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Fig. 3 In� uence of the inlet velocity (Amax = 10).

Fig. 4 In� uence of the area limit (ui = 0.5).

and Eq. (7) concordantly provide je D 1:355, whereas a small ben-
e� t on the exit velocity (ue D 2:8835) is obtained. The inaccuracy
of Toki’s results is con� rmed by searching for the optimal geom-
etry of a thruster that presents a constant-area appendage with the
same Amax D 34:70, as in Toki’s geometry. The numerical solution
provides ue D 2:8858 and, obviously, je D 1:355.

The constraint Ae D Amax is in fact always necessary; to be con-
sistent, one should at least impose an equal limit on the initial cross
section. The same value Amax D 10 is considered in Fig. 3, which
points out the in� uence of the inlet velocity; the channel begins
with a constant-area duct if u i < 0:4. The initial peak of the cur-
rent density is more plausibly removed by specifying a high ui

than by exploiting the optimization process. Unfortunately, the in-
crease of the initial velocity does not produce the same increase in
the exit velocity, and the engine thrust decreases; the engine ef� -
ciency,whichdependson the squareof theplasmavelocity,is instead
improved.

The same initial velocity ui D 0:5 is considered in Fig. 4; a larger
value of Amax produces better performance and reduces both the
current-density peaks. The left extremes of the curves in Fig. 4
(Amax D 4:17) correspond to a constant-area channel that becomes
convergent-divergentas soonas Amax is increased.The improvement
of the thruster characteristics gradually diminishes, and Amax D 10
seems to be a suitable compromise between engine performance
and dimensions.

Conclusions
The theory of optimal control has been applied to the analysis

of a MPD thruster by using a simple quasi-one-dimensional model
that neglects the energy equation. A correct solution of the uncon-
strained problem has been presented and discussed. The introduc-
tion of a constraint concerning the maximum value of the channel

cross-sectionarea has provided more realistic results; nevertheless,
a more precise model that takes the energy equation into account
would be opportune. The optimization of the plasma � nal velocity
does not imply the smoother distribution of the current density that
has been asserted in recent literature. The practicalgoal of OCT ap-
plication is only the fast designof the channel geometry that ensures
high speci� c impulse for speci� ed values of the discharge voltage
and total current. In the authors’ opinion the improvement of the-
oretical knowledge is, however, the main outcome of an indirect
optimization procedure.
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Introduction

G AS turbines are a vital energy source for both industrial and
military applications,with recent research focusingon identi-

fying high cycle fatigue unsteady � ow mechanisms. There is a con-
stant need for improved understandingof the � ow physics through
the various components. Greater understanding of these mecha-
nisms provides manufacturers with the ability to achieve higher
levels of performance and more ef� cient systems. As the level of
technology increases, there are continuous demands on gas turbine
engines to achievegreaterdurability,reducednoise levels, size, and,
of course, greater thrust. A considerable portion of recent research
involves the unsteady interaction between adjacent blade rows in
both compressor and turbine sections.

The objective of this research is to investigate and quantify the
fundamental vane/blade interaction phenomena of the upstream
traveling potential forcing function from a downstream rotor in a
compressionsystem.This is accomplishedby performinga seriesof
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Fig. 1 Schematic of � ow path.

Fig. 2 IGV/rotor interaction.

experimentsin the CompressorAero Research Laboratory (CARL),
a high-speed,highly loaded compression stage facility.During test-
ing inlet guide vane (IGV) unsteadysurface pressuremeasurements
were taken at different IGV/rotor spacingswhile operatingat 105%
design speed.

Research Compressor
The research compressor (Fig. 1) was designed to simulate the

second stage of a highly loaded military core compressor. Wakes
from a � rst stage are simulated with an upstream blade row. The
primary intent for the use of the research compressor was to inves-
tigate the in� uence of an upstream stage on the � ow swallowing
capability of a downstream transonic stage. The rotor has 33 blades
and operates at a design tip relative Mach number of 1.19. Further
details of the compressor design can be found in Ref. 1.

To study the effect of different upstream stages, an IGV as-
sembly is placed upstream of the rotor section. These IGVs were
designed to create a wake consistent with a modern technology,
highly loaded, low-aspect-ratio stage and to maintain an axial inlet
� ow orientation. Therefore, they have a wide bluff trailing edge as
shown in Fig. 2. They have a constant solidity (spacing-to-chord
ratio) along the span and have no steady aerodynamic loading to
achieve a uniform two-dimensional wake. In addition, it is possi-
ble to vary the axial spacing between the IGVs and the rotor. The
three different spacings possible are 12, 26, and 56% of the IGV
chord measuring from the IGV trailing edge to the rotor leading
edge. In the current con� guration there are 24 IGVs in the upstream
passage.

IGV Surface Pressure Instrumentation
To measure the unsteady surface pressures the IGVs are instru-

mented with miniature Kulite pressure transducers. Two different
blades are instrumented with 10 pressure transducers each. Span-
wise effectswere also investigatedby instrumentingthe bladeat two
differentspanwise locations,50 and 75% from the hub. The pressure
transducers are � ush mounted by machining the blade surface, and
the diaphragmis then coveredwith a thin layer of room temperature
vulcanizingsilicone rubber to protect the sensor. Grooves were also

machined into the surface so that the lead wires could be bundled
and fed out through the case without disturbing the � ow. Two ad-
jacent IGVs are instrumented providing data for one � ow passage.
Flow periodicity is assumed with one blade’s data phase shifted to
the other blade for analysis.

LQ-125 miniature pressure transducers from Kulite are used to
measure the surface pressure. The pressure transducers are manu-
factureddirectly on the blades with a 172.4-kPa maximum absolute
pressure capability. The pressure sensing element is 0.1524 cm in
diameter and has an internallycompensatedtemperaturerange from
¡1.1 to 54:4±C. The natural frequencyof the pressure transducer is
300 kHz, giving a usable frequency range of 75 kHz. The measured
random uncertainty was §0.69 kPa, which includes all errors due
to random noise and temperature changes.

Results
A series of experiments were performed to investigate the IGV

unsteady surface pressure response due to the upstream traveling
pressure� eld generatedby the downstreamrotor.The variable spac-
ing feature of the experimental rig was used to study the effect that
changingthe axial spacinghas on theunsteadyIGV surfacepressure
measured at two spanwise locations.

The experimentaldata were recordedon a 28-channelanalog tape
recorder with a � at response up to 80 kHz. The data was digitized
of� ine at an effective sample rate of 500 kHz by reducing the tape
playbackspeedby one-quarterandsamplingat 125 kHz. The � rst 11
blade pass harmonics are resolved without aliasing or attenuation.
Data were digitized for a time record of 68 ms as was dictated by
storage limitations,which gives approximately11 rotor revolutions.
Ensemble averaging was performed on the data to average out any
inconsistencies that may exist from one rotor blade to the next.
The ensemble averagingwas accomplishedby using the rotor blade
pass frequency and, because the rotor has 33 blades, about 363
recordswere ensemble averaged.To assist in discussing the results,
two blade passages of data are presented from the single averaged
passage record.

To analyze the effect that axial spacing has on the upstream IGV
surface pressures, a 105% design speed, peak ef� ciency operating
point was used. This operating point produces rotor relative Mach
numbers of 1.22 and 1.15 for the 75 and 50% spans, respectively.
A nondimensionalizeddifference of the pressure values across the
blade was determined from the measured absolute pressure data as
de� ned by Eq. (1):

pn D . p1 ¡ p2/=ps (1)

where the subscripts are de� ned as follows: n, normalized pressure;
s, IGV inlet; 1, IGV upper surface; and 2, IGV lower surface.

Axial Spacing In� uences

Figure 3 shows the 50% span, 95% chord location results. The
12% IGV chord axial spacing shows an unsteady normalized force
of 0.39 (31.8 kPa), which is larger than the 0.20 (15.9 kPa) loading
found at the 26% axial spacing.However, the 56% IGV chord axial
spacing data show a substantially smaller normalized force of 0.09
(7.25 kPa) on the blade when compared to the closer spacings.

As shown in Fig. 3, there is a signi� cant change in the unsteady
loading with changes in axial spacing. These types of phenomena
are important to engine designers because typically no upstream
unsteady loading is considered during the structural analysis of an
engine. Therefore, with the continued push for smaller and lighter
engines, where axial spacings have decreased from approximately
50 to 25% of blade chord, these unsteady loads experienced by the
upstream row must now be considered during engine design.

Figure 3 also shows the phase shift, relative to the rotor leading
edge, with changes in axial spacing. Figure 3 clearly shows that
the 12% IGV chord spacing leads the other axial spacings in phase.
This is because at the 12% spacing the rotor bow shock contacts the
IGV surfaceearlier becauseof the decreaseddistance it has to travel
before reaching the IGV trailing edge.
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Fig. 3 Differenced nondimensionalized pressure time traces for three
axial spacings: 50% span, 95% chord.

Fig. 4 Differenced nondimensionalized pressure time traces for 95%
chord.

Figure 2 shows how, relative to a rotor blade position, the bow
shock impinges on the 12% spaced IGV prior to the 26 and 56%
spacings.Figure 2 also demonstrateshow the shock dissipatesin the
upstreamdirection from a sharpdiscontinuityin pressureproducing
high-order harmonic loads on the close spacing IGV, to a weak
pressure wave with primarily � rst-order loading as the IGV spacing
is increased.

The 50% span results reveal several trends. First, axial spacing
variations have a signi� cant effect on the upstream traveling un-
steady pressure � uctuationsgeneratedby the downstream transonic
rotor.Therefore,unsteadyloadingon the upstreamblade row should
be includedin the designof gas turbines,especiallyas theaxial spac-
ing decreases. Second, an overall decrease in the unsteady loading
occursas we move upstreamalong the IGV surfacefor each spacing.
Finally, there is a change in phase with changes in axial spacing.

Spanwise Variations

To determinewhether any radial variationsaffect the � ow physics
of the upstream traveling interaction, data at 50 and 75% span are
utilized. Figure 4 shows the 50 and 75% span location results for
time traces of the unsteady delta pressure at 12 and 56% spacing
for a common chordwise location. Figure 4 shows that the 75%
span unsteady loading is 0.35 (28.4 kPa) at 12% spacing, which is
slightlysmaller than the loadingat 50% span.However, the pressure
� uctuationat 56% spacingfor 75% span is signi� cantly greater than
the loading at 50% span, from 0.23 (18.9 kPa) to 0.09 (7.25 kPa),
respectively.

All of the trends found at 50% span were also evident in the 75%
span results. However, spanwise variations in the compressor stage

a) 50% span

b) 75% span

Fig. 5 Chordwise variation in peak pressure loading.

are evident as shown by comparison of the results shown in Fig. 4.
In general, the unsteadypressureloadingis greaterat 75% span than
at 50% span, whereas dissipationof the unsteady loading with axial
spacing was less at 75% span than at 50%. Therefore, the upstream
propagatingunsteady pressure � uctuation persists farther upstream
at the larger span location. This could be attributed to the higher
relative Mach number at the 75% span.

Chordwise Variations

Figure 5 shows the in� uence of absolute upstream position on
the measured blade surface peak-to-peak unsteady pressure for
both spanwise locations and each IGV axial spacing. Figure 5a,
at 50% span suggests that the peak-to-peak pressure loading tends
to collapse regardless of IGV axial spacing for locations greater
than 100% rotor chord distances upstream of the rotor. However,
at 75% span (Fig. 5b) no evidence of this phenomena can been
seen upstream through distances of 150% of the rotor chord. Be-
cause the peak-to-peak pressure loading does not collapse to one
value at a given absolute axial location, the IGV cannot be con-
sidered a passive device in the � ow� eld, with no in� uence on
the rotor upstream potential forces. Instead Fig. 5 shows that for
both 50 and 75% span the IGVs interact with the rotor potential
� eld and their axial spacing in� uences the measured peak-to-peak
pressure forces. This experiment demonstrates the importance, in
this case, of modeling the IGV/rotor interaction accurately, rather
than assuming a simple exponential decay of the rotor potential
� eld.

Conclusions
A series of experiments were performed to investigate the un-

steadyupstreamtravelingforcingfunctionfromahigh-speed,highly
loaded compressor rotor. These experiments were performed for
several different axial spacings between the IGV and rotor rows, as
well as at different spanwise locations. The IGV unsteady surface
pressures were then measured to determine the forced response on
the blade.

This investigation reveals several signi� cant fundamental � ow
physicsphenomena:1) upstreamtravelingunsteadypressure� uctu-
ations are signi� cant, 2) the rotor bow shock dominates the pressure
variations, and 3) changes in axial spacing affects the magnitude
and character of the unsteady pressure loading.
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