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as the test gas a mixture of Argon and Freon 12 with a ratio of
specific heats of 1.4 but a higher molecular weight than air,
the tip speed was cut by about a factor of 1.4, hence the stress
level by a factor of 2, enabling the use of aluminum for the
rotor and simplifying the mechanical design. This concept
enabled the study of large high mass flow transonic rotors in
an academic laboratory.

It would have been relatively useless however without the
simultaneous development of miniature silicon diaphragm
pressure transducers by the Kulite Co. Initially these were
available either as complete transducers or as silicon
diaphragms .058 inches in diameter, with integral strain gage
bridges. Using these diaphragms, I fabricated multi-
diaphragm probes of the sort shown in figure 3. 2 From time-
resolved measurements of pressure over the surface of the
approximately spherical probe head (about .25 in. in
diameter) it was possible to deduce the stagnation pressure,
the static pressure, and the flow angles in the radial and
tangential directions, all with sufficient spatial and temporal
resolution to describe the unsteady flow downstream of the
rotor, which had blade chords of about 3 inches and a two-foot
diameter.

The first measurements in this apparatus led to some
surprising results, namely that there were very large
fluctuations in the structure of the blade wakes from one blade
to the next, with large radial flow angle in the wakes, equally
large fluctuations in the tangential flow angles, and large
fluctuations in static pressure. We concluded very early that
the accepted picture of steady, essentially solenoidal flow in
rotor coordinates was invalid, but the correct explanation for
the unsteadiness came much later, from the work of Ng and
Gertz.

The first major results from the BDC were obtained by two
of my PhD students, Alan H. Epstein, and William T. ("Tilt")
Thompkins. Thompkins obtained the first complete set of
measurements of the outflow from the transonic rotor, and
presented them in the form of flow angles, Mach numbers,
entropy and efficiency as functions of radius and tangential
distance.? A typical plot of entropy is shown in figure 4. (We
knew at the time that such a plot, which assumed blade-to-
blade periodicity, was at best a qualitative summary of the real
behavior, but were unable at the time to see how to present the
results so the intrinsic unsteadiness could be understood). The
efficiency (and entropy) were derived from the measured
stagnation pressure, and a stagnation temperature computed
from the measured tangential velocity via the Euler equation.
In this same time period Epstein developed a technique for
quantitative visualization of the density field in the rotor by
fluorescence of a trace gas, biacetyl, in the beam of a dye
laser. He thus obtained some of the first quantitative
measurements of the shock structure in a transonic rotor. One
of his photographs is shown in figure 5.4

THREE-DIMENSIONAL TRANSONIC CFD

Also in the same time period with the above happenings,
David Oliver and his student Panos Sparis were applying the
newly developed techniques of transonic CFD to the three-
dimensional flow in transonic compressors. In these early
days most other CFD practitioners limited their work to two
dimensions. But the flow in the transonic compressor is

intrinsically three-dimensional by virtue of the variation of
the relative Mach number from values above unity near the
tip, to values below unity near the hub. Oliver was interested
in this as a fundamental problem, I was interested in a
calculation which could be compared to the detailed
measurements from the BDC. Sparis began by computing a
sheared flow passing over a half-airfoil, in a rectangular
geometry, the approach Mach number being above unity at
onse wall and below unity at the other. This is shown in figure
6.

As part of his doctoral thesis, W. T. Thompkins applied the
approach of Oliver and Sparis to the geometry of the BDC
rotor, to obtain the first comparison of a computed transonic
compressor flow field with measurements, at a sufficient level
of detail to illuminate the differences.®> Of course the
differences were large, because the CFD calculation was
inviscid while the rotor flow exhibited strong viscous effects.
Nevertheless, with the encouragement of Mel Hartmann and
his staff we pursued this comparison approach with other
rotors, as will become clear below. Thompkins' calculation of
the density field in the rotor is shown as figure 7, for
comparison to figure 5.

High-Performa Rotor Studies:

While the techniques developed on the BDC were judged
interesting and useful, it was felt by many interested parties
that the results might be somewhat pathological because the
performance of the MIT transonic rotor was substandard. It
had been designed by relatively simple techniques and had not
been refined beyond the first design. Although it produced the
design pressure ratio of about 1.6 at the design tip Mach
number of 1.2, it had rather high losses. So with the help and
support of Mel Hartmann and Calvin Ball of NASA Lewis, two
state-of-the-art transonic rotors were made available for
testing in the BDC, and three-dimensional computations were
carried out for both of them. The two rotors were NASA Rotor
67, a high through-flow design with very good performance,
and the high-throughflow rotor designed and tested at the Air
Force Aeropropulsion Laboratory by Wernerstrom.$

The results for the NASA Rotor 67 confirmed the findings
from the MIT rotor tests, that the rotor wakes were highly
unsteady in rotor coordinates and exhibited large radial and
tangential velocity fluctuations that were not explainable in
terms of contemporary models for the wake behavior.”

Equally important was the finding that the time-averaged
performance of the rotors as measured in the BDC was
essentially identical to that obtained in steady-state
compressor test rigs. This validated the BDC as a compressor
research tool, enabling us to proceed with confidence to study
the unsteady flow knowing that the phenomena under study
were ones which could exist in actual compressors.

The detaliled measurements in these high performance
rotors (and later stages) preceded and may have helped
stimulate similar studies at Lewis Research Center, using LDV
techniques, which have established an important experimental
benchmark for CFD computations in transonic rotors.

Comparison of Measurements and CFD Resulis - Shock
Termination:

Arguably the most sophisticated comparison of transonic
inviscid CFD results to experimental results in the early time

220z snbny 0 uo 3senb Aq ypd-gze-16-£6-78089 LIGE0N90SE0YZ/FBOVI L LAEON/0 L 68./£661 LO/4pd-sbulpeaooid/] ©/6.10 alise uoios)oojeybipawse//:dny woly papeojumoq



period was by Haymann-Haber, a student of Thompkins, who
was by this time a faculty member at MIT. We had noticed
from study of Epstein's shock visualizations that the passage
shock in the rotor showed a sudden variation in strength near
the sonic radius, just before it disappeared (Shock Structure).
Some qualitative modeling of this phenomenon showed that
there was an inconsistency in the usual radial equilibrium or
strip theory model for the shock, in that the radial
acceleration of the flow was discontinuous at the sonic
radius.® Although the initial computations of Thompkins
showed some unusual behavior at the sonic radius they had
insufficient grid resolution to sort out this phenomenon.
Haymann-Haber set out to compute this shock termination
phenomenon more accurately using the inviscid CFD
approach of Thompkins, run on a minicomputer. He found the
results shown in figure 8, which seemed to be little noted at
the time®. They showed what seemed to me a remarkable
agreement between the computed variation near the sonic
radius of the density ratio across the shock and the
measurements of Epstein by gas fluorescence.

FURTHER DEVELOPMENTS

From this point the work traceable to these beginnings
branched into several distinguishable paths, which may be
understood by reference to figure 1. They were:

1) Continued studies of unsteady flow in the BDC

2) Studies of aeroelastic behavior of rotors, in the BDC

3) CFD, initially focused on compressors and using
dedicated minicomputers, that later evolved into more generic
CFD research,

4) The Blowdown Turbine Experiment (BDT)

There was a continuous thread of comparison of the
experimental results to those from the CFD calculations, so
this is shown as another research line.

Some highlights of each of these threads will be discussed.
Obviously this discussion cannot be comprehensive, in fact it
will also be strongly influenced by my own perceptions and
limited understanding of much of the work.

UNSTEADY FLOW IN COMPRESSORS

The line of investigation begun by Thompkins was
subsequently expanded by a succession of doctoral students,
each addressing a physically different aspect of the unsteady
flow.

Blade-to Blade Effects on Mean Flow:

The data set obtained by Thompkins represented an unique
opportunity to examine the effect of blade-to-blade flow
variations on the mean flow. For his doctoral research Arun
Sehra undertook to include the effects of these flows in the
streamline-curvature calculation of the axisymmetric flow,
using the actual measured flows on the blade-passing length
scale to estimate the Reynolds stresses and the "Apparent
Entropy” a term we coined in the course of the work to express
the effect on the flow of velocity fluctuations whose energy
was not recoverable by the blading. Some results are shown

in figure 9.10 With the corrections for the blade-to-blade
flows, he found excellent agreement between the computed
axisymmetric flow and that measured. Even a peak in the
tangential velocity at about the sonic radius was reproduced,
as shown in the left plot of figure 9.

This work was the precursor to that pursued recently by
Adamczyk at NASA Lewis, in which the blade-to-blade flows
predicted by CFD

calculations and inferred from measurements, are
incorporated in three-dimensional calculations for multi-stage
COMpressors.

Rotor-Stator Interaction:

The next in this succession was Mohammed Durali, who
undertook to extend the study of the MIT transonic rotor to a
complete stage. To this end he constructed the apparatus
shown in figure 10. A stator was added to complete the stage.
The stator blades were mounted on a set of bearings so that,
initially stationary, they would rotate slowly during the
blowdown test so that a probe traversing radially downstream
of them would survey the stator gap circumferentially as well
as radially. In addition one of the stator vanes could be
substituted by a special vane instrumented at one point on its
length by an array of high frequency response flush
transducers which gave the pressure distribution on the
pressure and suction surfaces of the stator vane. This vane
could be translated radially during the test, so a map of the
unsteady pressure distribution was obtained as a function of
radius as well as time. Together with surveys of the flow
angles and Mach numbers upstream and downstream of the
stator, this gave a very complete set of data on the flow in a
transonic stage, probably the most complete ever obtained,
even to this day. It was reported as a Gas Turbine Laboratory
Report,!! but never published or pursued further.

Unsteady Flow in a High Throughflow Stage:

The high throughflow stage developed by Wennerstrom was
studied in detail by Ng!2. In the course of this work, a new
instrument called the Aspirating Probe was developed for time
resolved measurement of the stagnation temperature.!3
Shown schematically in figure 11, it used two hot wires
upstream of a choked orifice into which the flow was pulled,
hence the title. The Mach number in the passage being fixed,
the mass flow density and temperature in the passage depend
only on the upstream stagnation pressure and temperature. By
operating the two wires at different overheats, both
stagnation pressure and stagnation temperature can be
deduced. From these two values, the local entropy of the flow
can be found, or equivalently, the efficiency. In practice it was
better to associate the aspirating probe with a high frequency
response stagnation pressure probe using a Kulite transducer,
as shown in figure 11, because the latter gave a more accurate
indication of the stagnation pressure and added redundancy to
the measurements.

For the first time this enabled time resolved measurements
of the efficiency. They indicated at least two interesting
and/or important things:
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a) There seemed to be locations in the flow where the
entropy was below the value upstream of the rotor (but see
below under Kotidis).

b) Averaging the time-resolved efficiency gave results very
close to those from steady state tests of the same rotor in
other facilities, and just as close to those computed from the
Euler equation by the method of Thompkins. This comparison
is shown in figure 12.14

Attempts by Ng to explain the unsteadiness of the rotor
flow in terms of shock-boundary layer interactions on the
blades were not convincing however.

Wake Structure:

The correct explanation for the unsteadiness (at least in
rotor 67 and in the Air Force High Throughflow Rotor,
whether the result is generic remains controversial) was
developed by Gertz et al.!5- 16 They realized that large-scale
vortex shedding into the wakes could lead to a structure very
like the Karman street behind a cylinder, and a model based on
this idea predicted wake behavior very similar to that
observed, the unsteadiness resulting from the probe's more or
less random sampling of the vortex street. This comparison is
shown in figure 1315 -+ This model provided acceptable
explanations for the observations of large static pressure and
tangential flow angle variations in the wakes. Furthermore a
close working relationship with Hathaway and Strazisar of
NASA Lewis, who had carried out detailed LDV measurements
in a transonic rotor, led to the realization that a bimodal wake
behavior he had observed, could also be understood in terms of

the shed vortices. This technique was then applied to two B>
fans at Pratt & Whitney. Lastly, by this time the CFD
capability had advanced to the level that Owen succeeded in
corlngmting the unsteady vortex shedding, as shown in figure
1479,

Radial Transport in the Rotor;

One phenomenon which was still not quantitatively
understood was the large radial velocities observed in the
wakes. I had hypothesized!? that there was extensive radial
transport in the boundary layers or wakes of the transonic
rotor, and that this might explain the very high losses
observed near the tips of such rotors, combined with
extremely low losses near the hubs. A careful investigation of
this possibility was undertaken by Kotidis, using the same
high-throughflow rotor studied by Ng. He used a trace gas,
injected upstream of the rotor and sampled downstream by the
Aspirating Probe, to track the motion of the boundary layer
flow through the rotor and wakes. He found that indeed there
is strong transport, some radially inward but mostly outward,
of a magnitude sufficient to explain a good part of the
efficiency decrement at the tip. 18

In addition, Kotidis found that if he accounted for the time
lag in the signal from the Aspirating Probe due to the flow
time from its mouth to the hot wire, the regions of entropy
lower than the upstream value disappeared. This was a very
satisfying resolution of a nettlesome issue.

ROTOR AEROELASTICITY

In parallel with the work on unsteady flow, the potential of
the BDC for study of compressor rotor flutter was explored.
The concept initially was that a structural mode of the rotor
would be excited while the rotor turned in vacuum, and its
decay or excitation then stdied as the flow passed through it.
The method of exciting the blades shown in figure 15 was
developed by James Fabunmil®. It provided for independent
excitation of the bending modes of each of the blades by a
piezoelectric transducer at its base. In the event it transpired
that this task was of such magnitude that Fabunmi studied only
the structural behavior of the rotor.

The apparatus was then refined and used by Crawley for a
measurement of the aerodynamic damping2®. He was able to
obtain a measurement of the damping and show that it was
sensitive to the variation of the frequencies of the individual
blades, a result expected since the neighboring blades
dominate in controlling the damping of any individual blade.
This gave rise to some excellent work on the effect of
“"detuning” on flutter.

Later, this line of effort developed into research on the
flutter of thin, highly swept blading for advanced turboprops,
more specifically the Unducted Fan (UDF)2!.

It is interesting to note that Crawley's work in structural
dynamics of rotors ultimately led to his development at MIT
of an entirely new and separate research program in Control-
Structure Interaction, which is now the focus of a NASA Space
Engineering Research Center.

BLOWDOWN TURBINE

The Blowdown Turbine Experiment (BDT) was conceived by
Epstein et al as a direct analog of the BDC22. In addition to
the advantages of the BDC it offered the opportunity to
measure the heat transfer by transient techniques. The basic
idea was to scale down all temperatures of an actual engine so
that the blade temperature is equal to ambient, the supply tank
temperature is at the corresponding equivalent of the turbine
inlet temperature, and cooling flow if desired, is cooled below
room temperature. By choice of the size, pressure and test gas
the Mach number and Reynolds number are matched to those
of the actual engine. The apparatus is shown in figure 16.

This experiment called for the development of a new
technology of heat transfer measurement, using thin film
sensors separated by insulating plastic, as shown at the right
in figure 1723, The idea is that the film on the top of the
insulator responds rapidly to fluctuations in heat flux,
resolving the high frequencies due to blade passing events or
turbulence, while the temperature difference between the top
and bottom films responds more slowly, giving the variation
on the time scale of the blowdown wransient. Measurements
taken in this way on a full scale Rolls-Royce research rotor are
shown in figure 1824,

The BDT has produced much quantitative data not formerly
available about real turbine flow fields. Some of it is
described in references 25 to 27. Another measure of its
success is that it is being replicated by the Air Force
Aeropropulsion Laboratory, and perhaps elsewhere, a form of
praise which the BDC has yet to receive.
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CFD DEVELOPMENTS

The development of computational techniques applicable to
transonic flows in compressors continued in parallel with the
experimental programs outlined above. At intervals,
comparisons between the computed and experimental results
enriched both efforts, as indicated at several points in the
above discussion. But there were also aspects unique to the
MIT CFD development which I think deserve mention. Some
of these follow.

CFD With Dedi inicomputers:

In the early time period, it was normal to carry out
extensive CFD work on mainframe computers or the
supercomputers of the day. Thompkins conceived the idea of
doing the work instead on the small but quite capable
minicomputer available full time in the Gas Turbine
Laboratory, initially a Digital PDP 11-70, which was allowed
to run for times of days or even weeks to generate a single
solution. This turned out to be a highly cost-effective
approach at the time, although it required a high level of
sophistication in the programming, particularly for data
management. It is still used by some of the most successful
practitioners of CFD for turbomachinery, although in general
it has been overtaken by "computational plenty".

Coupled CFD and Boundary lLa Computation:

Two students of Thompkins, Mark Drela and Michael Giles,
undertook for their doctoral research to develop efficient
means for computation of internal flows including viscous
effects. It was clear that this was necessary if CFD was to be
quantitatively useful for turbomachinery, since viscous
processes are limiting in all turbomachines in some way.
This was a pioneering venture in another way, since they
wished to collaborate in the work. They were able to convince
their faculty committee of the viability of the idea, and
proceeded together to produce an excellent computational
scheme.

The idea was to adapt the streamline curvature approach used
so successfully in computing the axisymmetric flow in
turbomachinery, to produce a streamline-based adaptive
computational grid. The boundary layer was included through
a displacement thickness at the wall, and computed by an
integral method 28:2%. This led to an inverse design code,
which enables the designer to specify the Mach number or
pressure distribution on the airfoil, and generate the
corresponding shape. Figure 19 shows the kind of agreement
they obtained with experiment. Their method has since been
used extensively by industry.

Rotor-Stator action:

Michael Giles undertook to develop computational methods
capable of dealing efficiently with the unsteady flows due to
stator-rotor interaction. He introduced the concept of "time-
inclined” computational planes to enable his code UNSFLO?30
to handle arbitrary stator/rotor pitch ratios3!. This is one of
those ideas which is obvious once one sees it, but which
eluded many previous workers in the field. His plot of the
behavior of the nozzle wakes in passage through a turbine

rotor, shown in figure 20, is especially appealing to me
because it shows in detail a phenomenon I had modelled
crudely much earlier3? namely the transport across the rotor
gaps of the fluid in the stator wakes

Turbine Heat fer:

As a final example of comparison of CFD results with
experiment, in this case from the BDT, I will cite the work of
Abhari et al®3, who compared detailed heat transfer
calculations by Giles to equally detailed time resolved heat
transfer measurements made in the BDT. One of their figures
is reproduced as figure 21. It seems that very little more could
be asked of the modeling.

PEOPLE

It has often been said that the most important products of
academic research are the highly trained people who emerge
from the educational process. Without agreeing that the
research results are any less important, and without
attempting a complete listing of those many who have gone
on to successful careers in industry after participating in the
above programs, I can list 2 number of contributions to the
ranks of academe each of whom has in the past or is now
educating more students and producing more research results:

Present or past faculty at MIT
Crawley, Drela, Epstein, Giles, Thompkins,

Faculty at other universities
Fabunmi, University of Maryland
Farokhi, University of Kansas
Hall, Duke University
Lewis, University of Maryland
Ng, VPI&SU
Sparis, University of Athens

I am quite sure Mel would approve of these results. Very few
if any of them would have arisen without his early and
steadfast support of research in the MIT Gas Turbine
Laboratory.
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Blade-to-blade effects on mean Rotor detuning ( Crawley ( Giles, Drela)
flow ( Sehra) High-rst:e::% ) High perk rotors ( Thompkins )
Unsteady fiow in high-throughfiow futter { Crawiey, Hall) . Vortex Shedding ( Owen )
rotor (Ng ) Shock termination ( Haymann-Haber )

Turbine heat transfer { Giles )

Rotor-stator interaction ( Giles )

(

Daedalus Aerodynamic Design
Drela )

I CONTROL-STRUCTURE INTERACTION I

1. Schematic of Research at MIT which stemmed from two original research initiatives, the Blowdown
Compressor Experiment and Three-Dimensional Transonic CFD, supported by NASA Lewis.
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2. Schematic diagram of the Blowdown Compressor

Experiment.
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3. Five-diaphragm sphere and total pressure probes using

miniature silicon diaphragm pressure transducers.
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4. Map of entropy, relative to the upstream flow, compu
by Thompkins from measured stagnation pressures ant
Mach numbers. The abscissa is time (or circumferentig

distance), the ordinate is the radial position.
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5. Density map in the rotor of the Blowdown Compressor, obtained by gas flourescence by Epstein, showing
passage shocks. Original photograph is at left, corrected map at right.

]

Threshold 2, Contrast 3, Brightness 9, Halftone Pattern Spiral, Normal Detail 2/3/93 7:44 PM

6. Mach number at surface of a rectangular airfoil in a transonic shear flow, by Oliver and Sparis.
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Threshold 9, Contrast 3, Brightness 9, Halftone pattern
spiral, Normal Detail 2/3/93 7:49 PM

7. Density map in the rotor of the Blowdown Compressor,
computed by Thompkins for comparison to the data of
figure 5. Density ratio of 1.0 is sonic line.
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Threshold 9, Contrast 3, Brightness 9, Halftone pattern
spiral, Normal Detail 2/3/93 7:54 PM

8. Density ratio (to upstream flow ) in mid passage as a
function of radius, computed by Haymann-Haber and
measured by Epstein, showing the shock termination

phenomenon at a radius ratio of approximately 0.8.
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Threshold 3; Contrast 3, Brightness 9, Halftone pattern

spiral, Normal Detail 2/3/93 8:00 PM

9. Comparison of the tangential, axial and radial velocities
computed by Sehra with inclusion of blade-to-blade
effects, to measurements of Thompkins. The experimental
data marked by circular symbols were measured 0.1
chords downstream of the rotor, those with triangular
symbols 1.0 chords downstrem of the rotor.
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11. Aspirating Probe at left, and its association with
stagnation probe at right. 13. Compariscn of rotor-exit total pressure ratios vs time
as measured in the Blowdown Compressor, and calculated
from the vortex street model.

| Pattern Spiral, Normal Detail 2/3/93 8:08 PM 12. Comparison of total temperature as a function of
| radius, as measured by the Aspirating Probe, and by stator
| 10. Apparatus of Durali for stage measurements: with leading edge thermocouples, with that calculated by the
‘ rotating stator at top and with transiating stator blade at Euler equation.
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Threshold 6, Contrast 3, Brightness 9, Halftone
Pattern Spiral, Normal Detail 2/3/93 8:23 PM

14. Computed vortex shedding into wake of highly loaded
transonic blade.
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Threshold 6, Contrast‘s, Brightness 9, Halftone
Pattern Spiral, Normal Detail 2/3/93 8:26 PM

15. Apparatus for vibrational excitation of the individual
blades of the Blowdown Compressor.
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Threshold 6, Contrast 3, Bri§htness 9, Halftone
Pattern Spiral, Normal Detail 2/3/33 8:30 PM

16. The Blowdown Turbine Experiment.
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Threshold 6, Contrast 3, Brightness 9, Halftone
Pattern Spiral, Normal Detail 2/3/93 8:33 PM

17. Multilayer heat transfer gauge for use in the Blowdown
Turbine Experiment.
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18. Time-resolved heat fluxes at various points on a turbine airfoil.
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19. Comparison of calculated pressure distribution on an
LA203A airfoil at M=0.100 and Re=250,000, to measured
distribution.
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20. Computed entropy and unsteady velocity for a low-

speed turbine.
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21. Time resolved heat flux measurements on a turbine airfoil at mid-span, compared to calculations.
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