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Preface

The Department of Engineering Science at Oxford University, Oxford,

U.K., has had an active turbomachinery research group for over 15

years. Major contributions to the literature of fundamental

measurements in turbine blade heat transfer are well established

worldwide. Professor LaGraff has closely followed the contributions of

the Oxford group for many years, taking a sabbatical leave at Oxford

from Syracuse University for seven months in 1983. The research

conducted during this visit lead directly to a proposal for a follow-on

experimental program , viz., examining in some detail the transitional

behavior of the boundary layer under the influence of wake/shock

induced unsteadiness. Preparation for this work began in the summer of

1985, with travel support from the National Science Foundation (Grant

No. INT-8509407). The first stage of the work reported herein was

completed in the summer of 1986. Prof. LaGraff was on-site from May

to August 1986 when access to the primary test facility was scheduled.

Brief visits before and after the primary test times were also made in

October 1985, March 1986, September 1986, and October 1986.
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1. introduction

A new type of transient cascade has been developed at Oxford

University which has substantially improved knowledge of the distribution

of heat transfer rates over turbine bladings. This facility, described

briefly below, allows the testing of actual blade profiles at full scale

engine Reynolds numbers, Mach numbers and gas-to-wall temperature ratios.

The theory of operation and typical results are discussed in detail in

References 1 and 2. A sunmary of the facility and instrumentation are

included in the next two parts of this report for completeness.

(See e.g. Fig. 1).

Of special interest in comparing cascade tests with real engine rigs

is to account for the flow unsteadiness associated with wake-passing

phenomena between adjacent stages. Some recent work has been reported

which has begun to unravel this complex flow field in a systematic manner

(see e.g. Refs. 3 and 4). very recently Doorly (Ref. 5) has reported

detailed time-resolved heat transfer and aerodynamic measurements of a

wake passing experiment in the Oxford cascade. In this experiment the

wakes were generated by a rotating set of cylindrical wires upstream of

the stationary rotor cascade (Fig.2). Significant changes in the cascade

flow and heat transfer rates were observed during each wake passing event.

Subsequent work in the Oxford cascade on a new blade profile was

systematically undertaken at various Mach numbers, Reynolds numbers and

blade incident angles to determine the wake passing vs. no wake results

(Ref. 6) with the intention of ultimately comparing this with tests on the

same blade on the new MIT Gas Turbine Laboratory transient, rotating,

blow- down rig. These comparisons are not complete at this date.
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11. The EZpetntal Tehnique

a) Isentzpic Light Piston Tunnel Cascade

Transient techniques have long been recognized as a powerful technique

for heat transfer measurements. (Ref. 7.). Short duration shock heated

facilities had particular success simulating the high enthalpy

environment characteristic of hypersonic reentry conditions from orbital

and suborbital flight. Inferring instantaneous heat transfer rates from

the transient response of the surface temperature of models (see next

section) greatly eased the instrumentation problems in the high

temperature environment of steady state facilities, and substantially

reduced the operating costs compared to long duration testing.

In recent years (Refs. 8,9,10) transient facilities have found

application at the more modest enthalpy levels, but experimentally

awkward environment, of gas turbine engines (transonic, rotating,

R, - 106 +, T /T. - 1.5 - 2.0). A particularly productive aporoach has

been the one developed at Oxford University (Ref. 1) where shock heating

has been replaced by a piston driven isentropic compression process. A

fundamental advantage of this approach is that the running time is

increased by one or two orders of magnitude over the shock heated mode

while still offering the advantages of transient techniques. The

increased running time offers significant instrumentation advantages not

possible in shock heated facilities, including li greater ease of

simultaneous direct digital sampling of multichannel i. strumentation,

2)the possibility of multichannel surface pressure measurements through

relatively long lengths of tubing to transducers mounted external to the

small models, 3) surface oil drop flow visualization and, 4) airfoil wake

pressure traverses yielding the loss measurements which are of
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significant interest to turbine aerodynamicists. Light piston isentropic

compression tunnels , while now well established at two centers in Europe

(Oxford and Von Karman Institute), have not received much attention in

the USA. A comprehensive discussion of the theory of the light piston

facility can be found in Reference 2. Basically the running time of the

piston facility is limited by the driven tube volume and not its length

as in a shock tube. Thus, short length but large diameter tubes can

sustain a large mass flow even through the relatively large throat areas

of five-blade cascade rows and not be limited by the wave reflection

process that dominates shock tunnels. As a result, exceptionally steady

flow rates for up to 0.5 seconds are easily achieved in the light piston

facility. The Oxford facility is routinely operated at full scale engine

Reynolds number and Mach number and at gas to metal (wall) temperature

ratios of 1.5 or higher, simulating the important parameters for turbine

blade aerodynamics and heat transfer. Equally important is the fact that

these parameters can be varied independently. A brief discussion of the

heat transfer instrumentation for the reported work follows in the next

section.

b) Instrumntation

The instrumentation central to the reported research involves the

high bandwidth heat transfer measurements. The senso.s are thin film

resistance thermometers fired onto a blade profile which has been

machined out of a glass ceramic. The surface temperature is monitored

and easily converted to an instantaneous heat transfer rate using as a

signal processor an electrical analogue of the 1-D heat conduction

equation. Figure 3 shows an example of an instrumentated blade, the

signal processing, and typical results fc: heat transfer and surface
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temperature response. For convenient comparisons, it is usual to

extrapolate instantaneous heat transfer rates for various points on the

blade to a uniform (isothermal) initial surface temperature. Such an

extrapolation procedure is also shown in Figure 3.

Special electronics have been reported by Oldfield et.al. (Reference

11) which raise the effective bandwidth of the instrumentation package to

100 KHz, sufficient for observing individual wake-passing events. Figure

4 shows typical results for surface heat transfer from Reference 6. The

high time resolution data were recorded on two 8 channel Datalab Model

DL2800 Transient Recorders where 4096 point were recorded on each channel

at a rate of up to 2 MHz/channel.

111. Research Proposed on Boundary Layer Transition with Wake Interactions

Recently studies have been made of the effect of the unsteady flows

caused by nozzle-wake/rotor blade interactions. (Refs. 5 and 6). These

studies have shown that several effects occur in an interactive manner and

include boundary layer disturbances due to incidence changes, shock

impingement (from the NGV wake) and early transition caused by the

increase in free stream turbulence as the wake from the NGV's passes

through the turbine passage. In previous work, tracking of the boundary

layer transition has been done with the span-wise thin film transducers

approximately lOmm wide which 'average' the heat transfer rate spanwise.

The transducers themselves have a very wide bandwidth 0.1 Hz -. 100 kHz and so

can resolve the rapid phenomena associated with conventional "turbulent

spot" growth, (Refs. 12,13,14 ). What was proposed was to determine

whether the process of transition on a turbine blade resembles that on a

stationary aerofoils. The technique developed at Oxford produces a
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relative motion between a rotor and nozzle guide vane by means of a

rotating set of bars (20-25000 RPM) upstream of the rotor. (Fig. 2). The

wake is designed to be correct in magnitude of momentum deficit and

dimensions to replicate that of the NGV. The rotor is stationary. High

speed heat transfer gauges on the rotor are used to determine the blade-

wake interaction and are capable of tracking the conjectured transition

1spots'.

The proposed first year study was a basic analysis of the transition

process on 2-D cascade airfoil under the influence of simulated wakes

passing over the surface. The methodology involved wide bandwidth heat

transfer instrumentation (closely spaced narrow thin film thermometers)

and high speed digital data recorders allowing up to 16 channels

of simultaneous time-resolved data. With this data, correlation spectra

could be extracted while tracking transitional events in the blade

boundary layer.

IV. Summary of Results

A fully documented scientific sunary of the results of the

first year of the program are contained in Ref. 16 (a copy is attached

in Appendix A). This paper has been accepted at the Japanese Society

of Mechanical Engineers/American Society of Mechanical Engineers 2nd

Joint Thermal Engineering Conference scheduled for March 1987. A brief

summary (Ref. 17) of the work was submitted as part of a more

comprehensive paper submitted to the AGARf Propulsion and Energetics

Panel Meeting in Neubiberg, W. Germany in September 1386 (A copy of

this paper is attached in Appendix B).

The results verified first of all the experimental approach. Narrow,
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closely spaced, thin film constant current surface thermometers coupled

with wide bandwidth electrical analogue circuits and high-zpeed-muiti-

channel digital data acquisition could detect and precisely track

transient aerodynamic events on the 2-D turbine blade surface.

Specifically, discrete turbulent spot events were seen to appear in

the laminar boundary layer heat transfer traces, to grown and finally

merge (in the high Reynolds number case) giving a "steady" turbulent

heat transfer level. The heat transfer traces between the turbulent

spots returned precisely to the levels of the laminar values (obtained

over the entire blade with low free stream turbulence). The detail of

the transitional signals allowed individual spots to be identified and

followed from film to film. Correlation spectra showed very high

correlation coefficients between channels over a time span which

included, multiple turbulent spot events. Quantification of the state

of the boundary layer was easily achieved using a standard

intermmittency definition.

After quantifying the state of the individual boundary layer (for

both the laminar case and natural transition case), the tests

proceeded to investigate the influence of the wake-passing events with

and without the shock waves which would occur on a transonic stage.

Although the behavior was quite complex the basic results indicated

that the region between the wake-passing events behaved i.i much the

same way as the natural (undisturbed) boundary layer over the entire

blade. Coincident with the wake and shock disturbances, however, were

unsteady excursio s in the heat transfer which were very marked near

the front of the blade (including apparent separation of the boundary

layer as the shock swept by) and continuing as an enharced heat
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transfer along the blade surface as far as the instrumentation

covered.

Preparations are underway for the extension of the present studies

to a fully annular rotating transonic stage. This work will enter the

test phase in the summer of 1987.
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Unsteady Interaction Effects on a Transitional Turbine

Blade Boundary Layer

D. A. Ashworth
Rolls-Royce plc, Derby, England

J. E. LaGraff

Syracuse University, Syracuse, N.Y., U.S.A.

0. L. Schultz
The University of Oxford, England

ABSTRACT s = Blade surface perimeter
t - Time

Results are presented illustrating the detailed T Temperature (K)

behaviour of the suction surface boundary layer of a Tu = Turbulence level - u'/U

transonic gas turbine rotor In a 2-D cascade under the u' - Fluctuating velocity (m/s)
Influence of both freestream turbulence and simulated U = Velocity (m/s)

noazle guide vane wakes and shocks. The instrumentation V = Voltage
Included thin film resistance thermometers along with P Pressure

electrical analogues of the I-D heat conductoi, x Surface distance from the leading edge

equations to obtain wide bandwidth heat transfer rate p Gas angle (measured from the axial direction)

measurements In a short duration wind tunnel. This y : Ratio of specific heats
Instrumentation provides sufficient time resolution to -

track individual wake and shock related events and also y Intermittency factor

the turbulent bursts of a transitional boundary layer. P Viscosity (kg/ms)
U Kinematic viscosity =

Wide bandwidth surface pressure transduvcrs and spark

Schlieren photography were used In support of these heat P Density (kg/ml)

transfer measureaents. The results showed there to be a
direct relationship between the passage of wake Subscrjl

diaturbances and transient surface heat transfer - . Freestreas
enhancements. It was possible to track both wake and = Total

transitional events along the surface and to compare I . Inlet

these with tte expected convection rates. Analysis of 2 -Olet

the signals allowed direct calculations of intermittency 2 PaOutet
factors which compared well with predictions. Additional a Parameter at the selected measuring instant
effects due to a moving shock/boundary layer interaction

were investigated. These resulted In marked variations
In heat transfer rate both above and below the laminar
values. These excursions were associated with separation The need to understand the processes by whict

and re-attachment phenomena. tranaltion take:: place in a boundary layer and it:

NIOMECLATURE suscetibilily t, disturbance by events occurring in th,

freestream have led to a growing amount of research

a - Sound sreed much of it amed towards the gas turbine Industry. At

Ct  . Tangential (or true) chord increase -in tLk. level of freestream turbulence has beet
shown to encourage tle transition process (Blair, 1982

k - Thermal conductivity (W/MK) Rued and Wittig, 1Q84) following the turbulent apo

4 - Heat transfer rate (W/m) models propored by 5chubauer and Klebanorf (1956). Th,

efrects of Intermittent changes in flow conditions Sutt

- Acceleration parameter. d a:. thore caued by the Nozzle Guide Vane (NGV) and rot:
S- Isentrop Mach number dx L.ade intuzactions have aso been shown to hayw

HU - usniat number significant influences on beat transfer rate to th,

0 - Radius of curvature (mm) or blades, as detailed by Dunn (1985) and Doorly (1983)

the gas constant (J/kgK) The tests, reported In this paper investigate both th,

We - Reynolds number (based on Inlet total transitional t,,noaena and the Intluen, of a simulate,

conditions. 1sentropic exit tach nurber and M on a rtcr Ilade suction surface toundary layer. Th

tangential chord) use cjr wide tandwidth heat transfer Instrumentator
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enables Individual events Such as turbulent spots size smaller than the film coverage. Heat transfer rate

developing In the transitional boundary layer to be wias obtained using a well-established technique (Schultz

easily Identified. at freestream conditions and Jones, 1973) by usirlb electrical analogues of the

corresponding to the gas turbine environment in terms of somi-Infinite conduction equation to give a direct

Mach number. Reynolds number and gas-to-wall temperature mcanur~rmont of heat transfer rate with a bandwidth of

ratio. 100 Ikz. as described by Oldfield at al.(1984). Wide
bandwidth surface-mounted pressure transducers (gulite

Experimental Approach type XCQ-062-5 0 were used. together with spark
Schlleren photographs in the analysis of the data.

The present study was carried out on a transonic In order to further characterise the freestreaa

gas turbine rotor blade In the Isentropic Light Piston conditions, constant temperature hot wire anemometer

Tunnel (ILPT). as described by Schultz St al. (1977). The measurements were made at the channel centre line at the

ILPT is a short duration facility which for a typical entrance plane of the cascade leading edge. The probe

run time of about 0.5 seconds gives a gas-to-wall Used was a DISA P11 5 micron platinum coated tUngstn

temperature ratio of 1.5 . For these tests A 5-bladed wire of 2 mm length and connected to a DISA 55001

cascade of 50 mm inlet span was used with a Mach number constant temperature anemometer bridge tuned to a

of 0.33 at inlet and 1.13 at the exit plane with a bandwidth of greater than SO k~fz.
corresponding Reynolds number of 0.92 x 10'. The
freestream turbulence level could be varied from a 48 nip/s
background level of less than 0.1S to a *high" level of
about 3% by use of a grid of 2 -m bars placed 20S wm
upstream of the Cascade inlet plane. The operating 1, J4 Ms Inrstrum~entedJ blade
conditions are detailed in Figure 1, Using the ba rsll.t ion Surface~
definitions

Re = Reynolds number C,__Ift til i Slot in
with viscosity derived from Sutherland's lawi. .'ia

M - Isentropic Mach number - U/a,

fi )h .ptL n ii t il 011

where sound speed a, -!YRT 1  Ko LaL iI'll

The position of the heat transfer Instrumentation
is also shown'. In Figure 1, with the 17 thin fJINE ga6jes Figure The Cascade with Rotating Bar Configuration.
spaced around the suction surface. For these tests the

gauges ware spaced 2.5 mm apart (rc3 8% to 504. of the
surface perim .ter or 64.2 rmm. with a S mrm spacing Thel 1,.,:&t transfer results are presented In Nusselt
thereafter. The gauges were 0.5 am wide and covered 4 numrbcr Ikcrm. i.e.

Im of the span. compared with the 10 sm gauges used
previously in the cascade to enable smaller three- Plu 4m CIL..
dimensional events to be observed. The gauge (T. - T 1 ) k
effectively &*.-rageA the heat transfer rate along its -

length. thus reducing the inagnitUde Of' any events Of' With gas conductivity k= 0,0047 + 7x10 T, in WlaX



The effects of the NGV-rotor interaction were

simulated by 2 mm diameter bars attached to a disk spun 0 |
upstre of the cascade. as described by Doorly and Nussit Q i Re sin, Tu - 3

Oldfleld (19*Sb), and illustrated in Figure 2. By this Number x Re Jusig., Tu - 2

means It is possible to simulate the inlet perturbation Nu u Re desi;a. Tu ( .8<

in the rotor relative frame for the cascade, to give the '
correct NGV wake orientation and scale. This method was ,s Run
Used by Ashworth et al.(198S) for the same profile at an [
inlet angle or 53 with a bar-to-cascade mid-span pitch . 5b9
ratio of 1.7 representative of a realistic turbine 523

design. The present study reduced the number of bars to 
52

2 giving a pitch ratio of 13.4 so that individual 0.0 0.2 0.4 0.6 .8 1.0
periodic disturbances could be identified, giving a bar- M
passing frequency of 740 Hz. In the fast sampling
period of 6 milli-seconds It was possible to capture 4.4 Velocity,

bar-passing cycles, so that the repeatability of events m/s R un2 t)l
could be determined.

C337 ired i,: ton
The data was acquired In several ways: Sonic

Point
(1) Slow samples were taken at SO0 Hz using a 64-'

channel DataTranslation DTl1 A-D board, with a J
PDPI1/34 controlling this acquisition and the 0.0 0.2 0.4 0.6 (.8 1.0
tunnel housekeeping channels establishing the
steady flow conditions. From this data mean dL'values of beat transfer rate are deduced by K/10 'Acelration Pa rameter K = -' L-
choosing a time interval around a measure point In U2 dx

the run for which conditions are steady (Oldfield

et al.. 1979).
(i1) A Datalab DL2OO transient recorder was used to

acquire 16 channels of 4096 points at a sampling
rate of 500 kliz at a time in the run around the
measure point. These results form the basis of
the transient analysis in this paper. u 0.2 0.4 .6 0.8 1

(ill) Schlieren photographs stored a "snapshot" of the 0.0 0.2 0.4 0.6 0.8 1.0

flowfield as an aid in interpretation of the

surface measurements. Curvature

I (mm 
-
) Calculated Surface

(IIrvat ur

STEADY BASELINE FLOW 
CONDITIONS

Measurements of the mean aerodynamic and heat
transfer properties of the rotor cascade are given in
Figure 3 for the suction surface at the test condition C)
of the present experiment. The het transfer 6 L
coefficient given as Nusselt number is seen to increase 0.0 0.2 0.4 0.6 0.8 1.C
at and n..r the leading edge as expected with higher
freestream turbulence and blade Reynolds numbers (Lowery rractional S~rfaje Length

and Vachon, 1975). As the boundary layer develops along
the surface the beat transfer rate In the high and low
freestream turbulence cases merge together at
essentially the laminar level. The low turbulence case Figure 3 Baeline Surface Conditions.

heat transfer rate (Tu ( 0.8%) remains laminar to the
X/S position of 0.3 whereas in the high turbulence case rotor blade is expected to encounter the suctior
(Tu - 3%) begins to inorease in proportion (as will be surface. Transitional high speed data is not reported
shown In the following section) to increasing levels of past this point, although no significant change in the
turbulent spot intermittency. In the high Reynolds mean heat transfer coerricient was observed. The
number (and high rreestrean turbulence) case the beat calculated surface curvature is also shown to reach a
transfer rate never comes down to the laminar level and low value a short distance from the leading edge and tc
begins climbing due to transitional intermittency soon remain there to the trailing edge.
after the x/s - 0.15 location. The freestream velocity
as determined by surface pressure measurements Increases NATURAL TRANSITION O1 A TURBI E BLADE SURFACE BOUNLIFY
gradually alonG the entire blade surface matching very LAYER
well the values from a blade-to-blade prediction
program. It should be noted that the local flow velocity Wide bandwidth heat transfer signals from surface
becomes supersonic by an X/s - 0.34, The predicted thin films clearly Illustrate the important differe:ce
acceleration parameter drops to a very low (favourable) between the jow and high rreestreac turbulence cases as
value very early on the blade surface and becomes only shown in the transient recorder traces of Figure 4. Tte
slightly adverse beyond the x/s position of 0,63. This heat transfer 'rate In the low turbulence case (Run S723)
Is near the rearrot point where wide bandwidth remains quiet (laminar) throughout the entire measuricg
transient heat transfer data are collected and reported range of 'the transient data (to x/s - 0.65). The t-gh
on in the following section. It is also near the point freestream turbulence case. while starting soce.:st
where the trailing edge shock wave from the adjoining hiCher than the laminar case. becomes increasirl.y
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2:_ ir th rotadea r oetoo didaminar

2_000 The physical process of turbulent spot development

growth and mes. is dramatically illustrated i
up.o5eigure I h uaniatie aynchronised overlay ofgeach

SA0 X " instantaneous heat transfer record is shown. In this
, ___ figure the growth and rearward onvection of individual

0 500..Secturbulent spots is cleat y seen as they cove along the
surface. again with the levels between spots dropping to
the laminar values. This growth pattern suggested a
procedure for the quantitative analySis Of' the degree of
turbulent activity and the convection rates, of

Figure 4 - Peasured Nusselt Number. The Efrect of Free- individual spots. Figure 6 shows expanded time recrds
stream Turbulence on Natural Transition. (The of four consecutive positions. By selecting a turbulent
Vertical Scale for Each Trace Range from 0 to threshold level slightly above the laminar value the
2000 in Nusselt Number.) amount of time that the digital signal is above this

value compared to the total time of the trace can be
used to define -n intermittency value of the toundary
layer at any xls position as

dominated by sharp transient events (consistent with n

turbulent spot development. amplification and gradual )1At i
merger) which raise the heat transfer coefticient -

instantaneously to high turbulent levels until finally t'- t'
the Nusselt nu-mber signals become tore characterised by
the steady turbulent levels. It 1s clearly seen at the
xls w 0.6S point that the flow Is at the turbulent level between any tima Interval t, - ts. Alo clearly seen in

more than half of the time dropping precisely to the Figure 6 is the regular time delay for the turbulent
undisturbed laminar values between tte turbulent events, spot to move from onL position to the next. If one were
This process starts earlier and proceeds faster for the to stirt the signals closer together. adacent teat
higher Reynold, number case (not shown here), transfer records would be seen to be ne.rly co-Incidert
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Figure 8 - Example of Cross-Correlation Analysis o
Adjacent Heat Transfer Signals in a Tran
sitional Boundary Layer (using a progr'

Figure 6 - Turbulent Spot Convection Rate and Inter- developed by Doorly (1983)).
mittency Calculation.

except for a very slight but regular displacement In the as shown in Figure 8. two signals (each containing 102
direction of increasing time. Figure 7 presents the data points) are compared fcr various values of tit
value of the intermittency calculated in this way for delay and the peak value determined. Correlatic
the two conditions of design and 1.5 x design Reynolds coefficients of over 0.9 were found for the highl
number each with the turbulence grid in place. The rise transitional traces late on the blade surface. The tim
of the interriittency above zero and the following rapid delay wai then used with the known film spacing t
rise is seen to follow for some time the predicted estimate a mean convection velocity of the discret
valueso reaching a value near unity for the high events associated with transition, These values ar
Reynold3 number case. The prediction code is one plotted in Figure 9 assuming a spot origin near tt
developed from the method described in Patankar and location where the intermittency rises above zero. F,
Spalding (1970) incorporating a model for mixing in comparison, the spot trajectories are compared wil
freestteam turbulence Into the boundary layer, and curves moving at various fractions of the bla,
allowances for curvature and changes in freestream freentream velocities. The mean convection rates ar
conditions during transition, outlined by Forest(1977). seen to be between 0.7 and 0.1 of the local freestrei

The convection rate for turbulent spots was velocity, as observed in low speed transitional boundat
estimated by measuring time delays for individual well- layers.
defined spots an,' from cross-correlation analysis of
adjoining thin film signals. Using a cross-correlation
analysis

-. o.- .

e ,A

Figure 9 -leasured Convection Rate of Turbulent Spot
Flgure 7 - Inte-rJttency Ileasureaents and Predictions by Cross-Correlation Aralysla Compared wit

for ?atura' Transition. Fract Ions of the Local Freestream Velocity.
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Figure 10 - Comparison of the Effect of Unsteady
Wakes and Shocks on a Freestream Hot-wire

Output with Leading-Edge Pressure and Heat
Transfer Rate Measurecents.

NGV WAKE AND SHOCK WAVE EFFECTS

The reaction of' an otherwise laminar boundary layer
to a higher level of isotropic freestream turbulence has
been detailed above. Clearly transition was induced by '

these velocity fluctuations of about 3%. In this
section results are presented of tests at the design
Reynolds number (0.92 x 10

) 
with ?:GV wake and shock

structures simulated by the bar-passlng apparatus
described in the Introduction.

The intermittent perturbations to the Inlet flow Figure 11 - Schlieren Photograph Showing the

caused by the simulation are shown in the high Intersection of the Moving Bar Shock Waves
freestream turbulence case in Figure 10 in terms of' hot- with the Turbine Blade Suction Surfaces.
wire output from a probe mounted in the freestream inlet

plane at mid-passage, and blade surface leading-edge
measurements of pressure and heat transfer rate. This It is possible to analyse the reaction of the blad(
data is normalised with respect to 2 cycles of the bar- boundary layer to the wake and shock perturbations by
passing event, so that it Is possible to relate investigation of the sequence of time-resolved Nusselt
Information from different runs in terms of cycle number plots tiven in Figure 12. There is a constant
fraction. The signals show a background turbulent level spacing of 5 mm between the thin film gauges. starting
extending over about 60% of the cycle charaoterised by a with gauge 3 at an x/s value of 0.12 through to gauge IS
similar type of signal to that obtained with no rotating at xis=0.65 . The high freestream turbulence case with
bars. All three signals have a periodic component at Wakes and shocks present (Figure 12(a)) is markedly
bar-passing frequency with two characteristic parts: different to the naturally transitional boundary layer

(1) Over about 6% of the cycle rapid changes in over the first 35% of the surface, with similar rapid
level of the order of 5 to 10 ps rise and fall times are rises and falls in Nusselt number to the perturbations
observed. The pressure signal varies by +/- 25% and thehea trnsfr rte y aprximtel ./ 50. Tis evzdent in Figure 10. This shock related event occurs
heat transfer rate by approximately /-50. This on the early suction surface due to a shock/boundiry
disturbance is attributed to shock waves generated as layer Interaction starting at gauge 9, close to the
the bar sweePs past the cascade. By examination of crown of the uction surface. Exainaton of Schloeren

Schlieren photogrz. s of this flow, an example of which photographs (such as Figure 11) indicates that tLe
Is given as Figure 11, the nature of the NGV simulated shocks first interact with the boundary layer near tc
shock structure can be determined. Clearly two shocks gauge -, the reflecti point moving towards the
are associated with one bar-pa:ning event, the bow and leading-edge as the bar moves in the sa-e direction.
recompression shocks that would be expected at the bar This Is visible on the early gauges on Figure 12(a),
relative Mach numter in steady flow. The separation occurring first on gauge 9 then moving gradually thro ugh
time between these shocks is approximately 7Sps, marked gauges 7 and 5 and finally showi4rg on ga',t 3. Tre
as At in Figure 10, and is seen to ccrresponI to the ..-1d drop in surface usselt nurter is attributed to ar

time interval between the sharp fails in level to the unsteady sepzration and the rise to a turbulent
adjacent sharp peak. reattachment both caus!d by the shock boundary layer

(ii) Following these rapidly changing events, a Interaction. 7he effect of the wake is not clearly
second less marked change in level associated with the discernabie in Figure 12(a) and to aid in identification
wake is also v!sitle over about 10% of the cycle, of this the bars were rotated at a lower speed such that
denoted as the "wake" region in Figure 10. the bar relative each nurber was suts5n:c. The resu:#,
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(a) (b) (c)

Figure 12 -Comparison of the Effects of Shock and Wake-
Passing Ev-- with Undisturbed Laninar

Boundary Layer beat Transfer.

of this are shown as Figure 12(b) with a much more
clearly identifiable enhancement in heat transfer due to °
bl wake. This extends to the later gauges of the

u~rface causing the boundary layer to be fully turbulent o
over the extent of the wake. In Figure 12(€) the - .:
bac kground turbulence was reduced to less than 0.9% and
the periodic disturbances due to the tar-passing events . '"

are more clearly evident. The early Z!;Ctlon surface has !\ "e " - . . . •,
shock-related phenomena extending well Into the cycle 0 +,o

period but apparent oscillations in Nusselt number , ,....
moving with the shock. A13o apparent from Figure 12(c) -

+

Is the intermittent nature of the turtulenae induced In + "
the boundary layer by the wake and shock interaction. as o ..- o- -.. ,r.

the boundary layer clearly returns to its undisturbed ' +" + + + " :

lainor value between the periodic events. The heat
transfer enhancement due to the wake :s clearly evident
along the whole surface.

As an aid to quantifying the periodic effects due Figure 13 Comparison of RMS Nuaselt Nurber Fluc
to wake and shock passing phenomena tte RMS fluctuations tuation3 over the Blade Surface for Various
Caused by the d13turbanCO3 in the coundary layer are Disturbances at the Design Reynolds Numter.
plrtted for each gauge In Figure 13. The baseline run
(marked 93 X-X-X) shows & Cons3tart low PRHc level as
would be expected, and the higher freestreas turbulent CONCLUSIONS
Case shows a steady increase follcwing the boundary
layer 1interc-ttency fctor. With just wakes present as It has been established during the course of this
Wa s show n in F! gu re 12 (b ) a ge ne ra l e taneemen t o f th is st d th t h e I n ra i L g t ! t o T u el f c i y

RKZ alu isevientove th wh~e urfcewheeas combined with the wide bandwidth/high sam~pling rate heatwith the shocks present the fluctuatlon s much enhanced transfer instrumentation has proved capable of trackng
on the earlier surface but returns to --ndisturbed values veyrpdyro03ISusayeensia airl
toward s the late r gauges . The v i:ues come c lo se b u d r a e . O e a i g u d r a s m l t d u s e d
to ge t h e r a t a n x / 3 o f 0 .4 3 f o r a l l t h e b a r - p a s s in g g a t u b n r o r vi v z e . s n i i e d t c i n a d
caes.Ion ia~eteetn f hc neato precision tracking of transient shock, wake and boundary

region.7



layer transit:Qnjl events was aciooplished. Detailed Dunn, M. G., 1995, "Turbine Heat Flux Measurements:

observat:on of the heat transfer signals Confirmed a Influence of Slot Injection on Vane Trailing Edge He.*

classical lod! of the transition process,. v iz, the Transfer and Influence of Rotor on Vane Heat Transfer."

sudden appearance of sharp spikes of turbulence which J. 0g. for Gan Turbines and er. Vol. 17, 11o. 1.

multiply, grow and track downstream at a rate less than pp. 16-83.

the freestream velocity until gradually merging to form
a completely turbulent boundary layer. The tracking of Forest, A.. 1977. "Engineering Predictions of

turbulent spots at these high temperature transonic flow Tranitional Boundary Layers." 1PRD Cjnrerence

conditions has not been reported before to the best of Pro_ 4 km a T b ent Trlns1tion, CP-224.

the authors' knowledge. Paper No. 22.

A second major finding of this study was the
observation that the strong unsteady interaction uf a Lowery, G. W. and Vachon. R. I.. 1915. "The Effect of

double shook and a simulated NGV wake with the rotor Turbulence on Heat Transfer from Heated Cylinders."
boundary layer did not have any measurable "long term" J. Heaa 1._Transter. Vol. 18. pp. 1229-1242.

effects apart from the strong excursion in heat transfer
associated with the actual passing of the shocks and Oldfield. H. L. G., Jones. T. V. and Schultz. D. .,

wake. The heat transfer fluctuation levels were 1978, "On-Line Computer for Transient Turbine Cascade

essentially unchanged far removed from the disturbance Analysis.R IEEE Transactions on Aergscace and lectroni

(in tiae) and nearly identical at the rearmost measuring Stema., Vol. AES-14. No. 5. pp. 738-748.

point except for a turbulent patch associated with the

shook, wake event itself. Oldfield. M. L. G., Burd. H. J. and Doe. H. G.. 1984,

The interaction of the shocks and wake with the "Design of Wide Bandwidth Analogue Circuits for Heat

rotor establishes in more detail the earlier observation Transfer Instrumentation in Transient Tunnels." h pera

of Ashworth et al.(1985) and Doorly and Oldfield (1985a) trrathe 6 IonT i jeatapa a.s Tr Dfr.

of strong changes in local heat transfer coefficient. Dubrovnik. pp. 233-259.

The tracking of the Interaction over the surface could
be followed with some precision with the time resolution Patankar. S. U. and Spalding, D. B.. 1970. HeatandHgy

of the Instrurentation used. Further analysis of shock Trap~fl r in Boundary LayCr. 2nd Edit., Intertext Book,

and wake interactions Is reported by the authors in London.

Schultz et al.(1986) along with sone prediction models
of the interaction dynamics. Rued. K. and Wittig. S.. 1984. "Freestream Turbulence

and Pressure Gradient Effects on Heat Transfer 8nd

Boundary Layer Development on Highly Cooled :urfaces."
.__ower. Vol.107. pp. 5459
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The strong traling-edge shook aves from the naszle guide Wanes of transonic turbine staes am

give rise to interactions with the downstream rotor which are siifloantly sore seyore than is the oase

with lower pressure ratio stages. It is therefore important to study such effects in detail both from

.he point of view of stage power output and more importantly from that of beat transfer rates. A study

tu.s Tees made of a transonic rotor profile In a static oaoade in Whieb the effect of shook wave

interaction is simulated by mean of an arrmy of bare rotating at the correct speed and spacing upstream

of the stasionarj rotor blades. Detailed heat transfer rate measurments made with rapid response gauges

enable the wake and shook phenomena to be separated.

C2 - NOT exit velocity, relative bar velocity

Ct - Tangential (or true) chord

x - Thermal conutivity (V/iN)

4 - Heat transfer rate (V/u$)

m - Isentropc Nsach Number (based on local static pressure and inlet total pressure)

Nu - Nusselt Rumber

Re - Reynolds Number (based on inlet total conditions, iaentrople xilt Mach Number and tangential chord)

a - Blade surface perimeter

t - Time

T - Teoperatdre (9)

. - Turbulence level - ul/5

u, a tluctuating velocity (a/*)

0 - Velocity (a/*)

I - Rotor relative velocity, casoade Inlet velocity

X- Surface distance from the leading adge stagnation point

lb . Distance in the pitch-vise direction from the spanwise datum position

p - Gas angle (measured from the axial direction)

Subscripts

a - Freostream

o - Total

1.2 - Inlet. Outlet

ms ,eaUring point

hbuet - Rub. mesa, tip (or tangential in chord definition)

el - Relative bar condition

Department of Ilagieering Science, University of Oxford. U.1.

Rolls-Ryee plo, Derby. O.R.

°Departmeet of Mechanical and Aerospace Eagineering. Syracuse. U.S.A.
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edge. The cascade ba a span of 50 sm at blade Inlet and 54.095 as at exit with the expansion on one
aide only as illustrated in FIS. I(&). A turbulence grid 208 = upstream of the cascade provides a level
oa u' / of approxi ately 3%. Upstream and downstream static and total pressures were "sured routinely
to establish the correct soade operating coonditions and are reported In more detail by Ashworth et

al.*$. The operating conditions at the nominal engine design point are given below.
The heat transfer gauges used in this Study ar, conventional thin file surface resistance

theraometers widely used for the determination of beat transfer rate in short duration facilities-.

Data from 22 such gauges were stored in a digital transient recorder sampling up to 16 channels at

500 hzs for each channel or were input directly to the A/D converter at a slower rate of 400 Hi for some
of the 64 available A/D channel* when time average data only were required. also used for measurements

such as inlet and exit static pressures. The locations of these heat transfer gauges on the blade are
shown in Fig. 2(a) and given in terms of the surface length 'I' to perimeter '3' from the stagnation

point. A sore detailed study of the reaction of the suction surface boundary layer to both freestream

turbulence and the wake-passing phenomena is also reported below. For this study another blade was

instrumented with thin film gauges which were only 4 m long as compared to 10 m for the previous tests.
and were more closely spaced around the profile, as shown In Fig. 2(b). The model points In Fig. 2(b) are
those referred to in Fig. 6. Surface pressures were measured in a time-averaged maner using Sensym
semiconductor transduoers type LZ-1620D operating In a differential mode as reported in more detail by
Ashworth et al.1. Baseline experimental results have been reported by Ashworth et al. but for clarity
soes of this data is referred to in the present paper. The velocity triangle for the steady nominal

design case is shown in Fig. l(b) which Includes the effect of the reduced NGV exit wake velocity C on
2

the rotor inlet angle 1

Mepan Neat Transfer Without Wakel Interaction

A comparison of baseline data with no rotor/wake Interaction is given in Fig. 3(a) for the two cases

of low (( 0.8%) froeestream turbulence and with a turbulence level or approximately 3%. It will be seen
that the turbulence generated by the bar grid Is sufficient to bring the region of boundary layer
transition forward froe about 60% x/3 on the pressure surface and S0% x/s on the auction surface to 10%

and 20% respectively. All of this data was taken at the nominal design cascade operating conditions:

Ttotal - 432 9

exit -
(based on isentropic Inlet total and pitohuise averaged exit static pressures)

Re - 0.919 X 10'

01 38.06'.

The circled numbers refer to heat transfer gauges identified in fig. 2(a). The beat transfer rate

Is presented In terms of a non-dimensional Nusselt Rusher, defined as:

Nu 4

(T.-T ...) k

ostnJtaneous and Mean Heoat Tranafer with Wake Interaction

The heat transfer rate to the blade with the additional effect of wake interaction is illustrated in

Figs. 3(b) and 3(a) for both cases of effectively Zero freestreat urbulence and - 3% u'/U. From

Fig. 3(c) it will be seen that there Is an overall increase in heat transfer rate over both the pressure

and suction surfaces. The pressure surface heat transfer is enhanced over practically the whole length

although the dominant effect is observed for values of x/s ( 70%. On the pressure surface the effect of
wase interaction persists to about 2/s - 30%. Exam;;es of instantaneous heat transfer rates are inset in

the Figure and a gore extensive 'atlas' or results Is "ven to As orth at al.'* . The heat transfer
rates with wage .- teraction and with effectively zero frevetreas turbulence are shown in Fig. 3(b). As

expected there is emarked increase in the levee of heat transfer rate over almost the entire pressure
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(a) Natural Transition of the Suction Surface Boundary Layer

Vide bandwidth beat transfer signals obtained from the surface thin film gauge8 Clearly illustrate

the Important difforenoes between the low and bigh freestreao turbulence cases as shown in the high

frequency traces of Fig. 6(a). There Is a constant spacing of S on between the thin film gauge results

shown, starting with gauge 3 at an 1/a value of 0.12 through to gauge 15 at x/a - 0.65. The low

turbulence case (Run 5723) remains quiet (laminar) throughout the entire mnuring range of the transient

data (to i/a - 0.65). The surface beat transfer for the high freatrsim turbulence case, while starting

somewhat higher than the lasinar case. becomes increasingly dominated by sharp transient events

(consistent with the theory of turbulent spot development. growth. and gradual merger as proposed by

EmonsA3 and verified by many others (e.g. Schubauer and Klebsnoffil). These spots, which raise the heat

transfer coefficient instantaneously to high turbulent levels, continue to grow and merge until finally

the lusselt Number signals become Increasingly characteriaed by the *steady" turbulent levels. It is

clearly seen that by the x/s = 0.65 station the flow is at the turbulent level more than half of the time

but drops precisely to the undisturbed laminar values between the turbulent events. In other tests

conducted at 1.5 x RIe design, the boundary layer was fully turbulent at this location.

The physical process of turbulent spot breakdown to turbulence cam be seen in Fig. 6(a). The growth

and rearward convection of individual turbulent spots Is clearly seen as they move along the blade

surface. The spot signals grow in height and width as the spots cover more of each succeeding thin film

gauge and shift in time downstream. This breakdown process is quantified in more detail In Ashworth*'

where intermittency levels are estimated from the digital time records and spot convection rates are

estimated from cross-correlation analysis of adjoining thin film signals.

(b) Detailed Wake and Shook Interaction Effects

It is possible to analyse the reaction of the blade boundary layer to the wake and shook

perturbations with 2 bars rotating by investigation of the sequence of time-resolvod Nuaselt Number plots

given in rig. E(b).(c) and (d). The high freestreas turbulence case with wakes and shocks present

(Fig. 6(b)) is markedly different to the naturally transitional boundary layer (Fig. 6(a)) over the first

33$ of the surface. with similar rapid rises and falls In Nusselt Number to the perturbations evident in

Fig. 3. This shook related event occurs on the early suction surface due to a shock/boundary layer

interaction starting at gauge 9. close to the crown of the suction surface. Examination of the Schlleren

photographs (Fig. 7) indicates that the shook* first Interact with the boundary layer near to gauge 9.

the reflection point moving towards the leading-edge as the bar moves in the same direction. This Is

visible on the early gauges on Fig. i(b). occurring first on gauge 9 then moving gradually through gauges

7 and 5 and finally showing on gauge 3. The rapid drop in surface Nusselt Number is attributed to an

unsteady separation and the rise to a turbulent re-attachment both caused by the shook boundary layer

interaction. The effect of the wake is not clearly discernable in Fig. 6(b) and to aid in identification

Of this the bars were rotated at a lower speed such that the bar relative Mach Number was subsonic. The

results of this are shown as Fig. 6(c) with a much sore clearly Ideatltfibls enhancement In heat transfer

due to this wake. This extends to the later gauges of the surface causing the boundary layer to be fully

turbulent over the extent of the wake. In Fig. O(d) the background turbulence was reduced to less than

0.8% and the periodic disturbances due to the bar-passing events are more clearly evident. The early

auction surface has shock-related phenomena extending well into the cycle period with apparent

oscillations in Nusselt Number moving with the shook. Also apparent from Fig. 6(d) is the intermittent

nature of the turbulence Induced in the boundary layer by the wake and shock interaction, as the boundary

layer clearly returns to its undisturbed laminar value between the periodic events. The heat transfer

enhancement due to the wake is clearly evident along the whole surface.

Zn summary. it appears that the state of the turbine boundary layer seems to be controlled by the

level of freestream turbulence except In the region where the actual shock and wake passes through the

cascade passage.



(1) A prediction of the flowfield Velocity Is made. L ths case using the Denton scheme' and stored

by the program.

(11) 0rl is calculated (assumed constant across the span), the cnter-line of the undistorted wake is

calculated from the specified bar position and the width added.

(iii) The wake Is shifted back in time so that the bar will return to its correct position following the

marching procss of the prediction routine.

(iv) Prom this initial position elements of the wake are convected by mall tim steps using the local

velocity Interpolated from the prediction until the bar reaches the specified location. The

differential velocities in the flowfield cause distortion of the wake along its length and across

its width as it is accelerated through the passage.

This simple scheme, which could be Incorporated in the blade design process, agrees well with the

positions of the wake on the Schlieren photographs, so that the fraction of time that the heat transfer

rate to the surface is affected by the wake could be calculated and included in the Intermittency term of

a prediction. It also demonstrates that to the level of our measuring ability second-order effects such

as the "negative jetw effect do not s3gnificabtly affect the wake position, as referred to in Doorly
t
i,

and that the assumption that this flow unsteadiness may be superimposed on the steady flowfield is a

valid approximation.

Quasi-3-Dimensional Shogk Prediction

Although it was possible to model the wake in 2-dimensional terms, the shock structure associated

with the transonic nature of the bar (as eIi varies from 1.06 at the hub to 1.25 at the tip) Is not

strictly 2-dimensional. as has been seen in the Sohlieren photographs (Pig. 7). An attempt was made to

predict the positions of the bow and recompression shocks due to the bar in order to allow trajectory

rate calculations to be made relating to the heat transfer measurements, and to aid in understanding

phenomena observed in the Schlieren photographs. in example of such a prediction Is presented as Fig, 9.

The prediction is based on the assumption that for a small element of the bar the flow is 2-dimensional

with respect to the plane containing 0 rl and normal to the bar axis. a queol-3-dlaeaulonal approach

described In detail in Ashvorth%'. As Urelvarls in both magnitude and direction, so does the associated

shock structure, and unlike the wake. this variation should be accounted for. The method of prediction

was ooputerised as follows:

(I) For assumed constant inlet conditions and a specified position of the bar Mra 1 is calculated and

its direction determined.

(ii) The equation of the bow shock in the 2-dimensional plane described above is derived from Mre1 using

the method described in Shapiro"4, shook properties and turning angles obtained by curve-rit

equations where necessary over a range of Mach Number from 1.0 to 1,$.

(111) The recompression shock is assumed to be straight and inclined at the Mach angle (sin /Mre,) to

the direction of Mre l , with a virtual origin two diameters downstream of the bar.

(iv) The shocks are chopped and refracted it they are downstream of the blade axial leading-edge point.

with allowance made for regeneration of the shook as it moves away from this point.

(v) Finally the points of intersection with the blade suction surface are calculated, and the shocks

are simply reflected from an origin mid-vay between the two intersection points.

Comparlson with the Schlleren photographs Is encouraging the positIon shown in Fig. 9 corresponding

to time 2 in Fig. 7., and it is hoped that information 'roe this simplified model will prove useful as an

aid to understanding the conplex shock movements In turbine passages, in spite of the many simplifylng

assumptions made in this prediction (such as allowing for no varlatiot' of the frestream velocity).

It has been esablished during the course of this study that the Isentropic Light Piston Tunnel

facility c~eoined with the wide bandwidth/high saz:ing rate hLat transfer instrumentation has proved

capable of tracking very rapidly progressing unsteady events In a transonic boundary layer. Operatng



9

14. Dria. I. P. and Joslyn. H. D.. *The Relative mdy tn Axial Turbine Rotor Pas ee'. A3M1 Paper No,
13-0T-22. 1985.

iS. Dria. A. P.. Joslyn. H. D.. Blard1n. L. W. and Vepgner. J. H.. 'Turbine Rotor-Stator Interaction.
ASO J. Iag. for Power, Vol. 104. pp. 729-742. 1982.

14. Epstein. A. I.. (Ou n tte. 0. A. and Nortoa. I. J. 0.. The NIT Blowdown Turbine Facility*. A*34
Paper No. 84-CT-11. 1084.

17. Schults. D. L.. Jones. T. V.. Oldfield. M. L. G. and Daniela, L. C.. QA Now Tranuient Cascade
Facility for the leajurment of Beat Transfer Rates. AGAI3 CP-229. 1977.

IS, ashworth. D. A.. Laraff. J. I., Schultz. D. L. and Orindrod. K. J.. 0nsteady Aerodynamic and Ret
Transfer Processes in a Transonic Turbine Staep. AZ Paper go. $5-OT-128. IV$$.

19. Schultz. D. L. and Jones. T. V., 09eat Transfer Measurementa in Short Duration Nypersonle
Facilities', AGAD00UAPH No. 165, 1973.

20. Emmons. R. W., The Laminar-Turbulent Transition in a oaundary Layer - Part I, J. ero. Sol.. Vol.
IS. o. 7. July. 1951.

21. 3ohubauer. 0. S. and Zlebanoff. P. 5.. 'Cootributloas on the Mechanics of Boundary Layer
Tranltionu . ACA Report 128, 1954.

22. Ashworth. D. A.. LaOrarf, J. R., and Schultz, 0. L., 'Unsteady Interaction Efeacts on a Transitional
Turbine Blade Boundary Layer'. Paper to be presented at the Joint ASME/JSN3 Gas Turbine Coaference.
March. I87.

23. Doorly, D. J., *A Study of the Effect of Wake Passing on Turbine Blades', D.Pbil. Thesis. University
of Oxford, 1983.

24. Denton. J. D.. 'An Improved Time-Marohing Method for Turbommobloery flow Calculstion*. ASNE J. Zag.
for Power. Vol. lO. pp. 514-520. 1083.

25. 13hVortb. 0. A., wUnsteady Wake and Shook Interactions on a Transonic Turbine lade. D.Phil.
Thesi. University of Oxford. 1986.

26. Shapiro. A. B. oTe Dynamics and Thbermodynasios or Compresible Fluid Flow'. Ronald Presa, Vol. 2.
pp. 334-886. 1954.



to

m a 0 67A SLAOE SPEEO U va M0 59

" # 6TR1MENID NOV • t •5

L " BE EXIT ,

ALIE PLANE .. .

TAPPINGS

TIE PLANE
ROTATIG W -t

TAPPINGS

SECTION A. A

Fig. I(a) Arrangement of the rotating bar wake Fig, 1(b) Velocity triangles at inlet for the

generator and cascade, steady nominal design case at aid-
span, shoving the reduced incidence
caused by the deficit in the wake.

13 14 78 9 1012 4 6 11

11 4 13
16 14

10 17 2 1

5 19 1

6 20 As Referred to

8 21 in Fig, 6
9 22

Pressure Suction Suction
Su a c U-~i -e Surace

Model ode I Model
Point - P'o 1-t -O -i~nt

1 0.00 10 0.08 1 0.00

7 0.12 11 0.18 2 0.08
3 0.24 '2 0.24 3 0.12
4 0.36 13 0.31 4 0.15
5 0.48 14 0.38 5 0.19
6 0.59 15 0.46 6 0.24
7 0.71 16 0.53 7 O.2ri
8 0.84 17 0.61 8 0.31
9 0.96 18 0.68 9 0.35

19 0.76 10 0 39
20 0.83 I1 0.43
21 0.90 12 (..47
22 0.96 13 0.51

14 0.5815 4.65

16 0.73
17 0.81

(a) (b)

Fig. 2(s) Co-ordinates of the original heat tranafer pues on the blade profile.

Fig. 2(U) Co-ordinates of the heat traafer pups for the detailed suction surface study,
referred to in Fig. 6.
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RUN COND SYMBOL GID WAKES
- 454.0 M deS + 2- no

4557 M des x no no

°- oz* .4 -. .. -".

-10 -08 -06 -04 -02 DO 02 04 06 08 10
SUCTK)N SURFACE FRACT NAL PERIMETER PRESSuRE SURFACE

TIE LIE T/E

FIg. 3(s) Effect of freeutream turbulence level on man hat transfer rat* without wake@ for
the no minal design cae. M2 - 1.18. go - 0.91916.

PUN CONO S~k1X GRID WAK~ES
451.0 M des + 2mm no
4544 Mdes x 2rm yes

. ,TIMvEm rn I,.) L-- _ _

-10 -08 -06 -0. -02 00 02 D 4 06 08 10
SUCTION 5(JPFACE FRACT)lChi. PERIMETER PPESRE SURFACE

TiE LIE TIE

Fig. 3(b) Effect of wake and ehock interaction on mean heat transfer rate at the high free-
stream turbulence case (- 3t) end design operating conditions. Inset are typical
transient recorder signals f.or the 16 bar experiment at two x/a locations showing
a mas interval of the record together vith the time-averaged values without the

wake and shock Interactions.

RUN CONC SYMEKCX GPO WMES
.557 M des + no no
4555 M des x no yel

O TI " sI ,i\ !

ITTMKnrns\I

','

-10 -08 -06 -04 -02 00 02 0. 06 08 ')

SUCTION SURFACE FRACTIONAL PERIMETER PRESSURE SLiFACE
TIE LIE TIE

Pti. 3(c) Effect of wake &ad shock Literaction on sean hiot transfet rate for the IOU free-
stram turbulence case (< .8%). otherwise ao is pig. )(U).
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I RUN COND SVYMOt GRAD WAKES
4502 0 + 2- no

M L 4565 1--5 x 2-m no
'4583 10 0 2- no

zw 0I"

-10 -08 -06 -04 -02 00 02 04 06 08 10
SUCTION SUPFACE FRACTIONAL PERIMETER PRESSURE SURFACE

TIE LIE TIE

Fig. 4(6) Effect of incidence variation on mean heat transfer rate at the nominal design case
(K2 - 1.18, Re R O.919E6) with no wake and shock interaction.

20-
RUN COND SfMBOL GRID WAKES
4650 - 0 + 2-, no
4642 m+5 x 2- no

15- 4611, -10 c 2- no

z
I x 0-- - SUCTION SURFACE

- PRESSURE SUROACE

00.- - - - -00 2. 06 8 0
17 AC TONAL SUPFACE PEIMETER

. E T-E

Fig. 4(b) Effect of incidence variation on mean surface isentropic q ach Number at the nominal
design came (M2 - i.18, Re - 0.919E6).
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W500 '98
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,- NLET
BAR WL" ILLO"Y Leading edge pressure

WI' PP 1 1.0

tIVE "a region

0.75 692 I cycle

007O4 FIXED

RIAXE A ~I WG
FIX. 5(s) llelueatiO of the compaetive Fig. 5(b) Neasureeentu of the unsteady distur-

velocity triangles far the engine bence at inlet by a hot-ire in the
ead ceecade simulation of the NGVI freeastream end het transfer and
rotor interaction. preseure meauremeuts at the stag-

natio" point.
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Ins trumented Cascade Axial
ciade Pitch Chord

34.3 me 34.82 mm

A

I T = -26 ,s 2: 1 45 -s 3: T = 110 .s 4: T 140 ,s 5: T = 170 .S

Y b b 
= 

29 mm Vb b37 IM t 
= 

44 n

Fig. 8 Predicted wake positions at tines corresponding to the Schlieren photographs in FIg. 7.

The two lines for each time are the leading and trailing edges of the highly turbulent

wake region.

Instrumented Refracted Shocks Direction of

Blade ICm5ch oeren~Phlotographs

SfRe lect d
Shock

Pressuresurface eBa-Wake Sj
Suction f-O eso O
Surface Shock Shoc Inlet Flow

Bar

Position

Bar Rotation Direction

PIg. 9 Fredicted shock position corresponding to time 2 of Fig. 7. with the bar Inclined et
" 2* to ita datum position. Only the half of the shocka downstream of the bar era

shown for clarity. The reftraction and reflection of both shocks can be seen, with the

re-compt'eseto shock more 2-dimenefonal in fore than the detached boy shack, due to
stand-off dietance variation with bar relative Kach Number. Both shocks are weaker
towards the hub due to the lower Mach Number there, with the bow shock strength lee
than the re-compreesion shock strength at each radius.
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