relatively simple. The first step is to determine the
values of the variables Fé and G1 for the contraction ratio; F_ is found

e

from Figure 10 of reference [24] for Cp .04, and Gi is found from

exit =

Figure 11 [24] for CPiniet = +35-



The values of Fe and Gi are then used to determine the value of X.
The parameter X is used as the sole representative of the wall contour by
Morel [24]. The wall contour is constructed from two matching cubics (see
Figure A-2) with X = xm/Lc. X was determined from equation A.11 and Figure

12 of reference [24].

1/6

172
X =F /36712 120, 1y A1

(1-X)2/3 e i

Dinlet
Dthroat

where

With the value of X ecstablished the convergent length and coordinates
of the wall contour can be calculated. The length of the convergent

portion of the nozzle is calculated from equation A.12.

(m=1) Gi X

—

A. 12
Dinlet

L, ( . ')-1/2

(This design procedure gives the shortest contraction length possible.)

The wall contour coordinates are calculated using equation A.13.

3
il L LT
inlet X c
A.13
'D_L=1+ m-12 1-% for%)X
throat (1=X) c

Thus x/Lc was varied from O to 1 and the wall contour determined.
Using this method, the convergent-divergent nozzle required by the
ejection system was designed. The tolerances were chosen which gave the

least variation of nozzle exit Mach number.
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Table A-1. Convergent-Divergent Nozzle Coordinates

X (in) I.D. (in) 0.D. (in) X (in) I.D. (in) 0.Db. (in)
5.25 2.000+0.003 2.600+0.005 2.00 0.899+0.0C3 1.199+0.005
5.20 2.000+0.003 2.600+0.005 1.90 0.839+0.003 1.139+0.005
5.10 2.000+0.003 2.598+0.005 1.80 0.784+0,003 1.084+0.005
5.00 2.000+0.003 2.595+0.005 1.70 0.735+0.003 1.03540.005
4.90 1.999+0.003 2.593+0.005 1.60 0.691+0.003 0.991+0.005
4,80 1.998+0.003 2.490+0.005 1.50 0.652+0.003 0.952+0.005
4.70 1.996+0.003 2.587+0.005 1.40 0.619+0.003 0.919+0.005
4,60 1.993+0.003 2.585%0.005 1.30 0.590+0.003 0.890%0.005
4.50 1.989+0.003 2.577+0.005 1.20 0.564+0.003 0.864%+0,005
4,40 1.984+0.003 2.566+0.005 1.10 0.543%0.003 0.843+0.005
4.30 1.984+0.003 2.552+0.005 1.00 0.525%0.003 0.825%0.005
4,20 1.967+0.003 2.535+0.005 0.90 0.511%+0.003 0.811+0.005
4,10 1.955+0.003 2.514+0.005 0.80 0.499+0.003 0.799+0.005
4.00 1.941+0.003 2.488+0.005 0.70 0.490+0.003 0.790+0.005
3.90 1.925+0.003 2.456+0.005 0.60 0.483+0.003 0.783+0.005
3.80 1.905+0.003 2.421+0.005 0.50 0.478+0.003 0.778+0.005
3.70 1.883+0.003 2.381+0.005 0.40 0.475+0.003 0.775+0.005
3.60 1.857+0.003 2.332+0.005 - 0.30 0.473+0.003 0.773+0.005
3.50 1.828+0.003 2.271+0.005 0.20 0.472+0.003 0.772+0.005
3.40 1.795+0.003 2.194+0.005 0.10 0.472+0.003 0.772+0.005
3.30 1.758+0.003 2.129+0.005 0.00 0.472+0.001 0.772+0.005 REF
3.20 1.717+0.003 2.058+0.005 0.0% 0.478+0.003 0.776+0.005
3.10 1.671+£0.003 1.987+0.005 0.10 0.486+0.003 0.763+0.005
3.00 1.621+0,003 1.92110.005 0.15 0.494+0,003 0.758%+0.005
2.90 1.566+0.003 1.866+0.005 0.20 0.500+0.003 0.754+0.005
2.80 1.505+0.003 1.805+0.005 0.25 0.507%+0.003 0.749+0.005
2.70 1.440+0.003 1.740+0.005 0.30 0.512%+0.003 0.744+0,005
2.60 1.369+0.003 1.669+0.005 0.35 0.516%0.003 0.740+0.005
2.50 1.292+0.003 1.592+0.005 0.40 0.520+0.003 0.735+0.005
2.45 1.251+0.093 1.551+0.005 0.45 0.524+0.003 0.730+0.005
2.40 1.209+0.003 1.509+0.005 0.50 0.527+0.003 0.726+0.005
2.35 1.165+0.003 1.465+0.005 0.55 0.530+0.003 0.721+0.005
2.30 1.122+0.003 1.422+0.005 0.60 0.532+0.003 0.717+0.005
2.25 1.081+0.003 1.381+0.005 0.65 0.534+0.003 0.712+0.005
2.20 1.041+0.003 1.341+0.005 0.70 0.536+0.003

2.10 0.967+0.003 1.267+0.005 0.75 0.538+0.003

0.78 0.540%0.003
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APPENDIX B

This section shows the supply tank and the end plate used in the

design of the ejection system. In addition, the coordinates used for the

converging mixing tube entrance are given.

Table B-1. Mixing Tube Entrance

X (in) D (in) X (in) D (in)
0.0 6.065+0.005 2.6 3.456+0.005
0.2 6.05140. 005 2.8 3.36140.005
0.4 5.95140.005 3.0 3.28310.005
0.6 5.679+0. 005 3.2 3.22140.005
0.8 5.327+0.005 3.4 3.17240.005
1.0 5.00910. 005 3.6 3.134£0,005
1.2 4.72210.005 3.8 3.107+0.005
1.4 4.46510.005 4.0 3.08910.005
1.6 4.236+0.005 4.2 3.07740.005
1.8 4.03310.005 4.4 3.0710.005
2.0 3.855:0.005 4.6 3.069+0.005
2.2 3.70140.005 4.8 3.068+0.005
2.4 3.56810.005 4.85 3.068+0.005
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APPENDIX C

In this section the computer programs are presented which were used to
obtain the overall compressor characteristic and the dynamic response of
the compressor. Also, shown is a schematic diagram of the data acquisition
system (Figure C-1). 1In addition, the programs are shown which were used
to perform the Fast Fourier Transform on the data and plot the results as

frequency versus amplitude.
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STEADY AND UNSTEADY DATA AcQuisITION PROGRAM

ON CHANNELS 1 AND Z.
ASSIGN LINE PRINTER &:RSSIGN LP &
ASSIGN THE FLOPPY DISK 8:ASSIGN DYl: 8

aooooooon

THIG PROGERAM CONTICLS THE ACGUISION OF STEADY AS WELL AS
UNSTEADY DATA. THZ SCANI VALVE SHOULD EE ON CHANNEL @ OF
THE A/D CONVERTER.THE DYNAMIC RESPCONSE PROBES SHOULD ERE

DIMENSION P(48), ID(32), T(7), XA(122), YA (1@2) , TRUF (Z2)

DIMENSION ID1(;@4B).ID;(-“48)

BYTE SPEED1 (17),3PEEDZ(17), HPROE(13)

DATA HpRQB/snv’ayv!viaﬁs:v,suv’vga’1 1,
17.0,'D A T @/

KL=S

INCR=@2

WRITE (S, *)"ENTER THE DATE:MONTH, DAY, YERR!?

ACCEPT#*, IMONTH, IDAY, IYEAR

WRITE(S, #) ' ENTER PAME AND TAMRK?

ACCERT*, PAME, TAME

TAME=1. O*TAME+32.

RHOAMB=144, *PANMR/ (53, 34+ (TAMB+-463. ) )

X=(l.4-1)/1.4

© OPEN 2 G9ACE OM THE FLOPPRY DISKX TO STORE TW~ UNSTEADY
WRITZA(S, #)ENTER THE RUN NUMEER(MUST BE TWO DIGIT

QCCEP* C,HPRDB(?) HPROE(8)
FORMAT (2AR1)

s

DATA.
)

OPEN(UNIT=8, NAME=HPROB, ACCESH="DIREZCT", TYPE=" NEW?,
1FURM=’UNFDRMQTTED’5RECDKDJIZ;WLw4UQ*MITIHLJILF*ULﬁ)

3 WRITE (S, #)HOME THE SCANIVALVE?
WRITE (S, #)? STOP? ; @=NG, 1=YES"
ACCEPT#, I1
IF(II.EQ. 1)GO TO 99
WRITE(S, ®)'ENTER THE POINT NUMBER?
ACCEPT*, IPOINT
READ THE FREQUENCY COUNTER TGO ORTAIN REV/SEC
CALL IEBRECY(SPEED1, 17,707)
CALL IEIFC
READ THE SCANIVALVE AND DETERMINE CHANNEL NUMEER
SCANS EACH CHANNEL 3@ TIMES AND TAKES THE AVERAGE
DO 1@ J=1,48
CAILL SCAN (KL, 1P0S, ID)
CALL CHAN(IPOS, ICHN)
ICH=ICHN+1
IF {ICH. BT. 48) ICH=1CH-48
D { ICH) =0.
DO 2@ K=&, 3@
20 P(ICH) =P (ICH) +FLOAT (1D (K)) /E5.
12 CONT INUE
THE ZERD SHIFT IN THE TRANSDUCER DURING A RUN IS
CORRECTED FOR BY HAVING TWO CHANNELS VENTED TO
ATMOSPHERE (PREF) AND SUBTRACTING THESE TWO FROM THE
OTHER CHANNELS.
PREF= (P (47)+P (48)) /2.

l

s

Quan
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(CONTINUED)

C THE PRESSURE IS CONMVERTED FROM A DIGITAL SIGNAL TG
C ENGINEERING UNITS.
DO 11 N=i,48

11 P (N) =5@. % (P (N) ~PREF) /20148.
DO 12 NN=1,48
12 P (NN) =P (NN) +PAME

PST=(P(31)+P(33)) /2.
SS=(P(27)+P (28) +P (23) +P (3Q) ) /4.

C READ THE TEMPERATURE MULTIPLEXER
CALL AD(@,6, T, IER)

DO 4@ LL=1,7

42 T(LL)=1.8%T(LL)+32. +464.

C READ COUNTER ABAIN
CALL IERECV(SPEEDE, 17,'07)

CALL IBIFC

C TRANSFER SPEED TD ENGINEZRING UNITS
DECODE (1@, 3, SPEED1 (&) ) RPS 1
DECODE( i@, 3, SPEEDZ(6) ) ROSE

3 FORMAT(E12. 2)

RPM=3Q. % (RPS1+RPSE)

WRITE (S, #) ' COMP PRESS=", PST, ' TURE PRESS=', P(45)
WRITE (S, *)? RAM=", RPM, ' COMP TEMP=', T ()
WRITE (S, #)*'D0 YOU WANT THIS POINT?;@=NO, 1=YES"
ACCEZPT#, L

IF(L.EQ. ®)GO TO i

C ENTER THE NOZZLE TOTAL PRESSURE(PTN),THE TUREINE EXIT STATIC

C PRESSURE (PVAC), AND THE COMPRESSOR INLET STATIC PRESSURE.
WRITE (S, %) ENTER PTN, PVAC, AND MCOMP®
ACCEPT#, PTN, PYALC, FMCOMP
WRITE (€, *)?DATE:?, IMONTH, * /7, IDAY, ? /7, IYEAR
WRITE(E, *)'ATM. BRESS. =", PAME, ' PSI’
WRITE (5, ¥)YATM. TEMP, =), TAME, ' £
WRITZ (E, #)? POINT NO.=', IPOINT
WRITE(E, %) #%THE INPUT DATA IS:&

WRITE (€, *) ' PTN=", PTN, ' PVAC=? , PYAC, * MC=" , FMCOMP
PTN=PTN+PAME
PYAC=PAMB-PVALC*14. 636/ 30,

C FIND COMPRESSOR MASS FLOW
FMCOMP=RHOAME*. 1044#SQRT (334. 6296*FMCOMP/RHOAME)
PRTT=PST/PAME
PRTS=PSS/PAME
PS3=(P(4)+P (1@)) /2.

PS4=(P(6)+P(12)) /2.
PRITT=P(45) /PAME
DIFF=PS4-PS3
CPDS=2,



(CONTINUED)

el

C FIND STATIC ?RESSURE RISE OF YANELESS DIFFUSER

IF (DIFF.NE. 3. )CPDS=(P(46)-PS3) /DIFF
ETACTT=((PRTT) #*X-1.) /(T(Z) /T(1)~1.)
ETACTS=((PRTS) *#%X—~1.) /(T(2) /T(1)—1.)
ETICTT=((PRITT) ##X~1.)/(T(&) /T(1)~1.)
ERTS=P(45) /PVAC

G=PAME/ 14.€96

TH=(TAMEBE+4EQ. ) /545,

C CORRECT MASS FLOW AND SPEED TO 14.69€ AND 545 DEG. R

12a1
S

CORM=FMCOMP*SQRT (TH) *62. /G

CORN=RPM/SRRT (TH)

WRITE(S, %) ARE YOU IN STALL? :@=NO, 1=YES"

ACCEPT*, ISTALL

IF(ISTALLL.NE. 2)GO TO 1@

DO 2@ M=1, 48
wRITE(G,*)’PRESSURE’,M,’=’,p(M),’PSI’

DO S@ MM=i,7
WRITE(G,*)’TEMPERQTURE',MM,’=’,T(MM),’DEB.R’
wRITE(e,*)'pTNa’,PTN,’PVQC=’,QVQC
wRITE(B,*)'RDM=’,RPM,’MCDMP=’,FMCOMP
WRITE(E, #) " k%% %% %% %xSPEED LINE DATA S5 %*x¥%kxsxxx?
IF(ISTQLL.NE.m)wRITE(G,*)’THE CCMPRESSOR IS IN 3TALL?
WRITE (&, *#) ' PRESSRE RATIO T=7T=', PRTT

WRITE(E, #) "EFFICIENCY T-T=',ETACTT

WRITE (E. #) " PRESSURE RATIO T~S='.PRTS

WRITE (&, *) "EFFICIENCY T-5='" ,ETACTS

WRITE (&, *#) ' CORRECTED MASS FLOW=" ,CORM, ' LEM/MIN®
WRITE (&, #)* CORRECTED SPEED=", CORN, ' RPM?
WRITE (&, #) ' ROTOR PRESSURE RATIO T-T=', PRITT
WRITE (&, ¥)'ROTOR EFFICIEMCY T-T=' ,ETICTT

WRITE (&, ®*)'DIFTUSER STATIC PRE5S RISE COEF.=',CPDS
WRITE (6, #)' EXPANSION RATIO T-5=" ,ERTS
WRITE(S.*)’*************************************’
wRITE(B;*)’*************************************’

C PLOT OVERALL CHARACTERISTIC ON SCREEN

CALL GRINIT(IERUF)

CALL GRSCAL(IBUF, @.,1.,@.,2.5, )
XA(IPOINT)=CORM/EQ.

YA(IPOINT)=PRTT

cALL GRQPHS(IBUF,GS,XQ,YQ,IPDINT,@.,@)
PAUSE

CALL VTCLR

GO TO 1 '

C READ DYNAMIC RESPONSE PROEES AND STORE DATA ON FLOPRY DISK

1200

99

INCR=INCR+1
J=2#%INCR-1
=2#INCR
CALL PROE(IDi, 1DZ)
WRITE(8'J) (ID1(LL),LL=1, 2048)
WRITE(8'K) (IDZ{(MM), MM=1, 2048)
GO TO 1@@21
CLOSE (UNIT=8)
END



PrRoGRAM TO READ ScANIVALVE

. GLOEL SCAN
SCAN: MOV (RS)+, R
CLR @#171770
MOV @(RS) +, B#171772
CLR Ri
MOV #35, RE
ADDRES: TST @#17177@
EPL ADDRES
MOV E#171774, @ (RS) +
MOV (RS)+, R3
LOOP1: MOV #4402, B#170400
MOV #10Q, 34170403
LOOPS: TS5T @#170400
EFL LOOPE
MOV B#1704@2, (R3)+
INC R1
CMP RZ, R1
EPL LOOP1
RTS PC
.END SCAN

PrRoGRAM TO DETERMINE SCANIVALVE CHANNEL NUMBER

€ THIS PROGRAM CALCULATES S/V CHANNEL NO. (ICHN
C FROM 5/V DATA (IPROS)
SUBROUTINE CHAN(IPOS, ICHN)
IF(IPOS.LT.12)G0O TO 42
IF(IPOS.GT.2@)G0 TO 1@
ICHN=IPOS-6
GO TO S@
12 IF(IPOS.6T. 42)60 TO =@
ICHN=IPOGS-12
GO TO =@
2@ IF(IPOS.GT.E@ GO TO =@
ICHN=1IP0O5~-18
GO TO =@
20 ICHN=IPOS-24
G0 TO Sa
49 ICHN=IPOS
=174 CONTINUE
RETURN
END
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PrRoGRAM TO ReAD DynaMIc REsPONSE PRESSURE TRANSDUCERS

PROE:

LOOPL :
LOOPZ:

LODBE:

. GLOEL PROE

Moy
MoV
MoV
CLR
MoV
MoV
TST
EPL
MGv
MOV
TST
EPL
MoV
INC
Cmp
BPL
RTS

(RS) +, R@
(RS) +, R1
(RS)+, R2

R3

#1402, B417040@
#1001, BH#1 70408
@1 7040

LOOPE
BH170402, (R1)+
B102, BH17040E
@41 7Q4003

LOOP3
@#1704Q2, (R2) +
R3S

#3777, R3

LDOP1

PC

. END PROE



FastT FouriER TRANSFORM PROGRAM

C THIS5 PROGRAM PERFORMS AN FFT ON THEZ HIGH RISPONSE DATA
C AND PLOTS THE RESULTS IN THE FREQUENCY DOMAIN.

c ASSIGN DY1: 8
BYTE HPRORBR(13)
DIMENSION ID! (2@48),IDE(2048), IMAG(2@48) , WR(EE&48)
COMMON WR, ISCALE
DATA HPROB/'D?,'Y?,'1%,% 7,002 ,757,7 .7 1,
19.0,0DY A,V T, 0/
DATRA IMAG/2@48+0/,1/&/
WRITE (S, *)"ENTER THE RUN MUMBRER (MUST BE & DIGITS)?
ACCEPT 2,HPROE(7),HPROE(8)
e FORMAT (A1)
OPEN(UNIT=8, NAME=HPROE, RCCES58="DIRECT?, TYDE=" OLD",
1FORM="UNFORMARTTED?, RECORDSIZE=2248, INITIALLIZE=320)
1 I=I+1
J=2#I-1
=721
READ(A' J) {(IDi(L),L=1,2@48)
READ (8! K) {(IDz (i), M=1, 2B48)
C SUBRTRACT OUT THE ZERO READING
DO 11 IR= 1,&2@48°
IDI(IR)=ID1(IR)-2248
11 IDE(IRY=IDZ(IR) 2048
IERROR=2
ISCALE=®
C PERFORM A FFT ON CHAMNEL !
CA_L FFT(IZRROR, 2048, IDi, IMAG, &, IGCALE)
WRITE (S, #) ' CHANNEL 1 ERROR=?, IERROR
DO 1@ IJ=1,Z@48
WR{IJ)=SQRT(FLOAT(IDI(IJ)) ##2+FLOAT(IMAG{(IJ) ) **3)
i@ IMAG(IJ) =2
C PLOT THE FFT RESULTS FOR CHANNEL 1
CALL PLTFFT
IERROR=%
ISCALE=@
C P=RFORM A FFT ON CHANNEL =
CALL FFT(IERROR, 2048, IDZ, IMAG, @, ISCALE)
WRITE (S, #) ' CHANMNEZL 2 ERROR=?, IERRCOR
DO 2@ IK=1,EP48
WR((TIK)=SQRT(FLCAT (ID2 (1K) ) ¥*S+FLOAT( IMAG (IK) ) %)
2@ IMAG(IK) =2
C PLOT THE FFT RESULTS FOR CHANNEL 2
CALL BLTFFT
WRITE(S, #)*DO YOU WANT 7O CONTINUE? (1=YES, @=NQO)"’
ACCEPT*, ICONT
IF(ICONT.NE.@)CO TO 1
CLOSE (UNIT=4)
END



PLot PrOGRAM FOR FAST FouRIER TRANSFORM RESULTS

C THIS PROGRAM PLOTS THE TRANSFORMED DATA ARRAY USING THE
C HIPLOT PLCTTER.
SUBROUTINE PLTFFT
DIMENSION WR(Z248), IRUF (20)
BYTE CHAR(45), FILNAM(1@), 3CR(52)
COMMON WR, ISCALE
DATA FILNAM/YA?, 757, 7C7, 717,717,770 "C? ,"H? ,"R? @/
TYPE*, ' PLOTTING THE REAL ARRAY OF TRANSFORMED DATA?
IC=1
C THE DIMENSIONS OF THE X AND Y AXIS
XLLEFT=1.5
YLLEFT=1. =
XUPRT=3.
YUPRT=7. ,
TYPE#, 'ENTER XMIN, XMAX!
ACCERT*, XMIN, XMAX
TYPE*, 'ENTER THE AESCISSA INCREMENT?
ACCEPT*, XINC
WR (1) =0.
YMAYX=WR (&)
YMIN=WR (2) :
C FIND THE MAX. AND MIN. OF THE DATA ARRAY
DO 1@ I=3, 2048
IF(WR(I).BT. YMAX) YMAX=WR (1)
1@ IF (WR(I).LT. YMIN) YMIN=WR(I)
YMAX=YMAX *Z% %I SCALE
YMIN=YMIN*Z#%ISCALE
C THE CHARACTER SIZE
51ZE=. 25
CALL PLTSET(IBUF, 1, 1)
CALL PLTSCL (IEUF, XMIN, XMAX, YMIN, YMAX, XLLEFT, YLLEFT,
1 XUPRT, YUPRT)
CALL PLTAXS (IBUF, SCR, FILNAM, 4)
Y=WR({IC) *2%*ISCALE
CALL PLTSMV (IRUF, XMIN, Y)
CALL PENDN
XINC1=XINC
10@ IC=IC+1
Y=WR(IC) *2%*ISCALE
CALL PLTSMY (IBUF, (XMIN+XINC1),Y)
XINC1=XINC1+XINC
IF ((XMIN+XINC1).GT.XMAX)GO TO &@@d
GO TO 1@@
200 CALL PENUP
CALL PLTSMV (IBUF, XMIN, YMIN)
DO 888 KT=1,&
IF(KT.EQ. 1) TYPE#, " LABELLING TITLE:ENTER(X,Y) IN IN.’
IF (KT.EQ. 2) TYPE*, " LARELLING X-AXIS:ENTER(X,Y) IN IN.®
ACCEAT#*, XT, YT
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(CONTINUED)

TYPE#, ' ENTER THE LAEELLING STRING?
ACCERT =67, NCHAR, (CHAR(I), I=1, NCHAR)
567 FORMAT (G, 45A1)
CALL PLTMOV (IBUF, XT, YT, 1)
CALL PLTSTR(IBUF, CHAR, NCHAR, SIZE, @, FILNAM)
CALL PLTSMV (TEUF, XMIN, YMIN)
YY) CONTINUE
TYPE#*, ' LABELLING Y-AXIS: ENTER (X,Y) IN IN.?
ACCEPT#*, XT, YT
TYPE*, YENTER THE LAEELLING STRING’
ACCEPT 567, NCHAR, (CHAR(I), I=1, NCHAR)
CALL PLTMOV (IEBUF, XT, YT, 1)
CALL PLTSTR(IBUF, CHAR, NCHAR, SIZE, 1, FILNAM)
CALL PLTSMV (TEUF, XMIN, YMIN)
CLOSE (UNIT=1@)
RETURN
END

=05~



I

PRESSURE VERSUS TIME PROGRAM

C THIS PROGRAM CONVERTS THE HIGM RESPCONSE DATA FROM A
C DIGITAL SIGNAL TD PRESSURE AND PLOTS THE RESULTS.
C CHANNEL 1 SENSITIVITY=Z. 4B8PSI/MV
C CHANNEL 2 SENSITIVITY=1.89P51/MY
c ASSIGN DY1: A&
BYTE HPROE(13)
DIMENSION IDI1(2@4B8), IDE(Z048), WR(ZD48)
COMMON WR
DATA HPRDB/’D’,’Y',’].’,’:’.,’U’,"S",’ 1,00,
17.7,'D, A, T,y
NRITE(S.*)’ENTER THE RUN NUMBER(MUST BE & DI
ACCERT &, KPROR(7), HPROE(S)
& FORMAT (2A1)
OPEN(UNIT=8, MAME=HPROE, ACCESS="DIRECT, TYPE="

IFORM=" UNFORMATTED"® , RECORDSI ZE=2048, INITIALSI ZE=

1 WRITE(S, ®)'ENTER THE POINT NUMEBZR?

RCCEPT*, I

J=2%I~1

K=Z%1

READ (B J) (ID1 (L), =1, 2248)

FEAD (87 ) (IDE (i), M=1, Z@43)
C CONVEZRTING THE PRESSURE TO EMBINEZRING UNITS

DO 11 IR= 11,2048
11 WR{IR)=(FLOAT(IDI1 {IR))=-2048. )/umaa.n(q.*_.ha*
C PLCT THE PRESSURE VERSUS TIME RESULTS FOR CHANNEL i

CALL PLTPRR

DO 12 IS=1,2248
1z WROIS)=(FLOAT(IDZ(IG))~204a. ) /EN48., ¥ (S, 1. 83%5
C PLOT THE PRESSURE VERSUS TIME RESULTS FOR CHONNEL &

CALL PLTPR

GITE)?

p.p?,

ac@)

‘)

wle

WRITE(J,*)’DD YOU WANT TO CONTINUE?(1=YES, @=NO)"

ACCEPT*, ICONT

IF(ICONT.NE,.2)BD TO ¢
IR E(JNIl“B)
ZND




