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ABSTRACT

For an unpowered turbofan in flight the airflowdbgh the engine causes the fan to freewheel.
This paper considers the flow-field through a fgermating in this mode, with emphasis on the ef-
fects of blade row losses and deviation. A contmume analysis is used to show that windmilling
fans operate at a fixed flow coefficient which dege on the blade metal and deviation angles,
while the blade row losses are shown to deternfiedan mass flow rate. Experimental and numer-
ical results are used to understand how the loddawiation differ from the design condition due
to the flow physics encountered at windmill. Resalte presented from an experimental study of a
windmilling low-speed rig fan, including detailedea traverses downstream of the rotor and stator.
3D CFD calculations of the fan rig and a repredem@aransonic fan windmilling at a cruise flight
condition have also been completed. The rig tesili® confirm that in the windmilling condition
the flow through the fan stator separates fronptiessure surface over most of the span. This gene-
rates high loss and the resulting blockage chatigesotor work profile leading to modified rota-
tional speed. In the engine fan rotor, a vortexn®iat the pressure surface near the tip and further
loss results from a hub separation caused by bigckam the downstream core and splitter.

INTRODUCTION

Aircraft operability at an engine-out conditionggongly influenced by the aerodynamic per-
formance of the fan stage. At this condition thenbastor is unlit, the engine produces no power
and the fan freewheels due to the ram pressuteecbicoming air. This is defined as the windmill
operating point. It is important to know the resggtdrag force on the engine since this influences
the size of the aircraft vertical stabiliser. Tl frotational speed is also critical as this deitsem
the magnitude and frequency of vibrational loadsspd to the aircraft as well as the shaft bearing
requirements. This paper is concerned with theotmdxhinery aerodynamics of the windmilling
fan stage, and in particular the distribution cidd row losses and flow angles and their influence
on the engine drag and shaft speed.

Previous studies have shown that windmilling fapsrate with high loss due to negative inci-
dence onto both the rotor and stator vanes. Prasdd_ord (2010) presented results from a full-
scale engine test at windmill. They found thatriegority of loss occurred in the stator vane, which
operates at negative incidence due to the subsligrdiial flow exiting the rotor. Similarly, Gasi
Rosa et al (2012), using experiments conducted turtaofan test rig, showed that the fan outlet
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guide vane operates under severe off-design incedé&ading to major flow separation. In other
cases, such as Gill et al (2010) or Goto et al 42049evere flow separations were predicted in the
stator, although the rotor was also found to ogeaaihigh levels of loss with local separations.

The relative flow angle at rotor exit determines thcal work input to the flow and therefore
where the fan operates as a compressor and whaperiites as a turbine. Prasad and Lord (2010)
found that the relative flow left the rotor at nigathe blade angle. Goto et al (2014) also show
windmill results with small rotor deviation anglds.both these cases, the rotor flow appears to be
reasonably attached. In cases where parts of the show larger separations, such as in Courty-
Audren (2010) or Gill et al (2010), the deviatigopaars to be greater, although the values are not
explicitly stated. It is worth noting that in GaadRosa et al. (2012) and Goto et al (2014), the bot
tom 50% of the rotor span operates as a compresgbthe top 50% as a turbine. In contrast, in
Prasad and Lord (2010), the cross-over point betwabine and compressor is around 60% span.

Figure 1 is a sketch of the velocity trianglesdmsection through a fan stage operating at design
and windmill conditions. The velocity vectors haxeen scaled such that the axial velocities for the
two conditions are shown as the same. This skeidicates that the fan flow coefficient,(U) is
increased relative to design leading to negatieelance onto the rotor. At exit from the rotor, the
low blade speed leads to low absolute swirl veyoand highly negative incidence onto the stator,
which can be expected to separate on the presstieees, as shown in previous work. For this par-
ticular case, the rotor section is shown with digant deviation and negative absolute swirl abrot
exit. It is therefore operating as a "turbine”. M&docity triangles show that as deviation and-rela
tive swirl anglefs increases, the rotor section will tend to opematege like a turbine and thus ex-
tract more work from the flow or cause the rotoeesppto increase.

........ > Design point
— Windmill

Stator
Figure 1: Velocity triangles for a windmilling fan section.

This paper sets out to improve our understandirnthetources and effects of loss and deviation
within a windmilling fan. In particular, it aims tshow how loss and deviation affect windmilling
engine mass flow, rotational speed and drag. ti alms to present the detailed mechanisms re-
sponsible for generating loss and deviation in rdwiilling fan and to show what aerodynamic dif-
ferences there are between a low-speed fan aagsotnic fan stage.

The approach taken is firstly to use simple congbés relations and the fundamental laws to
reveal the broad trends of how fan rotational sps®di mass flow vary with flight Mach number,
blade row losses and rotor exit flow angle. Twd teses are then presented: one a low-speed fan
rig and the other a transonic fan geometry typa¢a high bypass ratio turbofan. The low-speed rig
has been run at windmill and flow traverses hawenbmmpleted at exit from the rotor and stator.
This case has also been computed in unsteady CidreBults are used to understand the fan flow
field, with particular focus on the losses andriisition of work. The transonic fan has been run at
windmill using the same CFD methodology and théed#ihces from the low speed case are ex-
amined. The detailed flow field around the rotaegsure surface and through the bypass system are
also presented to further understand the loss ssymesent.
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CONTROL VOLUME ANALYSIS

Figure 2 is a sketch of the capture streamtuba fwmdmilling turbofan extending from far up-
stream to far downstream. The engine is unlit amas& and Lord (2010) showed that under
windmilling conditions the shaft power can be netgd, as the fan stage loading value was found
to be two orders of magnitude smaller than theevalua ground idle condition. This streamtube can
be therefore be considered as a control volumevfoch there is zero heat or work exchange, but
with a change in axial momentum leading to a doagd on the enginép. In this section, conser-
vation of mass, momentum and energy are appli¢idet@ngine streamtube to explore the expected
variations in windmilling performance with stagratipressure losses and rotor exit flow angle.

w0 1 2 34 8 ]

Figure 2: Capture streamtube used asthe control volume for a windmilling turbofan.

Conservation of Mass
The following definition of engine non-dimensiomahss flow is used, which is a function of
Mach number at fan inlet only:

og . Cp-](—JZ
m, = = Q M (1)
A Ry, (V)
Since there is no work inpukps= Ty, the non-dimensional mass flow can be written as:
- _ MG py A Pos A
m,=— 2L ) O m )t (2)
Al R A () R A

The above equation assumes there is negligibleujpsseam of the fan and downstream of the
engine,po1= Po2andpos= Poj. Any flow through the core is neglected as thil @ small for a high
bypass ratio turbofan, see Walsh and Fletcher (198&ddition, the jet area is approximated to be
equal to the exit nozzle arég= A. This should be reasonably valid, since at winfrttile exit
nozzle is unchoked and the static pressure at aela exit plane will be close to ambient, see
Cumpsty and Heyes (2015). Given that the inlet exitl are at the same static pressure, the jet
Mach number can be found using:

(v-)/y
szz [posj £1+HM£J_12 (3)
Po1 2 V_l

The non-dimensional mass flow given in eqn. (Zherefore fixed by the flight Mach number,
M., the fan-face to nozzle area ra#g/As, and any change in stagnation pressure through the
streamtubepog/ Poz.

Euler Work Equation

The Euler work equation can be applied to the tdarrat an average radius with zero work in-

put and zero inlet swirl (consider the velocitatmgles in Fig. 1 witlos = 0):

Aty = U (Vg) = U(Vgtans,— U) = 0 4)
The fan flow coefficient at windmill can then beitign as:
qozi_:\ﬁ:&cot()(ﬁd) (5)

The flow coefficient therefore depends on the rateviation. The non-dimensional speed can
be written in terms of the non-dimensional masw féamd flow coefficient, using eqns. (1) and (5):

3 Copyright ©2015 University of Cambridge



1}

U= U = ! °2yy_1 (6)

9|3
> |®

Streamtube losses

The streamtube losses are made up of the installdtict losses, the fan rotor losses and the
stator losses. Assuming a total pressure recovettyeoinstallation of 0.98, based on the results of
Prasad and Lord (2010) at low flow rates, and usiegn stagnation pressure loss coefficients for
the blade rows at a single average radius, the chtengine exit to inlet stagnation pressure can b
written as:

Pos/ Por 10.98-Y, R(l_ P/ pOZreI)_ Yps( r pf RJ:) (7)

Results using eqgns. (1) - (7) are plotted in FigTBe values of several key parameters have
been fixed as followsAy/Ag = 1.75,y3 = 35°,V,a/Vie = 1.2. These values are based on rough esti-
mates for a typical engine fan system, such asptrestented later (Fig. 4(b)). In the case without
loss, pog/por = 1, otherwise eqgn. (7) is used withr = Yps= 0.15. These values of loss coefficients
are broadly based on the values shown later inF=iglhey are intended to be representative values
for windmill operation, but are not accurate. le tase with deviationJ=5 (i.e. 5 = 40°) is spe-
cified to be typical and to give a significant ingpan the fan performance.
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Figure 3: Fan non-dimensional speed at windmill as given by eqns. (1) - (7).

Figure 3(a) shows that as loss is introduced, thedimensional mass flow is reduced for a
given flight Mach number (eqn. (2)), and thus theedb speed reduces (eqn. (6)). Deviation acts to
increase the fan tip speed, since it reduces tnéidav coefficient (egns. (5) and (6)). Also platte
on Fig. 3 (a) are results derived from Prasad ard (2010), which show a similar variation of fan
speed with flight Mach number. Figure 3(b) showe shme results but the fan speed is plotted as a
function of non-dimensional fan mass flow. Also wioon here are the operating points of the test
caseslpw-speed farandengine fai investigated in the following sections of thigppa which line
up well with the analysis results. Note that fdixad rotor exit flow angle, the relationship betwe
blade speed and mass flow is linear and indeperafdnss. This is to be expected from eqn. (6):
the exit relative flow angle fixes the windmill flocoefficient and thus the blade speed is linearly
proportional to mass flow. This linear relationsiwps observed in prior work such as Prasad and
Lord (2010) and Garcia Rosa et al. (2012). Howdherabove analysis shows that the variations in
windmill speed shown in Fig. 3 are simply a resilthe fundamental laws applied to the engine
streamtube.

Axial Momentum
Finally, conservation of momentum can be applidte @xial pressure forces on the control vo-

lume should balance because the static pressecpia at inlet and exit. The internal drag force on
the streamtube is therefore given by:

4 Copyright ©2015 University of Cambridge



Fo = 0. AN — 0] AV (8)
This can be expressed in terms of non-dimensicaa@peters as:

FD -1t Voo Vi AN Pog
= = -Q( M, N8 9

P JC Ty Q ’)chpT08 A Ry ©)

As expected, with zero loss egn. (9) combined \eigns. (2) and (3) gives zero drag. With
losses from eqn. (7), for a fan diameter of 3nlighf altitude of 11 km andl..= 0.7, the drag force
given by egn. (9) is 4.0kN. The control volume ss@ therefore gives a quick means to estimate
the drag on the engine streamtube. However, itldhoei remembered that a significant amount of
drag on a windmilling turbofan will also arise fraime spillage flow that passes over the outer na-
celle and this is not included here.

In summary, the above analyses show that lossest dffe engine mass flow and drag at wind-
mill, whereas the rotor deviation modifies the femw coefficient and hence the rotational speed.

TEST CASESAND METHODS

The windmilling performance of two specific fan geetries is now considered. The first is a
low-speed, single-stage experimental rig shownign 4a) consisting of a spinner, rotor and stator.
An unsteady CFD calculation of the windmill tesseavas also carried out. The second is a repre-
sentative transonic fan geometry with a modern weierd swept rotor, shown in Fig. 4(b), which
was tested at windmill using the same CFD methods.

Five-hole probe area tﬁuigon th“f[Ugh
traverse planes rottle apertures

provided by
1 2 3 4 / auxiliary fan
I

|

Bellmouth inlet at Rotor Stator Drive motor
ambient pressure unpowered

a) Low-speed fan rig
Experiment + CFD
Rig schematic

b) Transonic research fan
CFD Only
Computational domain

ESS OGV Zero mass flqv_v
boundary condition

Figure 4: Scale meridional views of the fan rig and the engine fan computational domain.

Rotor

Experimental Approach

During normal operation at the design point, tlgeinlet is at ambient pressure. The rotor is
powered directly by a drive motor and the flow axdta to atmosphere through throttle apertures
downstream of the stator blades. For windmillingrapion, the throttle apertures were connected
through an airtight seal to the inlet of an auxjliavind tunnel fan. The rig inlet was unmodified
compared with the design point and remained at emblpressure. The auxiliary fan was used to
suck air through the rig while the drive motor e unpowered and the electrical circuit was left
open. The fan rotor was then freewheeling at neatp net work input, except for a small amount
of windage and friction on the drive shaft, pronglia true, steady windmilling operating point.

Measurements were performed with a slow-respornvaehidle pressure probe area traverse at
three axial planes, indicated by stations 2, 3 4nd Fig. 4(a). The probe measures the time-
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averaged stagnation and dynamic pressures andwineasd radial flow angles. At the design
point, the uncertainties in the pressures are hé60.5% of dynamic head respectively, and 0.5°
in flow angle. At windmill the uncertainties arepected to be greater, particularly at stator exit,
because of the presence of large regions of ungteeparated and intermittently reversed flow.

Ambient pressure and temperature were logged thautghe experiment to calculate the den-
sity, which was assumed to be constant becaud®thén the rig is incompressible. The 3D veloc-
ity field, work and entropy can be derived from the-hole probe pressure measurements and the
density, and these were used to calculate loss«dogans for comparison with the CFD. The probe
moves radially and circumferentially on a grid @irgs within a 36° sector of the rig, with around
1200 to 2000 measurement points at each statiaselmeasurements were pitchwise-averaged to
obtain flow profiles and mass-averaged to calcubsterall performance parameters for the stage.
Further information on the low-speed rig and measent techniques are available in Gunn and
Hall (2014).

Computational Approach

Unsteady simulations were performed of both the-$peed fan rig at the rig test condition and
of the high-speed research fan using Turbostreaan(®ik and Pullan, 2009), a three-dimensional
URANS code. The model is second-order accurat@aces and time using the dual time-stepping
method (Jameson, 1991). The Spalart-Allmaras terim@ model (Spalart and Allmaras, 1994) was
used with adaptive wall functions anpd values of about 5 on solid boundaries. All simalas
were performed as unsteady calculations becaustotidield at windmill was known to contain
large, unstable regions of separated flow. Neithermodel nor the wall functions were designed
for highly separated flows, but all turbulence miedsruggle in such flows and the use of unsteady
calculations was found to be the best way to oveecthis. 144 timesteps were used per rotor blade
passing; higher values did not significantly affdet solutions. The simulations were run for about
10 rotor revolutions. After this point the time-axged flow field over one rotor revolution was
found to be independent of further run-time anddhleulation was deemed to have reached a peri-
odic state.

The computational domain consisted of a f/%@ctor of the annulus for the low-speed rig (2
rotor and 3 stator passages) and & $&&tor for the high-speed fan (3 rotor, 7 OGV arESS pas-
sages), with sliding plane interfaces between thaddrows. Grids were generated using Rolls-
Royce’s PADRAM (Shahpar and Lapworth, 2003) usingtractured multiblock HOH topology,
with an O-mesh surrounding each blade. Approxima2emillion nodes were used per rotor pas-
sage and the total grid sizes for the rig and entan were 8 and 17 million nodes respectively. In-
let boundary conditions of uniform axial flow wareposed in both cases, at station 1 for the low-
speed rig in Fig. 4(a) and at the inlet to the donmaFig. 4(b) for the high-speed fan A free sirea
turbulence intensity of 1% was estimated for batinsfand the inlet turbulence length scale was set
to about 3% of pitch. Changing these values h#d &ffect on the solutions.

The exit boundary condition for the low-speed rigsva simple back pressure condition applied
downstream of the stator. To set the windmillingm@ping point, the back pressure and shaft speed
were matched to the test condition. A preliminaaicualation was run and the resulting stage load-
ing value was compared with the measured value.eSumor adjustments to the back pressure and
shaft speed were then made to achieve the coteg bading value.

In the engine fan a similar back pressure boundangdition was imposed in the bypass duct
downstream of the OGV. Previous authors have fahatiat windmill the bypass ratio increases by
an order of magnitude or more compared with thégdesoint so very little mass flow enters the
core (Walsh and Fletcher, 2008 and Prasad and R&)). This effect was approximated in the
CFD by applying a zero mass flow boundary condittownstream of the ESS. Initial bypass back
pressure and shaft speed values were calculatad tie control volume analysis detailed in the
previous section. The shaft speed was then itetatedzero stage loading was obtained.
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OPERATING CONDITION AND LOSSBREAKDOWN
Table 1 compares the design point and windmillipgrating conditions for both fans, evaluated
at the mid-span radius. In each case windmillinghigracterised by a high flow coefficient, as ex-
pected from the control volume analysis (Fig. 3(B))e stage loading values of both fans are close
to zero indicating almost no net work input. Thg test measurements revealed a small negative
value, indicating a small amount of friction in tlieewheeling motor and bearings. The stage reac-
tion decreases from around 0.8 at design to OWBirdmill. This indicates that the stator has a
stronger effect on performance and contributeh¢onmajority of the stage pressure drop. Also in-
cluded in Table 1 are the tip relative Mach numpetsch show how the rig fan is incompressible
and the transonic fan is fully subsonic at windmill
Figure 5 shows the loss distributions in both fiaangrms of an entropy loss coefficient:
= TAs
0.5/2

where the velocity term is evaluated at the inbeeadch component, in the absolute frame for the
stator and the relative frame for the rotor. Theaatiage of an entropy loss coefficient is thasit i
valid both for rotating and non-rotating componeais! for zero or non-zero rotor work input. It
can therefore be used to compare the design conditith windmill.

(10)

Low-Speed Rig Engine Fan
Design Point Windmill Design Point wWindmill
Flow coefficient:¢ 0.50 1.02 0.65 1.05
Stage loadingy 0.47 —0.047 0.48 0.00
Stage reactiont 0.81 0.37 0.76 0.33
Rotor tip relative Mach numbei 0.13 0.066 1.25 0.34
Rotor tip diameter (m) 0.47 0.87
Table 1: Operation conditions and geometry for both fan test cases.
Low-Speed Rig Engine Fan
«— 0.3} | | | |
o
S o025
4
S 02}
';E)
§ 0.15
§>‘ 0.1
u% 0.05
0 Rotor Stator Exhaust Mixing Rotor Splitter oGV Mixing

| [ ]pesign Point (ExP) | Design Point (cFD) [ | windmill (ExP) [ Windmill (CFD)

Figure5: Loss breakdowns at design and windmill.

Comparing experiment with CFD in the low-speed tigg CFD can be seen to over predict the
rotor and stator loss at the design point and atlmill. At the design point, this is attributedttee
assumption of fully turbulent boundary layers ie ©OFD, whereas the rig is expected to have some
laminar flow regions in the rotor, and to a sligiver prediction in the size of corner separations i
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the stator. At windmill, similar arguments applyhalugh the location of laminar flow regions and
the form of the corner separations are markedfeidint.

At windmill, loss increases in every component oftbfans compared with the design point.
The single greatest loss source in each case stdba or OGV row, in agreement with the litera-
ture. However, in the low-speed rig the rotor atsatributes a high amount of loss. In the engine
fan, the rotor and splitter combined contribute @tras much loss as the OGV. It is therefore im-
portant that none of these loss sources are nedl@estmodels of windmilling fans. In both cases
the entropy in the flow field continues to increaesvnstream of the stator/OGV due to the mixing-
out of the highly non-uniform exit flow. This re@nts a significant additional source of loss which
is also increased compared with the design point.

LOW-SPEED FAN AT WINDMILL (TEST & CFD)

Figure 6 shows the flow field through the low-spéaa at windmill. At rotor inlet the flow is
swirl-free and the stagnation pressure is unifopartafrom the hub and casing boundary layers.
The latter is relatively thick due to the low Reldoonumber of the rig. The small discrepancy be-
tween the experiment and CFD near the hub at moketiris caused by a measurement error due to
interference between the probe and spinner geoniétey axial velocity distribution has a similar
form to that at the design condition (not shown) isuscaled to a very high flow coefficient as ex-
pected from Table 1 and the earlier control volamnalysis.

The angular momentum profile in Fig.6 indicatesiipas rotor work input below 33% span and
negative work above. The stagnation pressure prafdo passes through zero relative to rotor inlet,
but the crossover point is lower down the span lisedhis profile also depends on the loss distri-
bution in the rotor. A large stagnation pressu@pdalso occurs in the stator, indicating furthesslo
generation. This loss is highest away from the exidvand is caused by a flow separation from the
pressure surface of the blade which is seen inthetlexperiment and CFD (Fig. 7 (b) and (c)). The
CFD contours are taken from a time-averaged solutts a direct comparison with the slow-
response five-hole probe measurements. An instaotenblade-to-blade view of this separation in
Fig.8 shows that the separation begins at thengaglige and that the resulting flow field is highly
unsteady. The separation creates a blockage whictes the flow to redistribute towards the hub as
it passes through the stage, as can be seen iottreand stator exit velocity profiles in Fig. &(b
The redistribution influences the spanwise locatidrere the rotor crosses from positive to nega-
tive work. This is because higher axial velocitiesr the hub raise the power added to the flow by
the hub relative to that absorbed by the tip. Tterrand stator performance are therefore coupled.
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Figure 6: Spanwise variationsin the fan. Experiment: lineswith symbols, CFD: solid lines.

The experiment and CFD show similar trends in thdial profiles but the discrepancies are
larger than would be expected at the design poime. severely off-design operating point is likely
to reduce the accuracy of both experiment and QkDitas therefore not clear which is most accu-
rate. For example, the Spalart-Allmaras model wagdasigned for flows with large, unsteady flow
separations. This unsteadiness is also not resdlyebe five-hole pressure probe. The largest dif-
ferences are in the stagnation pressure profilbgreas the axial velocity and work distributions
are well matched. This suggests that the flow anglel dynamic head are in broad agreement and
therefore that the main difference between the x@gat and CFD is in the distribution of loss.

VX/Umid

(a) Design point (experiment) (b) Windmill (experiment) (c) Windmill (CFD)
Figure 7: Stator exit axial velocity contours.

Stagnation point
on suction surface

¢

Flow separation from
pressure surface

Figure 8: Instantaneous contour s of unsteady computed velocity at midspan.
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™ X mid
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Figure 9(a) shows that the rotor operates at betw@é and 30°of negative incidence relative to
the design point. Note that in this figure, angles positive in the direction of rotor rotation.€rh
incidence leads to a flow separation from the rpr@ssure surface, seen in Fig. 8, and causes the
observed increase in loss compared with the desigdition. The changes in relative flow angle at
rotor exit are shown in Fig. 9(b). At both desigrdavindmill conditions there is significant devia-
tion from the exit blade metal angle, which is ageeted for a low Reynolds number fan due to the
presence of thick boundary layers on the bladeger @ost of the span the flow angle is closer to
the blade metal angle at windmill than at the designdition, indicating reduced deviation at
windmill.
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Figure 9: Spanwise variations of inlet and exit rotor relative angles and blade metal angles.

ENGINE FAN AT WINDMILL (CFD)

Radial profiles of axial velocity and angular moren for the engine fan are shown in Figs.
10(a) and (b). The main difference compared withlthw-speed rig is that the blockage distribution
downstream of the rotor is different. In this c#se core section of the engine fan creates blockage
near the hub at rotor exit. This has two relatddots. Firstly, the maximum axial velocity at rotor
exit now occurs at midspan rather than near theamabsecondly the crossover point between posi-
tive and negative work occurs at 60% span. Botihe$e locations are higher than in the low-speed
rig due to the increased hub blockage. In additi@nprofiles show a region of low axial velocity
near the hub at rotor exit. This is caused bywa #eparation that is discussed in more detail below
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Figure 10: Spanwise variationsin the enginefan at windmill.

The velocity profile at OGV exit is similar to that the low-speed rig stator, with maximum ve-
locity near the hub. Figure 11(c) shows this issealby a similar pattern of flow separations in the
passages. However because the OGV is situatectifdrdm the rotor in the engine fan, this flow
field has less impact on the rotor than the cohgtispblockage.
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Figure 10(c) compares the rotor relative flow asgh windmill with the design point. The
change in relative inlet flow angle compared wthie tlesign condition is smaller than for the low-
speed fan. This is because the increase in flovificeat from the design point to the windmill
condition is less for the engine fan than it is the low-speed fan (see Table 1). Nevertheless, the
rotor operates at negative incidence values of @@ér Similarly to the low-speed rig, the changes
in relative exit angle from the design conditioe amall, but non-zero, over most of the span. As
indicated by the earlier control volume analydiss variation should be taken into account for more
accurate windmill performance modeling.

The radial profiles of entropy in Fig. 10(d) revéla¢ main sources of loss in the stage. At rotor
inlet the entropy is almost uniform apart from aafimegion of high entropy in the casing boundary
layer and an even smaller region in the spinnentaty layer. The profile at rotor exit is also uni-
form away from the endwalls and over most of thansghe entropy increase through the rotor is
small. Most of the loss is contained in two distiregions above and below 90% and 10% span re-
spectively. In contrast, the OGV generates higkelewf loss all the way up the span through the
same pressure surface flow separation seen iowhspeed rig. The loss generated in the stator se-
paration is relatively well understood and discdssetensively in the literature, but Fig. 5 showed
that the contributions from the rotor and splitee also important and these are less well unders-
tood. They are therefore discussed in more detiivio

The entropy contours in Fig. 11(a) show that entrapgenerated almost axisymmetrically
around the hub, but with a slightly higher concatidn on the blade suction surfaces. The blade
surface streamlines in Fig. 12(a) show the preseheelE corner separation. This is caused by the
blockage effect of the core section just downstreafich causes the flow to redistribute up the
span just downstream of the TE. The redistribuéitso thickens the hub surface boundary layer all
around the circumference. A three-dimensional vidwhis redistribution can also be seen in Fig.
12(c).The streamlines and contours of axial shizass show that the flow separates from the rotor
hub just upstream of the core and remains unattibaiawind the splitter, only reattaching inside the
OGV passages. This generates the splitter compohérds shown earlier in Fig. 5.

Loss core Streamwise vortex

1.5

T(s - soo)/ufnid O roarl @ ViU
(a) Entropy (Rotor Exit) (b) Streamwise Vorticity (Rotor Exit)(c) Axial Velocity (OGV Exit)

Figure 11: Contours of entropy and streamwise vorticity at rotor exit (station 3); and axial ve-
locity at OGV exit (station 4) in the engine fan at windmill.

At the casing, the entropy contours reveal theges of a loss core close to the pressure sur-
face. A similar feature was observed by Prasad & L(@010). In Fig.11(b) a streamwise vortex
core can be seen in the same region. Figurel2¢wssthat the flow separates at the leading edge
on the pressure surface above midspan. This craatggon of reversed flow which is visible in the
streamlines. Along the boundary of this region, ftb&w moves radially up the span and streamwise
vorticity is shed into the flow from the blade sagé (Figs. 12(b) and (c)). The fluid travellingrago
this separation line then forms a streamwise vonear the casing. Comparison with Figs. 11(a)
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and (b) shows that the entropy generated in thedgaration is captured by this vortex core, which
also captures the tip leakage flow and entrainsl fitom the main stream. This explains why the

rotor exit entropy profile is low away from the evalls despite the presence of an LE separation
over the entire upper half of the blade.
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Vorticity shed
into fluid
travelling up the
span along the‘
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upstream of splitter Streamwise VorticCity: Wstream o o & 80

L)X

Axial Shear Stress: /(0.50U°nic) NN |
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(a) Suction surfaceflow (b) Pressure surface flow (c) 3D rotor streamlines (view of pressure surface)

Figure 12: Computed flow visualisationsin the engine fan rotor.

In summary, the main loss mechanisms in the erfgindave been shown to be: (i) the combi-
nation of an LE separation and streamwise vortex ttee rotor casing, (ii) flow separations at the
rotor hub and splitter due to redistribution arotinel engine core and (iii) flow separation from the
OGV pressure surface due to negative incidencedtition, the low-speed rig test showed that
computations of windmilling fan performance canwpde good estimates of the magnitudes of the
loss and of the physical flow features.

CONCLUSIONS

Windmill operation is characterised by a high floeefficient. This causes the rotor and stator
to operate at negative incidence, leading to higls.I The total loss determines the engine drag and
affects the engine mass flow, whereas the rotoiatien affects the fan work distribution. Increas-
ing deviation means the rotor acts more like aitgleading to a higher rotational speed. It is
therefore important to know the spanwise variatbrotor relative exit angle with reasonable accu-
racy.

The rotor performance is influenced by any dowrmstrédlockage (e.g. the stator separation in
the fan rig or the core and splitter in an engeue) f This alters the radial distribution of massl
and hence modifies the rotor work distributionbbith the engine and rig fans the rotor deviation is
different from that at the design point and teralstrease towards the hub, where the sections are
putting work in to the flow and are at high negatimcidence.

In both the rig fan and the engine fan, the largasgle loss source is the OGV, in agreement
with the literature. However, the combined rotgilitteer and mixing losses are just as important.
The main rotor loss source is from a leading edgsgure surface separation caused by negative
incidence at the windmill condition. In an engi fthis is confined to the tip region and a stream-
wise vortex forms which contains the entropy frdra separation. There is also a rotor hub separa-
tion due to the blockage effects of the downstreare section. The main loss source in the stator is
the pressure surface separation. There is alsti@uliloss in an engine fan from the separation of
the flow over the core section splitter.
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NOMENCLATURE

Symbols

Area

Force

Enthalpy

Mass flow rate

Mach number

Pressure
Non-dimensional mass flow rate
Radial coordinate
Entropy

Temperature

Rotor blade speed
Velocity

Relative velocity

Shaft power

Axial coordinate
Stagnation pressure loss coefficient
Absolute whirl flow angle
Relative flow angle
Blade metal angle
Deviation

Density

Shear stress

Entropy loss coefficient
Shaft angular velocity

x

PONTT X RRLXss<CH» 0T I3 571>

Non-Dimensional Groups

) Flow coefficient: (h/p2AU) = Vyo/U
w Stage loading coefficienthgs-hoz)/U?
A Stage reactionhg-hy)/(hs-hy)
Abbreviations

ESS Engine Section Stator

LE Leading Edge

OGV Outlet Guide Vane

TE  Trailing Edge

Subscripts

Stagnation quantity

Value upstream of spinner
Value at rotor inlet

Value at rotor exit

Value at stator exit

Value at nozzle exit

Value in exhaust jet

mid  Value at mid-span

rel Relative frame quantity
Rotor

Stator

Axial component

Far upstream value
Circumferential component

o~ wWNEFLO

[S—

8 XWX
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Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 7

Fig. 9

Fig. 10

Fig. 11

Fig. 12

Table 1

Figure Captions List
Velocity triangles for a windmilling fan section
Capture streamtube used as the control volume for a windmilling
turbofan
Fan non-dimensional speed at windmill as given by eqns. (1) - (7)
Scale meridional views of the fan rig and the engine fan computational
domain
Loss breakdowns at design and windmill
Spanwise variations in the fan. Experiment: lines with symbols; CFD: solid
lines.

Stator exit axial velocity contours

Instantaneous contours of unsteady computed velocity at midspan

Spanwise variations of inlet and exit rotor relative angles and blade metal
angles

Spanwise variations in the engine fan at windmill

Contours of entropy and streamwise vorticity at rotor exit (station 3); and
axial velocity at OGV exit (station 4) in the engine fan at windmill.

Computed flow visualisations in the engine fan rotor

Table Caption List

Operation conditions and geometry for both fan test cases
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