
316 J. PROPULSION VOL. 1, NO. 4

I II III IV-

PENETRATION OF
N204 VAPOUR

Fig. 4 Explanation of the explosion phenomenon observed in Fig. 3.

It is well known that, when nonreactive droplets interact
with a pool surface, a splash appears around the droplet and
that the main constituent of the splash is the pool liquid. In the
present experiments, it was generally observed that in the
N2H4(droplet)/N2O4(pool) system the splash hardly ap-
peared, as can be seen in Fig. 1. One of the causes of this will
be that the main constituent of the splash is N2O4, which has a
high volatility.

Although there exists some difference between the fluid
dynamical processes observed in the ^H^droplety^O^
(pool) and the reversed systems, it is seen that the probability
of explosion and the strength of the explosion are nearly the
same for the two systems.

Summarizing the results, it can be concluded that, for ex-
plosions induced by the contact of hypergolic liquids, more
evidence has been obtained to support the presumption that
the sudden gasification of the superheated surface layer of the
more volatile liquid playes the role of a trigger.
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Introduction

F LOW unsteadiness has been found to exert a considerable
influence on the aerodynamic and heat-transfer perfor-

mance of turbomachinery blades. The most significant con-
tribution to this unsteadiness is caused by "wake passing," the
term used here to describe the flow produced on a downstream
blade row as it periodically chops through the wakes shed by
the upstream blade row. The effect occurs both in the com-
pressor and turbine blade passages, and has been studied by
Evans,1 Walker,2 and others, for the case of compressors.
Turbine studies of the unsteady boundary layer on the rotor
blade of a single-stage low-speed axial flow turbine have been
performed by Bring et al.3 and Hodson.4
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In cooled gas turbine blades the aerodynamic fluctuations
due to wake passing may greatly affect the heat-transfer rates
to the blade surface. Dunn and Hause5 have performed some
heat-transfer measurements on a small turbine stage.

Although these experiments have indicated that the effects
of wake passing on turbine blades may be substantial, the
mechanical complexities involved in obtaining measurements
from a high-speed high-temperature rotating turbine stage
have as yet precluded detailed boundary-layer and heat^
transfer studies at Reynolds and Mach number conditions ap^
propriate to large modern aircraft engines. The fully rotating
experiment is not convenient for such detailed investigations.
This is partly due to the problems of adequate instrumenta-
tion, and obtaining satisfactory flow visualization in rotating
turbine stages. In the turbine, it is also difficult to vary in-
dependently parameters such as wake characteristics, and the
spacing between the wakes.

This Note describes a new experiment that has allowed
wake-passing flow to be generated in a stationary cascade of
turbine rotor blades mounted in a short-duration wind tunnel.
Examples are given of the flow visualization and unsteady
heat flux results, obtained using a typical modern turbine
blade profile operating at full-scale Reynolds and Mach
numbers. Flexibility in the experimental design has allowed ef-
fects of wake size, spacing, and combinations of wake passing
and freestream turbulence to be assessed. In addition, by run-
ning the wake generator at subsonic and sonic flow-relative
speeds, studies have been made of the effects of wake passing
with and without associated shock waves. Schlieren flow
visualization has been used to chart the progress of the wakes
through the blade passages. This provides the time history of
the wake in the external flow, and, coupled with the
boundary-layer history provided by the unsteady heat-transfer
and pressure measurements, has revealed the unsteady transi-
tion process responsible for the heat-transfer effects.

Rotating Bar Wake Generator
The unsteady flow at the inlet to a first-stage turbine can be

reproduced at the inlet of a stationary cascade of rotor blades
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Fig. 1 a) The unsteady (wake-passing) flow in the blade passages of
the first-stage turbine and b) the simulation of this flow in a sta-
tionary rotor cascade mounted in a wind tunnel by moving a row of
wake-generating bars at the correct speed in front of the cascade.
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Fig. 2 Schematic of the rotating bar wake generator developed for
the experiments.

as shown in Fig. 1. The relative flow velocity to the blades, W,
is supplied by the wind tunnel, while the periodic chopping
through the wakes from the upstream stage is reproduced by
moving a row of wake-generating rods past the cascade at
velocity U. Prior experiments showed that, at the rotor inlet
position, the nozzle guide vane wakes were symmetrical and
could be simulated by the wakes of small circular cylindrical
bars and, by moving these bars across the cascade, the correct
relative velocity vector diagram can be obtained (as shown in
Fig. 1). For a two-dimensional rotor cascade, this could be
achieved by passing a rectilinear ladder of bars past the blades,
however, this is not mechanically feasible. The present ex-
periments approximate this motion over one cascade blade
passage by mounting the bars on the rim of a large-diameter
rotating disk (Fig. 2). For structural reasons stranded wires are
used, held out by the centrifugal force. This constrasts with
the "squirrel cage" apparatus used by Pfeil et al.6 and Bayley
and Priddy.7

Test Conditions and Instrumentation
The transient cascade tunnel used for the test was the Isen-

tropic Light Piston Tunnel (ILPT) at Oxford.8'9 The computer
and high-speed data acquisition are outlined by Oldfield et
al.10 and Doorly,11 while the high-speed heat-transfer in-
strumentation is described by Oldfield et al.12 For the heat-
transfer measurements, the signals were recorded simulta-
neously at a 200-kHz sampling rate from seven surface film
gages and an optical timing sensor. The flow Reynolds
number (based on a model blade chord 67.8 mm and exit
Mach number of 0.96) was 2.02 xlO6, and for the heat-
transfer studies the freestream total temperature was 430 K,
corresponding to a realistic gas-to-wall temperature ratio for
the blade surface (at ambient conditions) of 1.5. The stranded
steel wires fitted to the wake generator measured either 0.9 or
1.7 mm in diameter. The larger diameter bars were used to
represent a worst-case nozzle guide vane (NGV), whereas the
smaller diameter bars model a more highly efficient NGV.

Prior to the run, the tunnel working section was evacuated
and the wake generator driven by a small turbine to a steady
speed. The tunnel was then fired to give a 0.3-s steady flow,
the cascade exit conditions being maintained by a downstream
choked throat.

/
Schlieren

At 0.17 s into the run, schlieren pictures were taken at
various times in the wake-passing cycle. For the schlieren
studies, the cascade tunnel was operated at blade design Mach
and Reynolds number conditions, but with the upstream total
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Fig. 3 Two extracts from one of the sequences of spark schlieren
photographs obtained: a) At this instant, the recompression shock
wave from the bar is shown impinging on the suction surface of the
central blade in the photograph, b) Taken at a later time in the cy-
cle, (after the bar shock wave has passed out of the field of views). The
high-velocity gradients are observed to result in a gross distortion of
the wake in the upper passage. [Exposure —0.25 /is, shock and wake
from large (1.7 mm diameter) bar.]

temperature reduced to 300 K. Sequences of photographs were
obtained that show the progression of wakes from the large-
and small-diameter bars through the cascade. Two photo-
graphs from one of these sequences are shown in Fig. 3. The
schlieren results have been used both to determine the external
flow history and to compare with simple numerical predictions
of the wake trajectory through the blade passage.
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Fig. 4 Comparison of the fluctuating heat-transfer records obtained
at four locations on the rotor suction surface for three different condi-
tions, all with low freestream turbulence (<0.4%): a) No wake
passing. Steady undisturbed laminar boundary layer at all gages with
the mean heat-transfer rate decreasing with distance from the leading
edge, b) Isolated wake passing (two bars on the wake generator).
Wake from each passing bar produces momentary transition of the
boundary layer, resulting in high transient heat transfer. The bar
shock wave, which precedes the wake, also produces a turbulent
boundary-layer patch; this is the reason for the double impulse seen
on traces from gages 4-11. c) Full wake passing (eight bars on the
wake generator). The turbulent patches produced by each wake pass-
ing have nearly merged by gage 11, to form a continuously turbulent
boundary layer.

Unsteady Heat-Transfer Measurements
Heat-transfer data were recorded at a slow rate throughout

the run, with a burst of 3000 high-speed data points per chan-
nel recorded 0.17 s into the run. Figure 4 shows extracts from
the 200-kHz sampled heat-transfer traces at four gage posi-
tions on the suction surface, from the leading edge to about
509/o surface length, for three different freestream conditions.
The traces are all plotted to the same vertical scale and show
that, in the absence of significant superimposed freestream
turbulence, each passing wake results in a transient increase in
the heat-transfer rate (of up to 500% of the undisturbed level).

Results and Conclusions
Analysis of the schlieren photographs and the heat-transfer

and pressure measurements has shown that
1) The wakes undergo massive distortion due to the high-

velocity gradients in the rotor blade passages.
2) Each passing wake produces a turbulent boundary-layer

patch in the blade suction surface boundary layer, which is
swept along the blade surface and is responsible for the
dramatic transient increases in heat transfer.

3) When the bars were run at near sonic speed, the shock
waves produced were also found to initiate turbulent
boundary-layer patches. In each wake-passing cycle, the ef-

fects due to the shock immediately preceded those due to the
wakes.

4) At conditions most representative of those found in the
engine (i.e., with closely spaced wakes, and near sonic NGV
exit flow velocities), both the wake and shock wave (from the
preceding cycle) impinge simultaneously on the blade surface,
and the turbulent patches produced in rapid succession during
each cycle merge to form an unsteady, turbulent boundary
layer by 50% surface distance on the suction surface. The
resulting heat-transfer rate at this point approaches that
associated with a "steady*' turbulent boundary layer produced
with the aid of a trip wire, or grid-induced turbulence.

The use of a rotating wake generator in front of a stationary
turbine cascade has proved to be an extremely useful techni-
que to study wake-passing phenomena in a turbine stage.
High-quality schlieren photographs, combined with high-
frequency heat-transfer rate measurements on a stationary
blade, allow a comprehensive study of the phenomena in-
volved without the expense and complication of experiments
on a rotating turbine stage.

The heat-transfer fluctuations produced by wake passing
are large and have a significant effect on the overall heat
transfer to the turbine blade.

Forthcoming publications will analyze these wake-passing
phenomena more fully than is possible herein, due to space
limitations.

Acknowledgments
The authors wish to thank the Science and Engineering

Research Council and Rolls-Royce Ltd. for their support of
this work.

References
1 Evans, R.L., "Boundary Layer Transition and Separation on a

Compressor Rotor Airfoil," Journal of Engineering for Power,
ASME Transactions, Vol. 104, Jan. 1982, pp. 251-253.

2Walker, G.J., "The Unsteady Nature of Boundary Layer Transi-
tion on an Axial-Flow Compressor Blade," AMSE Paper 74-GT-135,
1974.

3Dring, R.P., Joslyn, H.D., Hardin, L.W., and Wagner, J.H.,
"Turbine Rotor-Stator Interaction," ASME Paper 82-GT-3, 1982.

4Hodson, H.P., "Boundary Layer and Loss Measurements on the
Rotor of an Axial-Flow Turbine," ASME Paper 83-GT-4, March
1983.

5Dunn, M.G. and Hause, A., "Measurement of Heat Flux and
Pressure in a Turbine Stage," APWAL-TR-81-2055, 1981.

6Pfeil, H., Herbst, R., and Schroeder, T., "Investigation of the
Laminar-Turbulent Transition of Boundary Layers Disturbed by
Wakes," ASME Paper 82-GT-124, 1982.

7Bayley, F.J. and Priddy, W.J., "Effects of Free-Stream Turbulent
Intensity and Frequency on Heat Transfer to Turbine Blading,"
ASME Paper 80-GT-79, 1980.

8Jones, T.V., Schultz, D.L., Oldfield, M.L.G., and Daniels, L.C.,
"A New Transient Facility for the Measurement of Heat Transfer
Rates," High Temperature Problems in Gas Turbine Engines,
AGARD CP-229, 1979, pp. 31-1 to 31-27.

9Schultz, D.L., Jones, T.V., Oldfield, M.L.G., and Daniels, L.C.,
"Measurement of the Heat Transfer Rate to Turbine Blades and
N.G.V.'s in a Transient Cascade," Paper EC-12 presented at 6th In-
ternational Heat Transfer Conference, Toronto, Canada, 1978.

10Oldfield, M.L.G., Jones, T.V., and Schultz, D.L., "On-line
Computer for Transient Turbine Cascade Instrumentation," IEEE
Transactions on Aerospace and Electric Systems, Vol. AES-14, Sept.
1978, pp. 738-749.

HDoorly, D.J., "The Effects of Wake-Passing on Turbine
Blades," Ph.D. Thesis, Oxford University, Oxford, England, 1983.

12Oldfield, M.L.G., Burd, H.J., and Doe, H.G., "Design of Wide-
Bandwidth Analogue Circuits for Heat Transfer Instrumentation in
Transient Tunnels," Preceedings of the 14th ICHMT Symposium on
Heat and Mass Transfer in Dubrovnik, Aug. 1982.


