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ABSTRACT w

vorticity

The interaction of wakes shed by a moving bladerow with a/'vx power output

downstream bladerow causes unsteady flow. The meaning of the

freestream stagnation pressure and stagnation enthalpy in theSabscripts and Superscripts

circumstances has been examined using simple analyses, measurements stagnation

and CFD. The unsteady flow in question arises from the behaviour df
the wakes as so-called negative-jets. The interactions of the negatiz-
jets with the downstream blades lead to fluctuations in static pressufe
which in turn generate fluctuations in the stagnation pressure and
stagnation enthalpy. It is shown that the fluctuations of the stagnation
quantities created by unsteady effects within the bladerow are far

inlet

exit

change with respect to inlet conditions
mean value

greater than those within the incoming wake. The time-mean exINTRODUCTION

profiles of the stagnation pressure and stagnation enthalpy are affectedThis paper considers the effects of unsteady inflow on the stagnation
by these large fluctuations. This phenomenon of energy separationgeantities at exit from a turbomachine bladerow. The unsteady flow in
much more significant than the distortion of the time-mean exit profilegjuestion arises because of the interactions of the flow fields associatec
that is caused directly by the cross-passage transport associated withhth the stator and rotor bladerows.

negative-jet, as described by Kerrebrock and Mikolajczak. Finally, it is One of the first studies of the effects of rotor-stator interactions
shown that if only time-averaged values of loss are required acrossugon the aerodynamic efficiency of a turbomachine was conducted by
bladerow, it is nevertheless sufficient to determine the time-mean exXipopatitskii et al (1969) using a single-stage axial flow turbine. They
stagnation pressure.
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reported that, depending upon the blade geometry and Reynolds
number, the rotor profile loss was between 2 and 4 times that of the
same cascade operating with steady inflow. It is as a result of
investigations such as these that the subject of rotor-stator interactions
has received much attention during the past decade or so. The effect o
upstream wakes on bladerow performance has been of particular
interest at the Whittle Laboratory. This is known to be an important
contributor to the differences noted between the performance of a given
profile in cascade and turbomachine environments (Hodson (1989)).
The effect of unsteady flow on the loss (entropy creation) of a
bladerow is not the main subject of this paper. However, the loss is
usually determined from measurements of the stagnation pressure anc
stagnation temperature. Unfortunately, the unsteadiness arising from
rotor-stator interactions also modifies the stagnation pressure and
stagnation temperature fields, irrespective of any change in bladerow



efficiency. This problem and its consequences in the context of rotor- Curtis et al (1996) have reported an experimental study of profile
stator wake interactions are considered here. losses in low pressure turbine cascades that were subjected to incoming
One of the first studies of the interaction of rotor wakes with avakes. Fig. 2 shows an example of the data that were acquired % axia
stationary blade was conducted by Meyer (1958). Fig. 1 is a schematibords downstream of a representative cascade using a conventiona
interpretation of his model of the interaction in the context of a turbin@ressure probe. The results are typical of a large number of
rotor. Each wake is initially represented as a perturbation (the so-calledeasurements. Apart from the blade wakes, the measured exit flow is
“negative-jet”) of a uniform flow. The wakes are transported with the characterised by non-uniform stagnation pressures in the “free-stream”.
main flow and are chopped into segments by the downstream bladeroin apparent loss of stagnation pressure appears as a lump towards th
Within the passage, the wake segments continue to behave as negatpmessure side of the passage. An apparent gain (on the face of it
jets. The velocity induced by the negative-jet causes a build up of wakeolating the second law of thermodynamics) appears on the suction
fluid on the suction and a removal of fluid from the pressure surface. side. The incoming wakes represented a defect in cascade-relative
Kerrebrock and Mikolajczak 1070) observed that the stagnation pressure. Cross-passage transport in the negative-jet woul
circumferentially non-uniform stagnation temperature profile at the exibe expected to create free-stream non-uniformities of the opposite sign.
of a high Mach number compressor stator could be explained byherefore, the free-stream non-uniformities in fig. 2 cannot be
assuming that the stagnation temperature is a convected scalar eixplained using the Kerrebrock and Mikolajczak modéI7Q). Nor is
unsteady flow. This is interpreted in the present context in fig. 1. Sincé caused by unsteady effects on the probe used for the measurements
the wake represents a defect in rotor-relative stagnation temperature,tda (1994) presented a preliminary discussion of this problem. The
increase in the same quantity is to be expected on the suction side of glrénary purpose of this paper is to describe in detail the true
passage with a commensurate decrease on the pressure side. Actmethanism.
evidence of the kinematic behaviour of wakes in compressors can be
found in the experimental data of Adachi and Murakami (1979) and
Weyer and Dunker (1983) who, in independent studies, measured the
velocity field within the passages of compressor stators.
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Pressure Fig. 2  Time-mean absolute stagnation pressure at ¥4 axial chord
downstream of blades - measured (see Curtis et al, 1996)
Op g Much of the work on blade-wake interactions at the Whittle
ot e Laboratory has been carried out using large scale facilities. Since
@1>0 Reynolds numbers must be representative in such experiments, the us
ot of large scale facilities usually means that the experiments are

conducted at Mach 0.1 or less. At typical ambient stagnation conditions
Fig.1  The Representation of a Wake as a Negative Jet and and at _Mach 0.1, the static tempera_ture is only _0.6 K lower than the
Resulting Distortion of the Relative Stagnation Temperature Profile aStagnation temperature and the static pressure is about 700 Pa lowe
exit from a Turbine Rotor than the stagnation pressure. Systems capable of measuring pressur
differences of this order, and much less, are readily available whereas
Smith (1966) noted that as a result of the blade circulation, the wakguivalent temperature measurement systems are not. In practice
segments are sheared and stretched as they progress through the bigégefore, only stagnation pressure measurements are available witr
passage. These phenomena are particularly evident in axial turbines.fich to evaluate the entropy creation. Since it will be shown that
one of the first studies of wake-transport in axial turbines, Hodsofnsteadiness affects the stagnation pressure and stagnation temperatu
(1985) traversed the flow within the rotor passage of an axial-flowfields, a secondary purpose of this paper is to discover whether the
turbine using hot-wire anemometers. To obtain a picture of theneasurement of stagnation pressure alone is sufficient for the
unsteady flow, the time-mean velocity data was subtracted from th&aluation of thermodynamic loss.
phase-locked ensemble averages at each measurement location within
the rotor passage. These experimental results and the subsequent
numerical predictions of Hodson (1985), Giles (1987), Rai (1987)METHODOLOGY
Korakianitis (1991) and Dawes (1993) confirm that simple kinematic
theory can be used to explain the movement of wakes througQumerical Simulation Using CFD

downstream bladerows, whether in turbines or compressors. The numerical simulations that form the basis of this paper were
performed with the unsteady Navier-Stokes solver presented by Dawes




(1993). This code solves the three-dimensional Reynolds-averagedta provided by the conventional probe to produce the ‘instantaneous’
Navier-Stokes equations on an unstructured, solution-adaptive mes#xit stagnation pressure profiles. Only ensemble-average and time-
The equations of motion are discretised to second ordeesgrcuracy mean data are reported in this paper. The traverses were performed at
on a cloud of tetrahedrons and integrated forwards in time using distance 0.5 axial chords downstream of the trailing edge plane of the
standard four-step Runge-Kutta algorithm. A standard blend of secorahscade.
and fourth order artificial smoothing is applied, by way of a pressure The cascade contains airfoils that are typical of modern thin low
switch. pressure turbine blades operating at a typical cruise Reynolds numbel
The turbulence is represented by a low-Reynolds number form @nd flow coefficient. Whereas the cascade geometry and the inlet
the k€ model. It is not known what capabilities this turbulence modelelocity triangle of the cascade was identical to that used by Curtis et al
might possess in the prediction of wake-blade interactions. In th@996), the diameter and spacing of the moving bars were doubled so
context of steady flow, studies of wake development behind lobethat the wake was greater in intensity and the relative pitch of the bars
mixers showed good agreement wittcepted wake decay rates (Waitz and cascade was approximately unity. Under these conditions, the
et al, 1995). Nevertheless, the present study is very much abochscade simulates a stator blade subjected to incoming rotor wakes
following the kinematics of the wake away from the blade boundaryather than the opposite situation investigated by Curtis et al. Table 2
layers, rather than the details of the wake-boundary layer interactiggrovides details of the wakes shed by the moving bars.
itself, and so the approach is believed to be adequate. Applications of
the calculation method to cylinder vortex shedding and to the wake-
rotor interaction case of Hodson (1985) were reported in Dawes (1993ESULTS AND DISCUSSION
to an axial compressor stage interaction in Dawes (1994) and to a
centrifugal compressor stage interaction in Dawes (1994b). Theory
In the present study, for reasons of economy and simplicity, a thin The question of the relevance of stagnation pressure measurement:
spanwise slice of a two-dimensional cascade was simulated and a 1ol assess entropy creation in the unsteady environment of
ratio was assumed between upstream wakes and blade count. Tablairbomachines has received little attention in the literature. Only the

gives further details of the calculated flow. work of Epstein et al (1989) is known to the authors. They examined
the effect of potential interactions between compressor rotor and stator
Experimental Details: Low-Speed Moving-Bar Cascade blades on the measurement of rotor efficiency. Their study shows how

The cascade wind tunnel is normally used to study the effects dfe difference between the actual and the perceived adiabatic efficiency
wakes on the performance of turbine cascades. The wakes are stédhe rotor varies as the positions of a stagnation pressure probe and
from a moving bar system ahead of the blades. The facility is describesthignation temperature probe vary in the circumferential direction when
by Curtis et al, (1996). The very low Mach numbers (typically <0.05placed between the rotor and stator blades. The present papel
encountered in this facility means that it is impossible to make usef@omplements the study of Epstein et al.
measurements of the change in stagnation temperature across theAs the wake-segments convect through a blade passage, they creat
cascade. Therefore, only stagnation pressure measurements #oetuations in the velocity and static pressure. These are especially
available with which to evaluate the entropy creation. It is to explaipronounced near to the sack. Greitzer 1984) points out that
the measurements of stagnation pressure in this facility that the presémematic model of Kerrebrock and Mikolajczak970) does not
investigation was undertaken. consider the effects of fluctuating static pressures on the time-mean

A Pitot probe placed downstream of the moving bars was intendestagnation quantities. Yet, it is well known that the stagnation enthalpy
to provide the reference cascade inlet stagnation pressure. However,dfya particle changes as it traverses an inviscid flow where the static
traversing the Pitot in the axial direction in the absence of the cascadeessure fluctuates. This may be written
it was found that the effects of unsteadiness on the readings from this Dh, _ 1dp
Pitot probe were significant at the selected measurement location for E:;E
some of the data presented here. For this reason, the stagnation pressure
loss and therefore the drag of the stationary bars was determined andDean (1959) showed that the above form of the 1st Law of
this was then used to calculate the change in stagnation pressure acrb3grmodynamics is consistent with the fact that in the case of a turbine
the moving bars. A comparison of the results of the calculation wittiotor, where the stagnation enthalpy falls, a stationary observer would
experimental data (see Schulte and Hodson (1996)) shows that thee, at a fixed viewpoint, a decreasing pressure with time (i.e.,
calculation yields faithful values for the mixed-out stagnation pressurép/dt <0 ) as first the pressure side and then the suction side of the
downstream of the moving bars. passage passes the observer's viewpoint.

Normally, a conventional pneumatic probe system (e.g., a Neptune The 2nd Law of Thermodynamics relates changes in stagnation
tube connected by about a metre of small bore tubing to a Scanivalpgessure and stagnation enthalpy by
system) is used to perform pitch-wise traverses at mid-span to measure 1
the profile loss of the cascade. Here, a Kulite XCS062 (1.5 mm dia.) Tods= d'b'p— dp @)
fast response pressure transducer was fitted to the inlet of a Pitot tube 0
and was used to traverse the exit flow alongside the conventionahere s is the entropy. Eqns. (1) and (2) together reveal that whenever
pneumatic probe. The relatively low bar-passing frequency ensurestde flow is _unsteady, the stagnation enthalpy (or stagnation
faithful measurement by the Kulite probe of the instantaneoutemperature) and the stagnation pressure of a given particle may not ir
fluctuations in stagnation pressure. The unsteady data is added to @gneral remain constant, even if the flow is isentropic. In particular,

@



_changes ir_l stagnation ten_1perature may generate commens_urate charH |gh iGES _ L'I:IW ||:|.55
in stagnation pressure without affecting the thermodynamic loss. Tt T .

phenomenon of energy separation, as this effect is sometimes called at High loss
often found in von Karman vortex streets. | A

Unsteady flow field

For convenience, the computational domain is taken to represent t
absolute frame of reference and the wake, the relative frame 1
reference in the discussion that follows.

Considerable insight into the flowfield was obtained from the
numerical simulations. Fig. 3 shows a composite view of the unsteac
velocity vectors (instantaneous minus the time-mean) and the entroj
field at a certain instant in time. Plots such as these have been used
many authors to describe wake-blade interactions. The entropy contot
are plotted as the quantity

Low loss

where R); and s are the time-mean values at inlet. The above
guantity represents the entropy within the flow as an equivaler
(stagnation) pressure. Since entropy is convected by the flow, tt
incoming wakes may be identified by lower values of the above
guantity. The entropy contours of fig. 3 show that as a wake shed fro
a moving source passes through the computational domain,
experiences the bowing, chopping, stretching and shearing which mi
be explained using kinematic principles. Owing to the relatively higt
loading of this bladerow, the distortion of the wake segments is ver
pronounced.

In the case of a compressor, Kerrebrock and Mikolajczak argue
that variations in the time-mean stagnation temperature field at ex
from a stator downstream of a rotor may be accounted for by examinir
the redistribution of flow that takes place due to the unsteady velocit
field (see fig. 1). In the present study the maximum perturbation ii
absolute velocity at inlet amounts to 13.5 percent of the mean ex
velocity (25.5 percent of the mean inlet velocity). The unstead)
velocity vectors of fig. 3 reveal the existence of the so-called 'negativ
jet' at inlet to the bladerow. It also shows that this phenomenon persis

as the wakes progress through the bladerow. As expected, ,F_,_,s_|-

recirculating velocity field is established on each side of the wake as tl l

wake enters the bladerow. The cross-passage transport tends to m L

fluid and therefore entropy from the pressure toward the suction side .. ] ]

the blade passage. This was shown schematically in fig. 1. Fig. 3  Predicted contours of entropy and unsteady velocity vectors
The maximum unsteady velocity in fig. 3 is 17 percent of the mearfi One instant in time (contours increase cyclically through black, grey,

exit velocity (similar to that at the inlet) and is to be found near the white)

centre-line of the wakes between the regions labelled A and C. This
magnitude is a measure of the strength of the cross-passage transportgig 4 presents the predicted pitchwise distribution of the entropy at
From fig. 3, it can be seen that approximately one wake passing cycleys axjal chord downstream of the cascade. The entropy is plotted as
required to convect the bulk of the wake-segment through the bladgss coefficient based on the quantity defined in egn. (3). The time-
passage. In this time, a particle at the centre-line of the wake will ha‘{ﬁean, maximum and minimum values are shown across two blade
moved a maximum distance equivalent only to approximately 1/4 pitCRjiches. Fig. 4 shows that relative to the mean, wake fluid (i.e., loss) has
relative to the adjacent free stream. The movement is towards thg, average accumulated toward the suction side of the passage (highe
suction side of the passage. It causes an increase in the time-averaggd) while freestream fluid has accumulated toward the pressure side of
entropy (loss) on the suction side of the passage, and a decrease onaepassage (lower loss). Between the wakes, the predicted mean valu
pressure side as free-stream fluid replaces the wake fluid. rises approximately from -0.01;-P,) to 0.024B,,-P,). If the lower
half (i.e. suction side) of each passage were to contain all of the
incoming wake fluid, the mean value of loss (neglecting any entropy



creation) would be approximately O.O§§£—P2) in this half of the mean values are very similar in the free-stream. The highest values are
passage, with an equally negative value of -0Bg38R,) in the other  to be found nearer the pressure side while the lowest occur toward the
half. The predicted freestream variation in time-mean entropy (loss) suction side. These variations do not in general mimic the loss

consistent with the magnitude of the cross-passage transport velociti@ntropy) variations in the free stream shown in fig. 4. Therefore, a

noted above. mechanism must exist which not only causes an effect that is opposite
in sign to that of the negative-jet but also is of greater significance. An

examination of the unsteady entropy field, which is the approach

favoured by many authors, cannot reveal this mechanism.
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Comparing the maximum amplitudes of the stagnation quantities in
fig. 5 and fig. 6 with the inlet deficits given in Table 1 shows that the
maximum amplitudes of the stagnation pressure and stagnation
temperature fluctuations are predicted to be about twice those which
arise in the inlet flow. Furthermore, the pitchwise variations of the

The effect of the cross-passage transport can also be seen in tifiplitude of the stagnation pressure and stagnation temperature
amplitude of the entropy fluctuations as indicated by the differencgenthalpy) within the freestream also show a degree of similarity.
between the maximum and minimum values. In the free-stream, nedihese observations suggest that the mechanism that is sought must li
the pressure side of the wake, this difference has diminishe¢h the unsteady physics associated with the stagnation enthalpy
Elsewhere in the freestream, the amplitude is almost constant. Th@nsport equation (eqn. (1)).
reduction near the pressure side suggests thaatttewake has moved At this point, it is useful to compare the measured unsteady exit
approximately 1/4 pitch relative to the adjacent free stream by the tinflow data with that predicted to demonstrate some confidence in the
it reaches the location corpending to fig. 4. numerical simulations and any interpretations that arise from them.

Table 1 shows that in the wake-relative frame of reference, the wakBme-mean, maximum, minimum and rms fluctuations of the measured
appears as a reduction in stagnation pressureRQ.Qp with constant  exit ensemble-average stagnation pressures are shown in fig. 7. A
stagnation temperature. In the absolute frame of reference, the wakgmparison of the predictions in fig. 6 with the measurements of fig. 7
appears to the cascade as a region of low stagnation pressigeencouraging. In the freestream, the pitchwise variation of the time-
(APomax = 0.019Ry;) and a region of low stagnation temperaturemean is well predicted and the rms fluctuations are in good quantitative
(ATomax = 0.0069Ty,), so that the fluctuations in stagnation pressureagreement. The very large unsteady envelope is well represented. The
and stagnation temperature contribute equally to the fluctuations ins distribution shown in fig. 6 and fig. 7 show that the fluctuations in
entropy. If the cross-passage transport model of Kerrebrock angtagnation pressure are greater almost everywhere at exit than at inlet t
Mikolajczak were to be applied to therwection of the stagnation the cascade. Indeed, the maximum-minimum variation is rather larger
temperature (enthalpy) and stagnation pressure within the wakes, th@@an the depth of the cascade wakes.
in the absence of any other effects, freestream time-mean exit Fig. 8 shows the time-histories of the measured ensemble-average
distributions similar to that of the entropy (see fig. 4) would bestagnation pressures at inlet (top trace) and at various pitchwise
expected as the incoming wake has a deficit of these stagnatitgcations across the exit traverse plane (lower traces). The exit locations
quantities. are numbered 1 to 6 and are shown in fig. 7. Three wake-passing

Fig. 5 and fig. 6 present the predicted distributions of absoluteycles are shown in each trace. It can be clearly seen that the
stagnation temperature and absolute stagnation pressure at % afigttuations in the traces at exit are much larger than those at inlet.
chord downstream of the cascade. Time-mean, maximum and minimupgithin the free-stream (locations 2-5), the increased magnitude of the
variations and rms fluctuations are shown as coefficients. A comparisgiuctuations must have their origin within the unsteady fluid dynamics
of the two figures shows that in general, the distributions of the timeof the flow field.

Fraction of Pitch

Fig. 4  Time-mean, maximum and minimum entropy at ¥z axial
chord downstream of blades - predicted



- - than just convective influences, the simple kinetic model does seem to
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pressure field is of much less consequence. Contours of the unsteady

. ) o . measured
static pressure for the same instant as in fig. 3 are plotted in the lower
part of fig. 9. The pressure perturbations within the passage arise Equations (1) and (2) show that the stagnation pressure and
largely as a result of the recirculating unsteady velocity field that isemperature of a particle will change as the particle traverses an
established within the blade passage. The centre of rotation on thesteady static pressure field (i.e., a non-zépd dt field). Fig. 9
downstream side of the wake (region A) is associated with a region ebntains, in the upper passage, a contour plot of the quaiptitgt at
low unsteady static pressure. At the instant shown, this region of lothe same instant as fig. 3. In general, the largest valugp bdt| arise
unsteady pressure extends across passage with the region of lowssar to the leading edge as the wake arrives in that vicinity. However,
unsteady pressure (region B) adjacent to the suction surface. A furthéig. 3 and fig. 9 do not correspond to that moment. For these figures, a
more localised and less pronounced region of low unsteady pressureiilse was chosen when the distortion of the wake-segment within the
associated with the centre of the recirculating flow on the upstream siddade passage is well established. At this instant, fig. 9 shows that the
of the wake (region C) at this instant in time. Below region C is theegion of most negativep/ dt lies near to the suction surface, just
region of highest unsteady static pressure. It is not a coincidence thgtstream of region D, the region of highest unsteady static pressure.
this region (region D) is located near to where the centre-line of th€he region of most positivelp/dt can be found between the local
negative jet impinges on the blade surface. The unsteady pressymessure maximum (region D) and minimum (region B). These regions
decreases along the suction aad just upstream of region D. of positive and negativelp/dt arise becauselp/dt represents the

An examination of the movement of regions A-D during a wake+ate of change of static pressure at a fixed point and the unsteady
passing cycle would reveal that these features arise as the wake enfmessure maximum (region D) and minimum (region B) tend to convect
the blade passage, or soon after, and that although their associatéth the main flow.
magnitudes change, they tend to convect with the main flow. Indeed, an Contours of the stagnation temperature and stagnation pressure a
examination of the unsteady blade-surface static pressures would shtive same instant as in fig. 3 are presented in the upper and lowel
that the perturbations on the pressure side propagate at the same speextages of fig. 10 respectively. The intervals of the contours of the
as the flow in the centre of the passage. On the suction side, a matagnation quantities represent the same changes of entropy as do tf
complicated picture arises though again, a convective characteristic gentours in fig. 3. The incoming wakes may be identified using either

discernible. Whilst recognising the pressure field to subject to moref the stagnation quantities in fig. 10. Moreover, it requires only a
cursory examination of the figure to see that there are much larger



variations within the flow than those associated directly with thepitchwise variations of the same time-mean stagnation quantities canno
entropy defect within the upstream wakes. For example, the differende explained using the negative-jet model of Kerrebrock and
between the maximum and minimum values of the ‘free-streamMikolajczak. Though this effect undoubtedly exists, it does not
stagnation pressure in fig. 10 is approximately five times that of thdominate. The cause lies in the nature of the unsteady flow field. On
initial wake-defect. The growth in the magnitude of the stagnatioraverage, more particles on the suction side of the passage experience
pressure fluctuations could also be seen in the measurements presemtede positivedp/ dt for longer than a negative value. This is believed
in fig. 8. As the wakes do not mix out, changes commensurate with the be associated with the skewed nature of the wake and the unstead
stagnation pressure changes arise in the stagnation temperature field recirculation of the flow that creates a more intense region of low

Inlet unsteady static pressure on the downstream side of the wake (regions #
0.0 A_v,u/_\tzﬁ/,/\:/:__\: and B). In a compressor, the distortion effects are much less
' pronounced and the negative-jet model of Kerrebrock and Mdzzlkj
-04 L may well dominate.
AN N N SN | Determination of Loss

We now turn to the question of how to assess thermodynamic loss.

It has been shown that the stagnation pressure and stagnation
enthalpy fluctuations that arise due to the unsteady static pressure field
TRIAT TS T2 are significant in the present context. Fast response
pressuretransducer based probes allow us to measure the instantaneol
stagnation pressure with relative ease. The measurement of the
instantaneous stagnation temperature is much more difficult though
2P 3 possible in specific circumstances. Without the instantaneous stagnation

L temperature, it will not be possible to distinguish between those
changes in stagnation pressure due to unsteadiness and those due
"R = <4 viscous phenomena and so the instantaneous loss cannot be determine

The time-mean entropy generation is now considered. Applying the

1st Law of thermodynamics to a control volume containing the flow

I~ ) ) B through a whole blade passage at a given instant leads to the result that
5
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00 T== "~~~/ ~ “b where dE,, / dt represents the rate of change of energy (internal plus
-0.4 —————————— kinetic) of the control volume. Although there are unsteady forces
0.0 1.0 2.0 3.0 acting upon the control volume, the point of application of these forces
Time, t/t (i.e. the blade surfaces) does not move. Consequently, there is no work

transfer. Given that the flow is also adiabatic, the left hand side of eqn.
Fig. 8 Phase-locked average stagnation pressure % axial chord (4) is equal to zero. Integrating the above equation over one wake-
downstream of blades - measured (for locations, see fig. 7) passing cycle, leads to the result that

The largest perturbations of the stagnation quantities arise near to Jhodmy = [ y,dim 5)
the suction surface. A comparison of the contour magpdfdt in fig. pitch pitch
9 with those of fig. 10, together with equations (1) and (2) explains whyyhere the overbars denote the time-mean. Since the time-mean mas
this is so. There is a correspondence between the locations of thew rate is the same at inlet and at exit, there is no change in the time-
additional peaks and troughs in the stagnation quantities and thgean stagnation enthalpy across the cascade. Equation (5) is true
regions of high and low/ dt. Once created, the peaks and troughs inwhether or not the flow is uniform at inlet to or exit from the control
the stagnation quantities essentially convect with the flow. Howevekolume since no work is transferred.
the unsteady static pressure field is partially convective and so is the Here we consider the case of incompressible flow as found in the
dp/ ot field. Thus, some particles tend to be convected within a regioaxperiments. For small changes, equations (2) and (5) together lead tc

of mostly positivedp/ dt and so their stagnation pressure and enthalpyhe result that the time-mean, pitchwise-averaged entropy change is
tend to increase. Others tend to always be in a region of negatiyg/en by

dp/ ot and so the above stagnation quantities will decrease. In this
way, the peaks and troughs tend to be reinforced and large amplitude _ ar a@ B 6
fluctuations of the stagnation quantities begin to appear. n(sz Po1 HJ p01 rq— Po2 NEH )
It has been explained that the unsteady static pressure field (strictly, fich p'tCh
dp/at) gives rise to variations in time and space of the stagnatiogquation (6) shows that in the case of the experiments described in this
pressure and stagnation temperature. It has also been shown Bgper, it is sufficient to measure the instantaneous change in stagnation
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Fig. 9 Contours obp/ct (upper) and unsteady static pressure (lower) Fig. 10 Contours of absolute stagnation temperature (upper) and
at same instant as in fig. 3 (contours increase cyclically through black,  apsolute stagnation pressure (lower) at same instant as in fig. 3
grey, white) (contours increase cyclically through black, grey, white)



pressure (and the mass flows) across the stationary cascade in ordeth® blade wakes which suggests that many of the stagnation pressur:
evaluate its stagnation pressure loss coefficient. Alternatively, the eXiuctuations are isentropic in origin and therefore related to variations in
conditions may be determined using conventional pneumatic probessagnation temperature. The observed time-mean non-uniformity in
once the unsteady flow has dissipated and become steady. stagnation pressure at cascade exit is a direct consequence of thes

Unfortunately, the exit flow is rarely steady at the location wheraunsteady processes.
exit traverses are made. An assessment of the importance of this aspeciThough the fluctuations are relatively large, the time-mean change
can be obtained from a simple calculation that represents the ‘worsie stagnation pressure across the cascade is shown to be representati
case’ scenario. A mixing calculation may be performed in which twmf the entropy generation within the bladerow. The mixing loss
parallel streams of identical entropy, mass flow and static pressure bagsociated with the unsteady flow field increases by a factor of two as
different stagnation temperature and stagnation pressure are mixgte wake pass through the bladerow but even at exit, this only amounts
adiabatically and in the absence of work to form a single strearo about 0.25 percent of the exit dynamic pressure.
occupying the same total flow area. The mean stagnation pressure must
fall as entropy is created in the mixing process. If the difference in
stagnation temperature between the two streams is equal to tA€KNOWLEDGEMENTS
maximum amplitude predicted at exit from the cascade (0d3T¢)) The authors wish to thank RJ Howell and EM Curtis of the Whittle
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0.005 Py;-P,)). comments.
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Table 1 Operating conditions and wake details for turbine calculation
S

behind a transonic axial compressor”, AGARD &3, Viscous Effects
in Turbomachines, Copenhagen

Average loss of incoming wakes
(Curtis et al)

0.032(Py; - P)

Average loss of incoming wakes 0.0é@— Pz)
Pitch of bars/Cascade Pitch (Curtis et al 0.57
Pitch of bars/Cascade Pitch 1.15
Inlet flow angle (relative) +6238
Inlet flow angle (absolute - free stream) +30.4

Table 2 Wake details for turbine cascade
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