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Analysis of the Interrow Flow
Field Within a Transonic Axial
xavier Oty § Compressor: Part 2—Unsteady
Isabelle Trebinjac FIOW Analvs's

An analysis of the experimental data, obtained by laser two-focus anemometry in the
IGV-rotor interrow region of a transonic axial compressor, is presented with the aim of
improving the understanding of the unsteady flow phenomena. A study of the IGV wakes
and of the shock waves emanating from the leading edge of the rotor blades is proposed.
Their interaction reveals the increase in magnitude of the wake passing through the
moving shock. This result is highlighted by the streamwise evolution of the wake vorticity.
Moreover, the results are analyzed in terms of a time-averaging procedure and the purely
time-dependent velocity fluctuations that occur are quantified. It may be concluded that
they are of the same order of magnitude as the spatial terms for the inlet rotor flow field.
That shows that the temporal fluctuations should be considered for the three-dimensional
rotor time-averaged simulations[DOI: 10.1115/1.1328086
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Introduction shock wave emanating from the leading edge of the rotor blades
A critical issue for the turbomachinery industry remains thand their interaction. If the 20 investigated azimuthal locations
. . . . y ry "Eover 110 percent of the IGV pitch and allow a good description
t|me-av_erage_d S|mulat|c_)n of muIUsthe tur_bomachmery. Cla§5| the IGV wakes in the absolute frame, they make up a field that
three-dlr_nensmnal multlbla_de row 5|mula_t|on meth_ods consist |8 hot wide enough to restore the whole flow field in the relative
connecting results of stationary cglculatlons applied to 'S°|a;T§me. Therefore, the spatial—tempoftahorochronit periodicity
adjacent blade rows, the information between the rows usuafy ] is experimentally checked and applied to the data. Further-
being exchanged through mixing planes. A circumferential avefsore, the flow field is analyzed, in terms of temporally and spa-
aging procedure yields time-averaged conditions along these {pyjly averaged values and fluctuating components, using the de-
terrow planes. Nevertheless, unsteady blade-row interaction Q%?nposition developed by Adamczyk et gt]. The purely time-
repercussions on the time-averaged f{dw3]. Bardoux et al[4]  gependent velocity fluctuations especially are quantified.
provide an interesting review of numerical results using mixing-

plane methods and more complex approaches using deterministic
correlation models. The authors highlight the shortcomings gﬁ .

such methods, which are mainly due to the fact that only spat? V Wake and Rotor Oblique Shock

correlations are modeled. From time-dependent numerical result§ easurement Location. The data were collected in section

in a transonic turbine stage, they perform a direct computation gf normal to the free-stream direction, and on a blade-to-blade
all the correlations in order to evaluate their influence on the timgyfaceB at 50 percent section height. At midspan, sectiois
averaged flow field. Regarding the experimental results availalfated at 31 percent of the IGV chord, downstream of the IGV
in the literature, few can be used to calculate these determinisfigjling edge, and at 28 percent of the rotor chord, upstream of the
correlations. Thus, from the data bank obtained from the measufgtor leading edge. The blade-to-blade surfBde described from

ments performed in Fhe interrow region of a transonic compress@pctionA up to the rotor leading edge region. The data location is
our main subject of interest is the evaluation of the temporal cagiven in Fig. 1.

relations, which represent the unsteadiness of the flow. Without ) o - ] )
claiming to build any model for the computation of these correla- Flow Field Decomposition. - In addition to three-dimensional,
tions, we propose to give some clues to the orders of magnitudef@gfoulent, and viscous effects, nonuniformities and unsteadiness
the temporal correlations relative to the spatial correlations. due to the rotor—stator interaction introduce major complexity in
In the first part of this paper, the results of laser two-focu§€ analysis of the flow field. This problem can be simplified by
(L2F) measurements performed in the IGV-rotor interrow regioflecomposing any flow variab¥(r,z,6,t) into averagedX and
of a highpressure ratio compressor were presented. They providéuatuating X’ components. Such decomposition can be applied
detailed data bank for a comprehensive description of the interr@igher in the absolute frame or in the frame relative to the rotor. A
flow field and for a validation of numerical simulations. It isfirst decomposition stage consists in writing:
pointed out that the flow field is dominated by the moving oblique —
shock emanating from the rotor blade leading edge and its inter- X(r,z,0,)=X(r,z,6)+X'(r,z,6,1) 1)
action with the IGV wake. v _v *
In this Part 2 of the paper, the experimental data in the com- X(r,2,0)=X(r,2) + X*(r.z,6) 2)
pressor are further discussed, with special attention to the evoWith
tion of the IGV wakes, the shape and the location of the oblique x (r 7 ¢,t) =instantaneous value at any given location
X(r,z,)=time and blade-to-blade averaged valoe axisym-

Contributed by the International Gas Turbine Institute and presented at the 43H{btric Vame

International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Ger-— . . .
many, May 8-11, 2000. Manuscript received by the International Gas Turbine Insti- X~ (I',Z, §) =blade-to-blade fluctuating component of time-
tute February 2000. Paper No. 2000-GT-497. Review Chair: D. Ballal. averaged value
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Fig. 1 Data location

X'(r,z,6,t)=periodic temporal fluctuating component, clocked

with rotor frequency.

The fluctuating components are exclusively periodic because
the L2F data acquired in each rotor blade channel are super
posed. Note that all the mean values are obtained with an ari

metic averaging process.

Iﬁd 3 Streamwise evolution of the stator wake blade-to-blade

Uctuating component of the time-averaged velocity at 50 per-

cent of span

A further decomposition can be applied to this last term and

will be expressed later.

IGV Wake. The measurements have been realized in the agity) at 90 percent. From 15 to 90 percent of span, the angle
solute frame and the |nyest|gated azimuthal cha_tmns, coveriggolutions indicate that the flow is overturnéeigher negative
110 percent of the IGV pitch, allow a good description of the IG\ajyeg on the suction side and underturned on the pressure side of
wakes. The measurements performed in secfolead to a de- tne wake. This is consistent with the wake feature of an isolated
scription of the radial evolution of the stator wake. The feature @fizde row. In the end-wall regiof®5 percent of spanthe wake
the wake is described by the blade-to-blade periodic fluctuatigqth is very large, which is probably partly due to the radial
components of the time-averaged velocity in the absolute framgjgration of low-momentum stator blade boundary layer flow to-
V*(r,z,0), and anglea™(r,z,0). These components are showrward the shroud.
in Fig. 2, versus the angular position normalized by the IGV pitch, The streamwise evolution of the stator wake blade-to-blade
for four immersion values. The wake width at 50 percent sectidtuctuating component of the time-averaged velocity, from section
height is about 10 percent of the stator blade pitch and, exceptfatp to the rotor leading edge, is drawn in Fig. 3, from the mea-
95 percent of span, it remains more or less constant along t@ements performed at 50 percent of sanfaceB). Along this
section. The maximum defect in velocity at 50 percent sectiafistance(from 30 to 70 percent of the IGV axial chord, down-
height is 23 m/s(i.e., 13 percent of the free-stream velogity stream of the trailing edgethe wake width increases slightly,
whereas it reaches 40 mifise., 24 percent of the free-stream vewhereas the maximum defect in velocity decreases to half the
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Fig. 2 Blade-to-blade fluctuating components of the time-
averaged velocity and angle, versus the angular position nor-
malized by the IGV pitch, for four immersion values
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value obtained in sectioA.

Rotor Leading Edge Shock. In order to analyze the oblique
shock wave emanating from the leading edge of the rotor blades,
it is more suitable to make a transcription of the data obtained, in
the frame relative to the rotating blade row. However, the field
that has been investigated is not wide enough in the circumferen-
tial direction to restore the whole flow field in the relative frame,
S0 it is necessary to hypothesize spatial-temp@tabrochroni¢
periodicity. Such a procedure, which excludes distortions moving
in the circumferential direction at a fraction of the rotor speed
(rotating stall, for instangeand requires an axisymmetric up-
stream flow field, is usually applied in numerical simulations
where the calculations are performed in one channel only. It has
been experimentally checked and applied to the obtained data.

Let us consider the IG\(stato)y with Ng blades, and the rotor
with N, blades, of the investigated compressor. The time varia-
tions of any aerodynamic paramedéy; (t) at a fixed pointP ,, of
the stator—rotor interrow region are assumed to result from the
perturbations arising from the rotor blades moving downstream
(Fig. 4). Thus, the temporal perict of the measured signa is
connected to the spatial period of the rotor blade pas§zlgee
pitch ®,) by its rotating spee@ (0, =w-T,). Let us now con-
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Fig. 5 Contour map of the relative time-averaged Mach num-
ber at midspan and analytical shock location

as well as the acceleration due to the expansion waves are clearly
Fig. 4 lllustration of the spatial-temporal periodicity visible. The shock is nearly normal around the leading edge and
turns oblique upstream.
An analysis of the shock pattern is proposed by means of the
calculation of the “unique incidence condition,” assuming a two-
sider another poinP,, located at the azimuthal coordinatg dimensional cascade flow with an axial subsonic velocity compo-
such thatd,=60,— @4 (where O is the stator angular pitgh nent. This calculation, which is valid for a started supersonic cas-
PointsP,, andP,, are defined as homologous. Rt,,, signal cade with sharp blades, is extended to include the effects of
X4(1) is under the same rotor perturbations, but phase-shifteddetached shock waves in the case of a blunt leading 8lg&he
total pressure losses, leading to a blockage factor, are obtained by
Xpa(t) =Xp1(t—¢) ®) integration along a pitch, assuming the shock wave degenerates to
So the hypothesis of the spatial-temporal periodicity consist§e Mach line upstream of the adjacent blade. The axial stream
in linearly linking the time and the circumferential distance. Th&ontraction is taken into account by means of an additional block-

phase shiftp is expressed by: age factor, calculated from the geometric convergence of the
channel. This procedure yields the inlet flow angle and the shape

—(1- N/ | O, @) of the detached shock wave at a prescribed inlet flow Mach num-

= Ny © ber. In the present case, the conditions upstream of the bow wave

are not constant. The value ofdMis therefore not known and is

The phase shift has been experimentally checked for I : ;
pairs of homologous pointdocated at 0—100 percent and 10“i%%lculated by time-averaging the Mach number at a point located

110 percent of the IGV pitgh and for each of the ten axial in the wake-free region of sectioh This way of determining the

! X . . relative inlet flow Mach number has been validated bybimgc
locations investigated on surfa& That leads to an estlmatedand Claudin[9]. It leads in the present case togl1.14. The
mean value ofp (expressed as a percentage of the rotor tempor@élculation of the inlet flow angle leads then . — Bie
p?”"d T Of.17'5 percent. The theoreqlcal yalue picalculated =0.3deg. The agreement is all the better as the difference value
with Eq. (4), is 19 percent. The small disparity observed between yiiin the measurement errors. The predicted shape of the

thfet?]e tv_vo vlalues (I:tan l?e atttrr:buted to the dlzferenatas_ 'tn sh ck wave is superimposed onto the experimental results in Fig.
of the signals resulting from the measurement uncertainties. Wehe cajculated detachment distance is 0.8 mm, whereas it is

can therefore assume that the spatial-temporal periodicity is w; yperimentally estimated to be 0.7 mm. All these analytical re-

verified. . sults are very satisfactory in spite of the simplifying assumptions.

this hypothesis of spatial—temporal periodicity, and by tim%?.'or.eo"er’ such a simple integral method is a useful tool for pre-

averaging the values in the relative frame, the mean inlet relati
flow is restored. The contour map of the relative Mach number
Mg at 50 percent of spafsurfaceB) is presented in Fig. 5, where IGV Wake and Oblique Shock Interaction. The time-

the abscissa is the axial distance expressed as a percentage ofi¢ipendent behavior of the IGV wake, interacting with the shock,
rotor blade chord and the ordinate is the angular position normé&-presented in Part 1 of the paper and is briefly illustrated in Fig.
ized by the rotor pitch. The strong deceleration through the sho6k by comparing the azimuthal evolutions of the instantaneous

sh, experimentally and numerically speaking.
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200 velocity for two times(i.e., positions of the rotor row relative to
180 the IGV). In this example, the axial location of the data is very
close to sectiorA.

The time-averaging process described above isolates the wake
(by averaging in the absolute frame of referenmethe shockby
averaging in the relative frameThe effects of the shock/wake

180
170

T 160
E interaction are now evaluated by quantifying the temporal fluctu-
> 1% ating components of the velocity and the angle. If the temporal
140 fluctuations are calculated in the absolute frame, the effect of the
130 moving shock on the wake feature can be quantified. Among all
the results obtained on surfa@e for ten positions of the rotor
120 blade row, two contour maps of the temporal fluctuating compo-
M0 Fglgis % 505 o510 nents of the velocityV'(r,z,6,t), and angle,«’(r,z,6,t), are
IGV blade pitch (%) extracted for two timesi.e., two positions of the rowhighlight-
) ) ) ) ing the shock/wake interaction. These maps are presented in Figs.
Fig. 6 Two azimuthal evolutions of the absolute velocity at 7 and 8, where the abscissa is the axial distance expressed as a

midspan, for two different times percentage of the rotor blade chord and the ordinate is the angular

position normalized by the IGV pitch. In both figures, regarding

péh:h ?1

3
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Fig. 7 Contour map on surface B of the temporal fluctuating component of the ve-
locity for two different times
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Fig. 8 Contour map on surface B of the temporal fluctuating component of the angle
for two different times
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OmagaH. 1E-4

Fig. 9 Schematic description of a moving shock wave inter-
acting with the vorticity linked with a wake

the encircled zone, case)( corresponds to a time before the
shock has crossed the wake = (t—t,)/T,=30 percent)
whereas caseb corresponds to a time just after the passage of

the shock {,.4= 60 percent). In caseaj, the wake is mainly in 110 Rt e EV SN Lol
the expansion region and fluctuatiov$ reach high positive val- o 50 100 150 200
ues. This means that the wake is accelerated more by the expan- rotor pitch time (%)

sion waves than is the wake-free flow, and the magnitude of the ) )
wake will decrease before passing through the shock. In dgse (Fig- 10 Contour map of the radial component (2, of the vortic-
fluctuationsV’ in the wake reach high negative values after pasly calculated from the experimental data

ing through the shock, so the wake deepens below the shock.

Regarding fluctuationsy’ (Fig. 8), the flow within the wake

comes under higher deviations than the free-wake flbigher If the wake is assumed to be two dimensional, its velocity field
negative values of’ before the shock and greater positive valuels described in ther{, r, 7) coordinate system by two compo-
after the shock nents,V,(n,7) and V.(n,7). The associated component of the

Moving downstream, the level of the fluctuations, averaged worticity is:
the wake, increases globally by 50 percent. However, that does NV
not mean the interaction is stronger because, a great part of the Q=——+——" (8)
fluctuations arises from the increasing strength of the shock when an a7

approaching the leading edge of the rotor blades. By decomposingsjng this model and neglecting the terms representative of the
these fluctuations, as proposed below, the part due to the sh@glqstationarity of the density field in the relative frame, the exter-

can be separated from the part due to the interaction proper. ng) forces, and the turbulent and viscous stress tensor in the basic
Thus, the shock wave modifies the wake, which is a lowsqyation, the change i, can be written as:

momentum fluid zone, much more than the wake-free flow. Such
behavior is corroborated by analyzing the evolution of the station- dQ, 1 9V, dV,

ary wake vorticity through the moving oblique shock. The vortic- dt =~ p “or  on (Un+Vy) ©)
ity transport equation, for compressible viscous flow, derives from

the application of the rotational operator on the momentum equa-'t IS clear from this equation that the changelnis brought by
tion. In the absolute frame, it is written as follows: a stationary term and a nonstationary term by the normal compo-

nent of rotor speedl , . These two effects are cumulative and lead
i . . .. Odp _——1 ___ to an increase in the magnitude of vorticfty , whatever its sign.
ry +(V-grad)Q— (Q-grad)V= —- T grad—/\gradp Figure 10 shows the contour map of the radial compofndf
P P the vorticity, calculated from the experimental data. The ordinate

-

{1 . is the angular position normalized by the IGV pitch and the ab-
+ rot(— -div( 7"-)) +rotf (5) scissaisthe time expressed as a percentage of the rotor pitch time,
P but two periods are placed side by side to make it clearer. The
where shock region is marked off by low positive values of the magni-
tude of Q},, whereas the wake boundaries are characterized by
high values. The increase in magnitude(®f in the interaction
zone of the wake with the moving oblique shock is clearly visible.

. . ... This corroborates, as mentioned above, that the wake deepens
In order to quantify the effect of the oblique shock on the vorticitya|ow the shock.

of the wgkg, tpe most gonverlient coordinate system is coordinate

system(n, r, 7) wheren and r are, respectively, the unit direc- . . .

tion vectors normal and tangent to the shelg. 9). The pattern Purely Time-Dependent Velocity Fluctuations

of the oblique shock, emanating from the rotor blade leading edgeAdamczyk Decomposition. As mentioned above, a discrimi-

and extending upstream of it, is assumed to be imposed by &, jecomposition of the periodic temporal fluctuating compo-

wake-free incoming supersonic flow. Its moving in the circumferﬁem in the absolute fram&’(r,z,,t), is achieved in order to
ential direction is taken into account by the time derivative of thgxtract the effect of the shock}w’alie ’interaction roper. This de-
fluid density in the absolute frame. This time fluctuation i proper.

clocked with the rotor blade-passing frequency and can thus %mposmon was proposed by Adamczyk et[al

dp dp

a9 +V-gradp (6)

written as: X'(r,z,0,t)=X%,(r,z,0)+X"(r,z,6,t) (10)
d 1 I Then:
a—fzﬁp—u-gradp @) ) B B
X(r,z,0,t)=X(r,2)+X*(r,z,0) + X}, (r,z,0)+X"(r,z,0,t)
with 8p/ét the time derivative of the density in the relative frame. (12)
Journal of Turbomachinery JANUARY 2001, Vol. 123 / 61
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V(r,2,0,t)= \27(r, z)+ V(t,2,0)+ Via(1,2,8)+ V'(,2,0,1)
] @ &) “

it

M

v,

rotor

o) -8 ) axial chord of the rotor blade %

) ) . Fig. 12 Contour map of the normalized unsteady correlations
Fig. 11 Comprehensive sketch of the Adamczyk decomposi-

tion of the velocity

Vi (r,z,60)-Vi,(r,z,0) induced by the shock wave in sectidn
The first two terms are those resulting from the previous stagdlich is about 1221iis’. The contour map of the normalized

of the decompositioi2), in the absolute framé?fm(r,z,e) isthe unsteady correlation is shown in Fig. 12, where the abscissa is the

spatial fluctuation of the time-averaged flow in the frame relati nlglltﬁstgrndﬁﬁa?épi;efﬁgdaﬁgu?aeegggﬂitgr?engzr;g?izrgctio[))?lflr?ee chh\(;rd

to the rotor.X"(r,z,6,t) is a purely time-dependent fluctuationpitch, As expected, the high levels are located within the wake,
that arises from the interaction of phenomena occurring in diffefyhere the unsteady correlation reaches 80 percent of the maxi-
ent frames. This term is also called “deterministic fluctuation,” asnum spatial correlation. It remains more or less constant from
opposed to the randofor nondeterministicfluctuation that arises sectionA up to the leading edge of the rotor blades. That means
from the turbulence and other phenomena not clocked with tkige increase in the temporal fluctuations,(r,z, 6,t) mentioned
rotor frequency. In the present decomposition applied to the exbove, when moving downstream, is mainly due to the increase of
perimental values, the random part is excluded because it is thle spatial velocity fluctuation of the rotor time-averaged flow
ready averaged by the acquisition and reduction procedures tt\it, (r,z,6)), which is only due to the increase of the strength of
lead to the mean values of the modulus and angle of the velociie shock when approaching the leading edge of the rotor blades,
vector. Nevertheless, it is taken into account in the values of theéd not of the interaction propére., the unsteady fluctuations
standard deviation. Regarding the numerical approaches usinghese results show that the purely unsteady part of the deter-
such a decomposition, this random part is also excluded becauswiitistic correlations is of the same order of magnitude as the
is assumed to be modeled by a turbulence model. A comprehspatial part. But the relative strengths of the various parts of the
sive sketch of the decomposition of the instantaneous velocifgterministic correlations have been quantified only in the inlet
modulus is proposed in Fig. 11, in order to illustrate the differemotor flow field. In this region, the sources of unsteadiness are
physical meanings of each term. certainly of less importance than within the rotor blade r@w-

The time-dependent L2F data enable the calculation of eachstéadiness due to the normal passage shock, the blade boundary
the four terms of the decomposition of the modulus and angle lefyers, the secondary flows, and all the interactiofifien, the
the velocity vector. From the periodic temporal fluctuating contemporal correlations may be assumed to increase still further
ponent of the velocity in the absolute framé!(r,z,6,t), the within the rotor, and should not be neglected in the three-
stator deterministic correlation, which represents the averageithensional rotor time-averaged simulations. A numerical study
consequence of unsteady phenomena, can be calculated. This ebthe time-averaged flow in a transonic single-stage turbine, re-
relation can be decomposed into a purely spatial part, two spatialized by Bardoux et a[.10], led to similar conclusions. The au-

temporal parts, and a purely unsteady part: thors demonstrate that the temporal correlations are of a greater
— _ order of magnitude than the spatial correlations inside the rotor.

V'(r,z,0,t)V'(r,z,0,t) =V}, (r,z,0)-Vi,(r,z,0) These temporal correlations illustrate the oscillation of the rotor
— passage vortices and the chopping of the stator wakes. To return

+VE,(r,2,0)V"(r,z,60,t) to the present investigation in the compressor, future work should

include measurements within the rotor and the analysis of a three-

+V"(r12,9,t)‘_fe|(r:21 0) dimensional unsteady simulation, thus confirming the significant

role of temporal correlations compared to spatial correlations.

+V"(r,z,0,t)-V'(r,z,0,t) (12)

Let us mention that, in the various models that handle the ig_onclusmn. ) . .
teraction between blade rows, all the correlations, except theBy analyzing the time-dependent L2F results obtained in the

purely spatial one, are usually neglected. interrow flow field of a transonic compressor stage, the effects of
the rotor leading edge shock wave/IGV wake interaction can be
Results evaluated. This analysis is performed by implementing tools usu-

ally used in numerical works, to reduce the experimental data.
The purely time-dependent correlativfi(r,z, 6,t)-V"(r,z,6,t) A comprehensive description of both the IGV wake and the

has been calculated from the L2F results on surfBceThe shock emanating from the leading edge of the rotor is made. The

values obtained are normalized by the spatial correlati@xperimental shock pattern is compared with the shock pattern
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deduced by an integral method. The very good agreement means *
the analytical calculation can be considered as an easy and quick ”
tool for giving information, useful for the initialization of numeri-
cal simulations.

The effect of the shock/wake interaction proper is quantified by R
calculating the purely time-dependent correlation occurring in the n
Adamczyk decomposition. This temporal correlation proves to be T
of the same order of magnitude as the spatial correlation. That r
tends to prove that temporal correlations should be considered ired
the three-dimensional rotor time-averaged simulations, so as theyref

spatial fluctuating value
purely time-dependent fluctuating value

Subscripts

relative to the rotor

component normal to the shock
radial component

rotor

reduced value

reference value

will probably increase inside the rotor. rel = relative to the roto(for a time-averaged process
s = stator
Nomenclature 0 = azimuthal coordinate

<
o

<.C

o))
9 9D & 6 R @{ONr—rﬂ'UD—hLX<C—|_UZ
Il

relative Mach number
number of blades
measurement point location
temporal period

rotor velocity vector, modulus

velocity vector, modulus

flow parameter

external forces

coordinate normal to the shock
pressure

radial coordinate

time

axial coordinate

vorticity vector, modulus
angular blade pitch

absolute velocity angle

phase shift

rotation speedrad/9

azimuthal coordinate

fluid density

turbulent and viscous stress tensor
coordinate tangent to the shock

Superscripts

= time-averaged value

spatially averaged value

= time-fluctuating value in the absolute frame

Journal of Turbomachinery

7 = component tangent to the shock
1 = rotor inlet conditions
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