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THE EFFECT OF CIRCUMPERENTIAL DISTORTION (N PAN PERFORMANCE AT THO LEVELS OF BLADE LOADING

by
Molvin J, Harticann, Chief, Fan and Compressor Branch,
and N.lson L, Sanger, Hesoarch Engincer
Lewis Rosearch Center
Nativial Acronautice ond Space Administration
Cleveland, Chlo 44135

SUMHARY

Single stage fans deaigned for two levels of pressure ratio or blade leading (rotor tip D-factor of
0.43 and 0.54) were subjected to screci-induced cirecumferential distortions of 90~degree extent, Both
fan rotore were deaigned for a blade tip speed of 425 m/sec, blade solidity of 1.3 and a hub-to-tip
radiue ratio of 0.5, Clrcumferential measuremants of total pressura, temperature, static pressure, and
flow angle were obtained at the hub, mean and tip roadii at five axial stations {three betwoen the screen
and rotor and behind rotor and stator blade rows).

Rotor loading level did not appear to have a significant influonce on rotor responss to distorted
flow, Losées In overall pressurg. ratio due to distortion were most severe in the stator hub reglon of
the more highly loaded stage, A) the near stell operating condition tip and hub regions of (either)
rotor demonstrated different response characteristicoa to the distorted flow, No effect of loading was
apparent on internctions betweey rotor and upstream distorted flow fields,

SYMIOLS
D diffusion foctur
igg incidence angle, ongle betweun dnlat air direction oand a line tangent to the blade suction

surfoce at the leading edge, deg-

HI,H r§%3 Haeh numbaer at rotor inlet, stator inlec, &nd peak blade suction surface

N rotative speed, rpm

P total pressure, N/cm2

PR pressure ratio; lePl (rotor), P3/P1 (stage)
APRS loss of surge pregssure rntid,.PR PR, d:H:R
P static pressurg, Nlcm.2 "

E radius, cm -

T total temperature, K

va,vz tangential and axial vclaﬁity

X~factor  ratie of suction surface camber ahead of assumed shock location 4of a multiple circular arc
blade section to that of a double circular arc blade section

z axial distance, cm
n adiabatic (temperature-rige) effieciency

circumferential location, deg

T total loss coeffdsifent
Subecriptst
M.B. mid-span radial location

—1,0,1,2,3 measuring atation axial positions (Fip, 2)

ORIGINAL: PAGE IS_
DK POOR QUALITY

SuperScripnéx

o irelative to blade

average

1.0 INTROBUCTION

One of the most diffiecult problems in{fluid mechanics is the analysis of flow through a fan or com-
pressor having circumfervential variations in inlet flow properties. Imposed on all the customary aero-
dynamic complexities of turbomachinery flow, a e¢ircumferentially distorted inlet flow introduces a4 strong
three-dimensional flow component which is seen ms unsteady by the rotor (in the relative flow fleld) and
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as steady by the stator. Theoretical models are aot sufficlently developed to analyze such flow flelds,

Consequently, systematic experimental programs are currently necessary to provide insight into the
serodynamics and permit more distortion-tolerant designs to be evolved. Distortion measurements are
taken as part of a generai program of fan and compressor research conducted by the Fan and Compres: or
Branch at the Lewis Research Center. Attention is concentrated on "steady-state" distortion patterns
(the magnitude and ixtent are nonfluctuating with time) which are produced experimentally by wire mesh
screens.

Fan and compressor designs incorporating higher tip speeds aund higher blade loadings have been re-
quired to meet the needs of advanced propulsion systems. The question arises as to whether these high
performance fans and compressors are as tolerant to distortion as earlier designs. In a previous inves-
tigation of two single rotors (no stator row) having diff2rent levels of loading (Ref. 1), the higher
loaded rotor did not appear to incur greater losses in performance under circumferentially distorted in-
let flow. However, the full question of the effect of circumferential distortion and loading level was
left unresolved because no distinct stall point could be established, and because full stage testing was
not included in the investigation,

In this paper the performance of two low hub-to-tip radius ratio (0.5) transonic fan stages (single
stage) with inlet flow distorted by a 90-degree extent wire mesh screen are compared. Both were designed
for the same equivalent flow rate (29.5 kg/sec) and tip speed (425 m/sec), but for different stage pres-
sure ratios (1,57 and 1.75). Aerodynamic performance with undistorted flow was presented in Refs. 2
and 3, respectively. Detailed performance with circumferentially distorted flow was discussed in Ref. 4
for the 1,57 pressure ratio stage. The of jective of the study is to evaluate the aerodynamic perform-
ance, under circumferentially distorted inlet conditions, of two fan stages having different loading
levels; and to determine the reasons for any performance differences which may be attributable to loading.

In exploring these questions, pertinent design features of the blading in each stage will be pre-
sented, Overall performance of each stage will be compared with each other and with performance under
undisturted inlet conditions. Detailed flov measurements around the circumference at three radial posi-
tions were made between the distortion screen and the rotor inlet, and are evaluated to determine the
degree of interaction between the rotor and the upstream distorted flow field., Similar detalled flow
measurements were made at rotor and stator exit planes to determine the stage response to the irposed dis-
tortion, Detailed data are examined at the near stall condition for design speed. Overall p.srformance
with distortion is also presented for 70X of design speed.

2.0 APPARATUS AND PROCEDURE

The apparatus to be discussed consists of the test facility, instrumentation, and distortion
screens. A description of these items will be followed by a discussion of test and calculation pro-
cedures. Finally, the design features of both fan stages will be presented and compared.

2.1 Test Facility

The tests were conducted in the Lewis single-stage compressor facility., A schematic diagram of the
facility is presented in Fig. 1 and a complete description in Ref. 5. Alr enters the system through an
inlet on the roof, passes through a measuring orifice, and into the plenum, It then rasses through the
distortion screens, the test scage, and into a collector from which it is exhausted to the atmosphere.
Back pressure on the stage is controlled by a slide valve located in the collector. All tests were con-
ducted with atmospheric inlet conditions.

2.2 Instrumentation

Compressor flow rate was weasured using a calibrated thin-plate orifice located in the inlet piping
. as shown in Fig. 1.

Radial surveys of the flow were made at five axial locations, three of which were upstream of the
rotor. A schematic figure of the flow paths and survey locations is shown in Fig. 2. The type of probe
' used to obtain the survey data is shown in Fig. 3 and reported in Ref. 6. For these distortion tests,
where it was thought desirable to obtain all measurements at the same location, static pressures were ob-
tained by averaging the pressures measured from the taps on the two sides of the 60 degree wedge and
utilizing calibration curves relating these readings with true static pressures. Accuracy is not as high
as could be obtained through use of the conventional small angle static wedge. However, emphasis in
interpretation is placed on ch inges which occur between undistorted flow and distorted flow, or on changes
,ﬁ between two different (istorcved flow conditions, rather than on direct comparisons of absolute values of
g s:ny single parameter.

All pressures were transmitted through a Scanivalve System and measured by calilbrated transducers.

-

2.3 Distortion Screens

jeu]

=

(=] The distortion screen assembly used in the investigation was located 36.25 cm upstream of the rotor
hub leading edge. The assembly was rotated to twelve circumferential positions to obtain the distortion
patterns measured by a single survey probe.

Eey

=

A 20 % 20 wire mesh (20 wires per 1 in. or 2.54 cm) was used, Wire diameter was 0.051 cm, result-
ing ir a 36 percent open area. A 90 degree ~ominal circumferential distortion extent was chosen for gen-
eral research testing because this is generally of sufficient width to affect performance, and is repre-
sentative of actual flight application extents. The distortion screen was secured to a backup screen
having a 1.9 = 1.9 cm clear opening and a 0.27 cm wire diameter. The screen was sized to produce a
90-degree distortion at rotor inlet and, due to interaction ef{fects between rotor and upstream flow, this
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resulted in a Aereen having oxtents of B5 degroea at the outer radius and 135 degrees at the Inner radius,
A photograph of the assembly is shown in Flg, 4.

Rotee rotationnl spoed wae messured by an electrie spead counter which soneed pulses from a magnetic
plekup.

A further discusnion of the instrumentation may be found in Ref, 4,
2.4 Teat Yrocedure

With enly the backup screen in place (referenca undistorted inlet flow condition) radial surveys
were token for both stoges over o g0 of welghtflows from maximum £lew to the near stall condition at
70 and 100 parcent of design speed. At 60, 80, and 90 percent of desipn Bpeed surveys wore taken only at
tha near stall weight flow., Data were recorded at 11 radial positions for aach operating condition,

At each speed the back pressuze, with oui without distortion, wos increased by closing the outlet
valve until a atalled condition was cbtained., Stalled or surge conditions ware indicated by o sudden drop
in stage outlat pressurc (measured by A mid-passage menitoring probe and recorded on an }-Y plotter), by

' large incronses in measured blade stri)3es on both rotor ond stator, and by a sudden inciense in oudible
noise level. Radial survey data were koken ot a weight £low s clode to actunl stall ae practical, In
general, this was within 0.5 kg/sce of the acrunl stall velght flow. .

} For the circumferentinl distortir» tests on both stages radial suryey data werz taken only at 190 apd
70 pevcent of design speed, At 100 percent speed, data were taken over a range of weightflows from izir
atall to maximum welghe flow; at 70 percent speed, datn were taken at near atall for both srages and ilso
at widfiow for the lower prossure ratio stoga. Survey data were recorded at three vadial positions: 10,
43, and %0 percent apan from the tip. A radial survey wad taken st each of the twelve scrcen positisns.

2.5 Caleulation Procedure

All data presented in this report have been adjusted to standard conditions (total pressure of
10,13 Nfcm? and total temperature of 288 K) at the rotor inler {station 1), The term cquivalent when
applied to weight £low or speed refnid to corrected values of these parameters, The calculation procedure
r used for undistorted tests with backup sereen in place {demignated BUS) is the same ap used for conven-
i tional clean inlct tests and is given in Ref, 2, The follewing dircussion applies to the caleculation pro-
cedura used for eircumferentinl distortion data,

Measured total temperature, total pressure, and atatle pressure were corrected for Mach number and
atreamline elope according to the procedure given in Ref, 4, Before adjustment to atandard cenditions
clrcumferential distortion dats is mass-averaged circumferentially and radially. No blade olement per-
formance pardmeters were calculated because of the asymmetric nature of the flow, which, in the rotor
ralative flow plane, 15 unsteady. For the aame rcasons the data were not translated from the measuring
station to blade edge planes.

To obtsin overall total temperature ond pressure ratins, the twelve cirecumfereptinl vuluss were mass-
averaged at each radial position, end the threec radial values were then mass-averaged. Integrated weight
flow wan computed at each statlon hased on radial survey datn.

For axisymmetric inlet flow, as reported in Ref, 2, eleven radinl positions are measured  jad used in
the averaging process, However, to permit direct comparison of backup scteen data and circur ,i;oemslal
distortion data, only the three radial positions corresponding to those taken for distorted ;low will be
used in the averaging process for BUS data. :

2.6 Single Stage Fans

2.6,1 General Description
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A comparison of the pertinent design features of ench single stage fan ie presented in Table I. The
stage designed for a pressure ratio of 1,57 is designated Stage 11-4 (rotor 11, stator 4) and the higher
pressure ratic gtage is desighated Stoge 14-10. It should be noted that both stages were designed for the
same flow rate, rotor tip speed (same nominzl rotor tip radiue of 25,4 cm), and same rotor and stator tip
solidities., Because Stage 14-10 was desipned to produce a higher pressure ratio at the same rotor tip
speced, D factors asre higher (weasure of blade loading),  Flow paths also differ, prinelpally in the stator
hub reglon (Fig. 2). Rotor and stator blade shapes were multiple-circular-ares (MCA) for both stages.
Each votor had vibration dampers. They were located at about 48 percent span from the rotor outlet tip on
rotor 11 and 50 peccant on rotor 14, . :

. ORIGIN;

2,6,% Acrodynamic Design

Tabular listings of deeign blade element paremeters and blade geometry are presented for each stage
in Refs. 2 and 3, Radial distributions of geometry and aerodynamic parsmeters salected for comparisen
herein are those which are pertinent to the subsequent discussidm of seredynamic performance with distor-
tlon,

Design distriburions of total pressure ratio, D-faster snd total loss cocfficient for cach rotor are
compared in Fig. §. Both rotors were designed for rafially censvnnt Glstributions of total pressure.
Dlatributions of D-factor are similar for both rotors, Jilcering ouly in magnitude and refleeting the
difference in design pressuce ratio, loss distributi.ng are quite similar in distribution and magnitude
for both rotors. The high levels of loss in the tip reglop reflecc both the end wall boundary layer con-
tribution and the shock losses (relative Mach number ° (k= iy is L,4 for both rotors).

Twpniélutcd stator blade geometry parameters gre corparcd .n Flg. 6(a), X-factor and throat area
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ratio. X-factor is defined as the ratio of suctlon surface camber ahead of the assumed shock location for
the MCA section to that of & double circular arc section. This parameter was increased almost linearly
from midspan to the hub for stator 10, in order to prevent the throat area ratio at these blade sections
from decreasing to a level which would cause the hub reglon to choke. Because of the higher fluld turning
necessary in St 14-10 the D-factor levels are higher (Fig. 6(b-1)) as are inlet Mach numbers

(Fig. 6(b-2)). higher inlet Mach numbers and higher front turning (X-factor) in the hub region leads
to higher peak suction surface Mach nusbers (Fig. 6(b=3)) in that region. And because of the higher Mach
numbers and D-factor, Stator 10 loss levels are greater than Stator & losses at all radial positions

(Fig. 6(b=4)).

3.0 RESULTS AND DISCUSSION

The effect of circumferential distortion on the performance of two fan stages in which serodynamic
loading (pressure ratio) is the primary variant will be presented in threse sections:

(1) Overall rotor and stage performane
(2) Rotor-upstream flow interactions

(3) Circumferential flow distributions

The magnitude of inlet flow distortion, (P, = Poin)/Poay, ot design speed, near stall condition was
0.12 at the mean radius, and was about nu-thhrchl- ....mﬂ. at 70 percent of design speed.

3.1 Overall Rotor and Stage Performance

Overall performance maps for rot r and stage performance are presented in Vig. 7 for Stage 1l-4 and
in Fig. 8 for Stage 14-10. Efficlency and pressure ratio are plotted as a function of wuight flow for
performance with undistorted flow (BUS) and circumferentially distorted inlet flow,

Operation with circumferentially distorted flow resulted in lower rotor and stage pressure ratio
orer the entire operating range at design speed for each fan stage. The difference between BUS and cir-
¢ mferential distortion design speed lines for the full Stage 11-4 is slightly less than the dif ference
fr the rotor (11), which indicates that lorses through stator 4 were probably slightly less with distor-
t on than without. The opposite is true for Stage 14=10, Losses through stator 10 are sigrificantly
h gher with distorted flow than without. Also, differences in rotor performance (rom BUS levels are less
f v rotor 14 than for rotor 1ll.

At 70 percent of design speed there is little difference between BUS and distorted flow speed lines
fo rotor 11 and Stage ll-4. But even though rotor 14 shows the same negligible effect of distortion at
70 wercent speed, the stage shows a lower pressure ratio with distortion, indicating higher stator losses
at is speed also.

foth stages suffered a slight decrease in maximum flow attained with distortion at design spe«sd. No
part: alar conclusion should be drawn from the efficiencies because of the difficulty associated with
mass- eraging distorted inlet and outlet flows (with only three radial positions represented), and the
sensit ity of eff) .iency to small changes in value of either temporature ratio or pressure ratio,

The ~hange in stall pressure ratic fiom BUS to circumferentially distorted flow indicated on the fig-
ures is . mmarized in Table Il. The pressure ratio at near stall for BUS and circumferentially distorted
flow is p wented and the loss of stall pressure ratio as a proportion of the undistorted near stall pres-
sure ratic a given as APRS (see definition in SYMBOLS section). "Pressure ratio at near stall” refers
to the pres ve ratio measured when stage stall occurred. The loss in stall pressure ratio due to distor-
tion in Stay 11-4 is sustained principally by the rotor at design speed. No further degradation due to
dirtortion (n ‘sured by APRS) occurs in the stator. At 70 percent of design speed stall pressure ratio
is essentially inaffected by circumferentia. distortion. Stage 14-10 displays a different response. At
design speed a percent loss in stall pressure ratio occurs in the rotor and this loss is more than
doubled through the stator., At 70 percent of design speed the rotor shows no loss in stall pressure
ratio, but the stage (and therefore, the stator) does.

A direct comparison of pressure ratio versus weight flow performance curves for both stages is shown
in Fig. 9. The large loss in pressure ratio in stator 10 is evident.

In summary, for the two stages under consideration, the rotor response to a 90 degree circumferential
distortion showed slightly less loss in overall pressure ratio with higher loading. However, increased
loading had a deleterious effect on stage performance. The principal portion of the loss in overall stage
performance was sustained by the highly loaded stator.

3.2 Rotor - Upstream Flow Interaction

Circumferential distributions of total pressure, static pressure, and axial velocity at the midspan
radial position (near stall, design speed) obtained with circumferentially distorted inlet flow to the
higher loaded stage (14-10) are shown in Fig. 10. Measurements were taken at three axial locations be-
tween screen and rotor. The mid-span distributions of these parameters are considered representative
since no notable differences occurred in the spanwise direction. The trends and magnitude are similar to
those reported in Ref. 4 for Stage ll-4, and those distributions will not be repeated here.

Fig. 10(a) indicates that no significant change in total pressure distribution occurs in the region
between screen and rotor inlet. But there is attenuation of the initial axial velocity distortion
(Fig. 10(c)) as the flow approaches the rotor inlet, and magnification of an initially small distortion in
static pressure (Fig. 10(b)).
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Although there were no nétable variatlons from bub to tip in the foregoing povamoters, the sbeoluts
tangential veloeity did phow sonsidersble variation, Fig. 11 compares the tangentlal velocitles cbrained
for the two stages (Btage 11 -4 baing token from Ref. 4), As the flow approaches tha rotor, tangential
velocity componente are inducded in the corotating (+) and counter-rotating (=) directions, The induced
compopents are much stronger in the hub reglon.

A comporison of the distributions for Stage 114 (from Ref, 4) and those for Stage 14-10 revealed no
significant differences in tha distributions per in the magnitude of the effects, Rotor blade loading
does not, therefore, appear to be o significant factor influoncing the interaction of the rotor with the
upatream diszorted flow fiaeld,

4,3 Clrcumferentinl Flow Dimtributions

Conventional compressor data analysis Ig established en the premise of wready, nxisymatric inlet and
exit flow conditions, When tho inlet flow {s circumforentially distorted some impurtant compresdor param=
eters cannot bo accurately caleuldited because:

(1) Tha rotor relative flow field ie upsteady, and
(2) Matchipg an exit condition to its corvespopding conditicp {s uncertain,

Blade olement paramaters sucli as diffusion factor, loss coefficient, meridional veloeity ratio, and effi-
ciency are therefore not available and, becpuse of the unsteady relative flow field, probably not appli-

cabla, Data analysis 18 consequently dirocted toward behavior of selected parametors measured or calcu-

lated at eoch axisl station, rather than betwoen two stations,

1In the interest of brevity only the neasr stall operating condition at design epeed will be dluscussed
for ocach stage, It should be noted that the flow mechanisms operative at ncar stall, deslgn speed, are
not necessarily representative of flow mechaniems at other £low and speed conditions, lowever, becnuse of
the importance of the stnll condition in limicing the operating range of the fan, it is of great interest
to inveatigate flov copditions at near stall with distorted inlet flow,

3,3.1 Rotor Responae

Rotar incidence angle dietribution 18 influenced by the induced tangential velselry distributdon, the
distortion in axial veloeity upstream snd by blade speed components. For both ro, s (Fig., 12) the inei-
dence angle neatt the hub (90% span from tlp) showed the greatest excursion, This can be compared to the
incidence angls imeasured with the backun screen (BUS), and denoted by the solid symbola,

The clrcumférontial distribution of energy addicion to the air by the rotor is indicated by the rotor
outlet intal tempayaturc shown in Fig, 13, (Because inlet tomperature I8 circumferentially constant, exit
temperatire distrfbution is representative of vemperature rime or temperature ratlo,} fThe outlet tempera-
tutre ie highest in the tip region at the near stall operating condition and shows a greater excursion in
the distorted #ector sbove undistorted sector levels than sfiwn at other radial pnsitions., This occurs
because the zhanges in axinl veloclity cause relatively largey changes in outlet tepr utial veloeiry (and
therefars énergy addition) in the tip reglon, The rotor tip energy addition is -..r» - _.cponaive even
though circum{erential varistion of ineidence angle is relatively smnll,

It is of interest to note that the total pressure distribution behind the roiei+ shown in Fig, 14
follows the gencral trend of energy additlon (total temperature, Fig. 13) as the bi=ding enters the dis-
torted sector (8 = 135%), (Note that axit total pressurc distribution 18 not necessarily propetrtional to
presaure rise or loading because the inlet total pressure distribution i not eircumferentially constant.)
The total pressure increases as the temperature increases and as the temperature exceeds the uniform inlet
stall condition (BUS). Bayond this point the total temperature behind the rotor tip reglon continues ®o
inerease while pressure decreases, These distributions seem to indicate that the blade surface boundary
layer has acparated and local blade stall may have occcurred. This appears to be 8 locsi dynamic phen.menon
becausa overall atage stall was not noted. After the rotor passaes through the divtorted sector the tetal
prageure increases, Indicating stall recovery, i.e,, boundary layer reattachment.

The response of the rotor tip reglon most clearly demonstrates the unsteady ailrfoil response charage-
terintics reported in Ref, 7, 1In the reference experiment a single sirfol) oscillated in free stream
flow demonstrated that unsteady normal force coefficients {and angle of attack) exceeded steady state
limite before airfoil scnll wns cbeerved., Similar gechanisms apparently ere involvad in the rotor blading
but are further complicated by the varistion of Elow parameters and geometry along the blade span, and by
intevaction with wall boundary layers.

Rotors 11 and 14 show similar hub section response to the distortiom, but the response diffevs from
that shown by the tlp reglona. Just inslde the screened region at 8 » 150° exit toeal pressure fell be-
low undistorted levels (Fig, l4c), This 1s consfstent with the corotating induced absolute tangentidl ve-
locity (Fig, 1l at @ = 130°), which ie alsa reflected in the total temperature distribution as a decresie
in energy addition {Fig. 13). The cause of the decresse in total pressure between 0 = 1757 and 190° is not
clear. If it i8 a locel boundary layer stall, as obgerved in the tip xegion, then it fs difficule to ex-
plain the continuing Licrease in total pressure to 0 = 240° However, the high level of total pressure
recorded at 6 = 240° is consistent with the high counter-rotating absolute tangential veloclities
(Fig. 11) and high level of energy addition (Fig. 13},

The net effect of the rotor hub response is an ampliffcation af'the distortien magnitude. The cip
reglon effectively attenuates the distortion.

A compariecn of BUD values and levels of totsl tamperature with distorclen (Fig., 13) shows that less
energy was added by the tip and mean reglons of the rator in the undistorted sector than was added in thi
BUS tests, (A perfect comparison cannot be made because near stall welight flows for BUS and distorcion
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tests diffe) w)ightly, but For purposes of discuspion these differences well be ignored harein.) For the
circumfarentint distoreion cese, redistribution of flow must oceor due to tho prosence of che screan, For
the some flow rata for BUS and diatorted flow, tho unscrecied portion of the annulus must pass flow ac
highor exial veloelty than the corresponding BUS loval, The increased axial valocity at rotor exit acts
to reduce mbsolute tangential velocity and therafore, cnergy addition, 1In fact, the experimental rosultse
(Fig. 15) showed an axisl veloeity scceleration through the rotor [n this casa, The addicional increase
4n axiol velocity, above the amount attributable to screan blockape redistribution, is due to continuicy
requiromente, Becauae energy addition is lower in the unscruened sector, exlt preasure la lower, and con-
gequently donsity is lower, To maintain the required flow at lower density, amxial veloclty must increass,

The circumferential and radial distributions of parameters are translated into evernll performence
by & mase-avaraging process, Since axtal velocity is grestor than average in the undietorted ssctor, this
sector is welphted more heavily in calewlating overall performance, ond it ie in this seector that energy
addition and exit total pressure are lower than BUS levels. Therefore, if Inerposced losses are not sus-
tained, it ean be expocted that lewer averall performance will be realized from circumferentially dis-
torted flow simply becouse of flow redistributions sasocliated with continuity and radisl equilibrium rew
quirements., An exomination of rotor exit pressurt and temperaturc distributions (Fige. 13 and 14) does
not indicate thot losses incrensed in the undistorted sector, but only that ¢nergy additlon was lower.

3.3.2 Stator Performar.ce

The passage of the rotor through the distorted scctor redults in an unsteady flow through the roter
passage, The etator, however, operates with a steady, but apatially distorted flow, Some stator blades
always operate in the distorted scetor while others alweys operate in the undistorted sector, A8 in the
rotor, radiol equilibrium must be satiafied and, in addition, static pressure must be elreumferentially
constant at some point downstream of the stator in the annulus or plepum,

A ropresentation of stator losses con be obtained from Fiz, 16 which shows total pressure distribu-
tions at stator inlet and exit stations for each blade element, The distance between the curves repro-
sents lossns, 5Solid symbols mark the BUS test values at penr stall,

blfferences in losses are evident besween stators 4 and 10 and account for the differences in stage
overall pressure ratio previously noted, Stator 4 shows losses in the undistorted poctor at all radial
positions to be comparable to le#ses with BUS, But in the distorlad sector {where incidence angles are
greater than BUS values) the losses are higher, This implies a viscous loss due to greater boundary layer
growth, Distributions for stator 10, the higher loaded stator, are not so elear cut, Tip and mean radial
positions show higher losses over a small portion of the distorted sector. At the hub, however, large
losses are indicated in the wndistorted sector between © = 240% and 360°, The probable source of these
losses ig the higher thyn BUS levels of stator hub inler Mach number (as high as 0,85) indicsted in
Fig. 17. It vas discussed earlier, and shown in Fig. 6, that because of attempte to prevent stator hub
choking the throat area ratio and X-factor (front turning) were incressed, This led te large suctlon aur-
face Mach numbers (1,4) which, in turn, probobly leads to high shock losses. Thie is believed to be the
major source of the cverall stator performance loss,

The other 1ifiely source of stator performance decrements, and slso o probable cause of total flow
breakdown in the stoge, is the increase in viscous loss duc to off-design operacion at high incidence.
This 1s illusrrated im Fig. 18, Plotted in the figure for the tip, mean, and hub sections of stators 4
and 10 are fhe total loss coefficients calculated from measured data for the BUS tests, It 1 avident ac
once that, except for the mean section, stator 4 performed at design levels near zero Incidence (deeign in-
cidence), but that stator 10 pustained higher than design lesses at tip and hub sections, and hub section
los=es were particularly high, Plotted above each figure is a line for each atator which represents the
range of stator incidence angles, from minimum to maximum, for ecircumferentially disrorted flow (Roe sketch
ot the figure for definitions). A circle on each line represents the aversge value that bladee in the un-
distorted sector sxperience, The cross-hatched length is the range of incldence angles which a 90 degree
sector of the stator experlences (corresponding roughly to the distorted sector). It is clear that in all
blade reglona incidence atigle over much of the distorted sector exceeded the fneidence angle which corre-
sponds to stall cenditions for BUS tests., Jecouse loss increases with incidence and because the level of
loe 1s aiready very high in the stator 10 hub, conditions In the stator hub were conducive to a locally
stalled flow,

4,0 CONCLUDING REMARKS

Two transonlc fan stages having different design pressure ratlos were tested with a 90-degree circum-
ferential distortion imposed on the inlet flow, Both fan rotors had nominal tip diameters of 50.8 cm, de~
#ign tip speeds of 425 m/sec, design equivalent weight flows of 29.5 kg/sec, and hub-to-tip radius ratios
of 0.5,

The lower loaded stage {designated Stage 11-4) was designed for a stage oversll pressure ratio of 1,57
and the stage desdznated 14-10 was designed for a 1,75 presgurc ratio, Clrcumferential distortion data
were vbtained & 100 and 70 percent of design speed. At design speed the magnitude of distortion (defined
by a (Poax = Ppin)/Ppgy Pparemeter evalusted at mid span) Wwas 0,12 and at 70 percent of design epeed the
magnitude was between E.Dﬁ and 0,045, Overall performance was ohtained and decailed flow parameters were
measured at three radial positions at several axially losated messyring stations. Performance with cir-
cunferential distortion for cach stage was compared; and distortion performance for each stage was also
compared to potformance meagured with only the support screen in place (undistorted flow).

At design speed, both rotors 14 and 11 showed losses in overall pressure ratio due to distoicien.
However, the higher loaded rotor (14) showed a slightly lower loss. Conmversely, comparlng complitte stage
performance, the higher loaded stage sustained the greatest 1oss in overall prearnre ratio at deiign specd,
which indicates the stotor as source of the performance losa. Due to the small magnitude of the distortion
at 70 percent of design speed {near stall), no significant loss in overall pressure ratio waa recorded cx-
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cept through stator 10,

The princiral difforence in response to a circumfarcatinl distortion betwoen tho two atages was
attributable to differences in stater flow., Becsuse inlet flow to the stater {s spatially diatorted, the
loss in porformance waw due to & atendy stste phenomenon. Circumferential flov redimtribution, due to the
prosence of the scrcen, produced highor flow and axial velocity throvgh the undlatorted gector, ralsing
Inlet and biade suction surface Mach numbers in the stator hub reglon, Thia produced greater shock lossen
in stator 10 than werc sustained in distortion-frec tosto,

Ihis experience points up the need for attention to the selaction of vtator blade profiles in the de-
slgn process, Incrcased stage loading doon leni te high stator hub Mach numbers and elrcunferentially
distorted f£ipw aleo iends to higher Mach numbers in the undistorted sector ad a result of flow redietribu-~
tlon, Thui, oe stage loading Incrcnees, tho stator hwh reglon is pusceptible to increased shock lomses
when operating in cireumferentinlly distorted flow, [ carc 18 taken to design highly losded atators by
incorporating blade shapes with higher eritical Mach juchbers, less loss in performance and graater operat=-
Ing range with distorticn may result, '

Overal} preasure ratio was alao lower than BUS levels in both rotors, but is not recemsarily attrib-
utabie to d-pamic effects. In each rotor less ondrgy was added by the upper holf of the blade in the un=
distorted sector of flow than was achieved in BUS tests, The lower cnargy addition and realized preswura
ratio appears to be & direct result of £low redistributions of the circumferontially distorted flow dige
tated bv continuity requirements. The decrement in votor performance between wndistorted flow tedts and

circunferential distortion tests appears to be duc principally to lowar energy addition and not to in-
croased losses.

At noar stall conditiona the {unateady) response of the rotor blading te & circumferential distortion
differed across the spon. In the tlp reglon, as the blading psssed circumferentially through the dis=
torted sector, an increasing mmount of energy wai added to the air due toe incrensing incidence angle and
decreasing axial velocity. Total pressura aleo increased in similap fashion through part of the distorted
aector, but then decreasud as losses, bolieved to he assaciated with suction Burface boundary layer sa2pa-
ration, increased, After passing through the distorted sector, total temperaturc and pressure vesdjusted
to undietorted sector levels, In the hub regien the total pressure showed a similar, but wild, pattern of
increape and decrease, but then fncrensed to groater than undlstorted lavels. The net effect of the re-
sponse characteristiecs of different sections of the rotor at near stall was that the tip region attenuated
the magnitude of total preasure distortion while the hub reglon amplified ie, Beth rotovs demonstrated
the soine type of span-wise behavior,

Interaction vepween the rotor and the upBtrean dietortod flow field was recorded for both atages,
The distortion in total pressure remalned unchanged as the flow approached the rotor while the distertion
in axial velocity was attenuated, a distortion in static pressure was dmplified, and tangentisl velocity
components were induced (differing rudially in megnitude). No influence of loadipg level on the strength
of Internction was noted.
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Rotor

Stoge

TABLE I, ~ DESIGN PARL £TERS FOR STAGES 11-4 AND 14~10

Rotor preasure ratio

Stoge praospurc ratio

Rotor tcmperature ratlo
Stoge temperature ratio
Equivalent f£low rats, kg/sec
Rotor tip speed, m/aec
Diffusion factor, rotor tip
Diffusion Factor, atator hub
Solidicy, rotor tip
Snlidicy, stator tip

Aspect ratio, rotor

Aapect ratlo, stator

Rotor tip radius ot inlet, em

Stage
1l-4

1,60
1,57
1.16
1.16
23,48
425
0,41
0,48
1.30
1,27
2,5
2.4
25.20

Stage
14-10

1.80
1,75
1,21
1.21
28,48
423
0,54
0.54
1,30
1.10
2,4
2.0

25,08

TABLE 1T, - SUIMIARY OF EFFECT OF GIRCUMFERENTIAL DISTORTION ON STALL

PRESSURE RATIO FOR STAGES 1l-4 AND 14-10

PR at nespv atnll, BUS

PR at near stall, circumforentially distorted 1.60

APRS

PR at near stall, BUS

PR at near stall, eivcumferentially distorted 1,56

APS

Stage 114
1002 N 703 N
1.70 1.29

1,29

06 0
1.64 1,26
1.27
05 =01

ORIGINAL PAGE IS
OF POOR QUALITY;

Stage 14-10

100X ¥

1.87
1.81
.03

1.77
1.64
07

0% N

1,36
1,37
-.01

.22
1.28
03
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RADIUS, r(cm)
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-1.620 10, 515 0 12.668 | 25,213
-5, 080 11. 049 4512 14.605 | 24 51
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Figure 2. - Flow path schematic for stages 11-4 and
14-10.
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Figure 7. - Rotor 11 and stage 11-4 overall performance, distorted and
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