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AN INVESTIGATION OF THZ AERODYNAMIC CHARACTERISTICS
OF A ROTATING AXTAT~FLOW BLADE GRID

By John R. Weske
SUMMARY

The report contains the resulits of sn experimental investigation
of the asercvdynemic chearacteristics of a rotuting axisl-flow blade grid
with pressure—increasing effect. Several technigues of measuremsnt
were anplied: nsmely, pressure dlstribution measurements, pltet trbe,
and hot wire weke surveys. The results of thnese measurements were used
as the basis of an analysis of the flow through the rotating grid, in
particular, of those effects not present In a fixed grid ani of the
factors not accounted for in the two-dimensional theory of axial-flow
blade zrids.

It was found that radial displacement of the boundery layer delays
the stall of the root section and induces esriy stall of the tip section
which may become critical for the pumping limit of the blade row. Inber-
actlon of boundery layers along the casing and the hub and along the
blede surfaces through radisl flow represents a major factor not ac—
counted for in the two-dimensionsl theory of blade grids. Of similar
importance upon efficiency aend operating characteristice is the radial
displacement of the wakes.

INTRODUCTION

When using the results cf flow tests of model grids as a basis
for the perfcrmance calculation of rotating axial-flow blade rows,
questions arise in regerd to the spplicabllity. Model grids often are
stralght rather thaen snnulsr, in most cases they heve a finite nurber
of blades, and the veristion of conditicns of flow along the span in
no wise corresponds to that of the annular grid. Most important of
all, certain effects of centrifugal acceleration present in the ro-
tating grid csmnot be simulzted in a static.flow test. In order to
find an answer to these questions, fundamental investigation of the
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flow through a rotating blade grid appeakel deslreble. Investigstlons
on rotating blade grids have the advantage over static flow tests that
higher Reynolds and Much numbers can be attained without reguiring a
large amount of power for moving the eir; furthermore the requirement
of an infinite nwmber cf dlades is automatbically realized. IExperi-
mental technigies, which shounld correspornd to those customary in static-
flow tests, however, are considerably more cumbersoms.

The attempt wag made to develop suitable experimontal methods and
with their sld to measure and analyze the characteristlcs of = rotating
axial-flow grid, for which a sulteble profile and specifled operating
conditions had been proposed by the Natlonal Advieory Comnittee for
Aeronautics, particularly in those respects in which they differesd
from those of the fixed grld. A retardlag grid was chosen pertly be—
cause 1t requiires a less complicated test setup than en accelerating
grid, but primarily because the particuvlar effects distinguishing the
actlon of the rotsting end the stationary grid were anticipated to
staend out more distinctly.

This investigation, conducted at the Case School of Applied Science,
was sponsored by and conducted with the flnancial aseistance of the '
Nationsl Adviscry Committee for Aeronautics.

The tests were conducted by Mr. R, J. Carleton, resesrch essist—
ant, and Mr. Robert Christiansen, a student of that institution. The

calculatlons wers carried out by Mrs, F. Scott Rodgers, research as-
sistant., .

LIST OF SYMBOLS AND COEFFICIENTS

r redius, feet

¥ disteance parallel to the axls of the blade grid, that is, in
peripheral direction, feet

b nurber of blades

t = EEE, pitch of blades®, Tfeet

1 chord of blaede element*, feet

w angular veloclty of the blade grid, radians per seconds

u = r0 rotational veloclty of the blade at redius 1r, feelt per secord

*(Note: Quantities marked by an asterisk are shown on fig. 1l.)
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absolute veloclty*, fset per second

velocity relative to the blade element¥*, feet per second

angle of the relative velocity with respect to the grid axis (asee
subscripts) or: angle of the reference chord of the blade with
regpect to the grid axis#*

resultant force per unit spanwlise length on the profile¥*, pounds

component of R normal to the chord*, pounds.

component of R parallel to the chord*, pounds

-1 (N -1 g_\ *
cos (R = tan K}
R cos (B +8) component of R normal to the grid*, pounds

R sin (B + 8) componsnt of R parallel to the grid#*, pounds

1ift force per unit span*, pounds
drag force per unit span¥*, pounds

angle between L and BR¥*, degress

B - B angle of attack¥, degrees

L
Do slope of the 1ift curve

8.go = 2ﬂ/57.3 slope of the thecretical 1ift curve of a thin airfoil of

zero camber

P static pressure, pounds per foot

a veloclty pressure, pounds par fout

T circulation, feet per second

A agpect ratio

Subscripts

o} refers to free stream Just outside the wake

*¥(Note: Quantities marked by an asterisk are shown on fig. 11.)
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1 refers to the plane at inlet of ths grid

2 refers +to the plaine at outlot of the rid

u donotes compcnent in clrcumlferesntisl divection
m dénotes component in axlsl direction
Superscript

- refoyre to mean condition Zn the grid, for exmwple

W = «/v.zm? +<m11 R )2 *
2
- w2
g =p 5
Coefficlents
L R cos +85 B
oy = — = 2008 (0 B ) 11p4 coefrictont of the blads section
T 1g ig
D +85 B
Cp = -= = R sin (¢ B) drag coefficient of the blade section
Lgq g

DESCRIPTION OF APPARATUS
The Test Stend

The test stand for the rotating hlade grid shown Iin figures 1 and
2 was essentlally a cylindrical air duct of 36 inches diameter, the
central esection of which housed the grid and itec driving motor, a
7% horsepowsr, 1750 rpm, direct-current motor with Ward-Leonard control.
The motor was cowled by & cylindrical casing of the same diemeter ss the
hub of the grid, Stationary falring pileces upstream of the grid and
downetream of the motor cowling lessened interferences of the flow
and ostabllished rotatlional symmetry which las disturbed upstream only

* (Note: Quantities marked by an asterisk are skown on fig. 11.)
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by slender radial brackets supporting the nose section and downstream of
the grid by. tke cyliniricel meior columns of 1-5/6—inch diameter and the
corners of the -motor bese. The length of the ducting betwsen the inlet
bellmouth end the center section was chosen with a view 1o obtsining
accurate measgursmonts of the quantity of flow at the throat of the bell-
moush, that of the ouhlet ducting, to avoid flow interference from the
throttle cone or the booster fan, either of which could be placed at the
outles,

The Blade Grid

The rotating blade grid (fig. 3) has the following dimensions:
20 inches hub diameter, 36 inches tip diameter, & inches axial width.
It conzists of 12 equally spaced blades of identicel shape and of equal
angular setting, mounted betwszn the hiub and a shroud ring. A rotating
shroud ring was chossn to obtain a whesl of sufficilent strength end ri-
gldity. Wilie radial olearances thereby were siiminated, the design
made necessary snnular axial clearsncses of spproximetvely one-eighth
inch width on either side cf the suroud ring. o

, The blades wers made of cast methyl methacrylate resin, which was
found highly suiteble. They were mechined as a cylinder to templet
of T-inch chordi of an airfoill furnished by the Natiznal Advisory
Commuittee for Aeronautics Sfig. ) poiished to & emooth serodynemic
surface, then heated to 255 F and given the reguired twist in & plaster
case die mold, The mold inmsured unifuim shape of all blades., This proc—
ess admitted of modification of the twist of the blades, if necessary.

In order to establish the pitch and twist of the blades & first
attempt was mede to design the grid for a blade angle, solidity and
1ift cocefficilent on mean radius Pfor which a ckordwise distribution of
preassure difference had boen dstermined theoretically by the National
Advisory Comnmittee for Aeronsutics. With thé assumption of constancy
of clrculetion along the radius, this condition, which will be referred
to as the "spscified” condition, however, led *to an excessively large
blade angle =and 1ift cosfficient at the root, For this reason & differ—
ent condition was selected as the "demign" operating condition, at which
the 1ift coefficient of the mean station was chosen Cp = 1.0 compared

to CL = 1.26 for the specifiesd condition, Blade engle and solidity on

mean yalfius correspond %o the specified velues, and the exial velcoliy
and circulation were mede comstant along the radius at this design con-
dition. The fellcowing factors vere considered in the calculation:

(a) The zero 1lift angle of attack in grid arrangement was deter-
mined for the thin circular-arc airfoll corresponding to
the given blade profile (reference 1, p. 65):



6 NACA TN No. 1128

(v) Correction was made for grid interference due to circulation
(reforence 1, p. 40),

(c) Further correction was made for grid interference due to
thickness of the blades (reference 2).

(&) No account wes taken of the drag, as 1ts megnitude was unknown.

The results are given in the tabulatlon below:

GRID DATA AND BTADE ANGIES

Section Radius Chord, 1 Pitch, t | Plade angle
(in.) (111,) (in.)
Tip section 18 T g.43 350 00°
Outer section 17 7 8.90 37° 23!
Middle section 1k 7 T.3% 47° 30!
Inner sectlon 11 7 5.77 57° 37!
Root section 10 7 5.25 60° 00!

One of the 12 blades, to be referred to as the master blade, (fig.
5), is providod with numerous pressure tups of 0.02-inch dismeter ar—
renged in three cylindrical stations, one "cuter" (r = 17 in.), one
"middle" (r = 14 in.), ani one "immer" (r = 11 in.) station, 23 taps to
each station, distriduted over both sides of +lhe blade, as shown in
figure 4. Care was teken in the drilling, first to locate all taps of
& glven ssction on the seme radius, in order to eliuminate error in pressure
messurement, and second, to place corresponding taps of the three sections
at the same cliordwise position.

The Selector Switch and Seal

Presgsures on the swrface of the blade section were transmitted to
the statlonary system through a selector switch end & seal, shown in
figure 6. The rotating element of this switch had 2% comnections, 22
of whnich leed to pressure connections on the master blade. The remain—
ing 2 taps were used as "blind taps" to indicate the position of the
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eslector switch while the unit was in oneration. By a latch device, oper-
ated from outside the test section by axisl shift metion, it was possible
to comnect each pressure line successively to the central pressure bore.
From here, the pressure was transmitted to the stationary system through
a ssal. The contact surfaces for the pressure duct at the selector
switch and at the seel werzs wmade of soft rubber. A lubricating system
supplied glycerine to the seal to help maintain the airtight contact of
the sliding surfaces.

The Pitot~Tube Traversing Device

The equipment developed for cobtaining traverses across the wake of
the blade in the rotating system is shown in figure 7. The pitot tube
used for this purpose was of speciel design insofar as it had a removable
scrswad-in tip containing the static pressure holes. With the tip in
place the pitot tube would read the static pressure; while by removal of
the tip it could be changed to> a total pressures tube. The proportions of
the pitot tube corresponded to those of a Prendtl tube; its diameter was
0.08 inch.

The pitot tube could be placed at eny spanwise position of the blade
in a plane tangent to the concentric cylinder by adjustment of the holder,
and moved circumferentially from without the test section by a pulley-and-
lever mechanism while ths grid was rotating. A sighting window in the
casing pexrmitted stroboscopic observalion of the position of the pitot
tube .

The Hot-Wire Equipment

The arrangement of the apparatus used for obtalning oscillographic
rocords of axial velocity profiles downstream of the rotating grid is
shown schematically in figure 8.

The hot-wire instrument used for this work has been described else-
where (reference 3) for which reesson a description is omitted here, ex-
cept for the mention of two of its characteristics, namely, the linearity
of its reading with velocity and its rapid response to fluctuations, by
virtue of which the instrument glives readings of the arithmetic mean ve-
lecity of a fluctuating stream, and secondly, its directionsl character-
istice by virtue of which it is possible t0 read the mean as well as the
instantaneous velocity component normal to the hot wirvs.

The hot-wire filaments were inserted through small openings pro-
vided in the casing immedistely downstream of the rotating grid. To
coordinate the recording of the oscillograph pattern of the velocity
fluctuation with the passing of a particular blade, there was developed
a btrigger circuit and extermal sweep generator operated by a light beam
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reflected upon a photoelectric cell from a swall mirror rotating with the
blade grid. The sweev produced by the circuit had a constant speed, mak-
ing the distance along the abscilsse on the oscillograph proportional to
distance in circumferentiel direction of the rotating grid. Selection of
the blade interval to be Investigated was made by placing the light and
photocell unit in the proper peripheral position,

TEST PROCEDURE
Basic Measuremsents and Calibration Tests

The quantity of flbw was determined from a statlic pressure reading
at the center of the throat of the bellmoutk, which had been calibrated
against pltot~tube traverses.

Profiles of axlal velocities versus radius immediately (8 in.) up-
stream and 10 inches downstream of the grid at various reatios: mean

W
axial velocity through the grid to tip speed, ;? 5/y representing call-

bration dats are shown In figure 9 as they are of interest for the eval-
vation of test results.

The presence of the columns supporting the wotor in the ailr stream
downstream of the grid was found to affect the flow at the outlet of
the grid only very slightly, and 1t was concluded that this Interference
might be neglected.

The investigation of the leakage across the axial clesarances of
the rim disclosed that the thrust acting on the wheel decreased the
forward clearance to less than one-eighth inch. No inwerd flow was
noticeable through the clearance since wind:ge counterected this flow.
Windaxze also wade impossible an exact determination of the outward flow
through the downstream clearance. This flow varied greetly with the
back-pressure on the wheel. At maximum 1lift coefficient of the blades
i1t d4id not exceed 2 feet per second or apvnroximately five percent of
the quantity of flow.

Measgurements of Pressure Distribution

The accuracy of pressure distribution measurements on the rotating
blades was checked by repeating the first few reedings at the end of
each seriss of megsurements, there being no independent pethod of cell-
bration. Coumarison of the pressure measuremsnt rearsst to the stagna-
tion point of the blade with a total pressure measurement from a fixed
pltot tube placed immediately elisad of the grid served as ancther check.
It was not nscessary to determine the effect of centrifugal Fforce uwon
the air in the rotating pressure lsads senarately since the results
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are based upon pressure differences rather than upon the absolute value
of yressures. The principal series of tei&ts consisted of measurements
of the pressure distribution over the three selected blade stations

r = 11 Inches, r = 14 inches, and r = 17 inches. Conditions of oper-
ation were varied either by change of speed of the booster fan or by
ad justment of the throttling device. The speed of rotation of the grid
was 900 to 1000 rpm excert for tests requiring & booster fan, in which
it ranged from 350 to 880 rpm. This reduction was necessary to remain
within the limits of cavecity of the booster fan., The tests covered a
range of Reynolds numbers based upon the chord of the blade and the
mean relative velocity past the blade of R = 300,000 to R = 620,000
for the middle section.

Pitot-Tubs Wake Traverses

Alinement of the pitot tube with reepect to the flow was obtained
by stroboscoplc observation of a silk thread abttached to the head of
the pitot tube. The varlation of direction as indicated by the thread
wag less than £10° relative to the pitot tube, which was considered to
be within alloweble limits. What was sald in regard to pressure measure-
ments in the preceding parsgraph also applies to pitot tube measursments,
varticularly that it was not necessary to account for the effect of cen~
trifugal force in the rotating leads explicitly.

The wake traverses relative to the rotating blade grid were taken
behind the master alrfoll at the same operating conditions as the pres-
sure distributlon measurements; the surveys extended over the Reynolds
number rangs from R = 300,000 to R = 620,000 for the middle sectlon.
The axial distance of the tip of the pltot tube from the trailing edge
of the blade 'varied from 1/4 to 1.8 inch and is stated in conjunction
with the test results. In gensral, the operating conditions wers adjusted
to operate at the lift coefficient of the corresponding pressure distri-
bution measurements. This was done to establish correspondence of the
drag coefficients calculated from measurements cbtained by the two
techniques.

Static pressure measureitents were taken lmmedlately after the run
for total pressure measurements, a brief stop belng necessary to insert
the tip which converted the total pressure tube into the static pressure
tube.

Hot -Wire Measurements
Hot-wire measurements were obtaincd for a selected number of oper-

ating conditions corresponding to those of the pressure and pitot-tube
traverse measurswents. The hot wire was oriented in the plane of
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rotation apvroximately ons inch downetreem of tho trailing edge and
tangsntial to a concentric circle. The mean velocliy reeding of tho
hot wive instrument was conbinuously checked ageinat the axial velccity
calculated from s correspending dircctional pltot tube reading. The
operating conditions for the hot-wire travevse measvrensnts correspend
to those of +ths pitot-tube traverses.

Direction of Flow in the Boundary Layer of the Blades

Measurements of the dirscition of flow z2long the surfece of the
blades were undertaken for the purpose of explaining ceriuin discrep—~
ancies Letween the drag as determined from pressure distribution and
wake traverse meesurements. Whlle no sinpls method was discovered for
the measursments of the radlal component of velocity in free strcam of
the rotating zrid since sllk threats are delTlected by cenitwifugal force
and smoke vanes difficult to observe In stroboscoplc light, a method
described by Ruden (reference 2) utilizling the chemical discoloring
action of ammonie vapor upon 0zalid paper provsed eppilceble in the
boundary layez.

Ozalld paper wss glued smoothly to the blads surface, and ammonla
vapor was introduced through the pressure ducts and emitted from pin
holee in the pajrer. A set of treces was produced by the sxmorlia—vapor
method at selected points on both sides of the airfoil.

RESULTS AND DISCUSSION

Lift and Fressure Drag of the Blede Sections

FTigure 10, o %o ¢, show a number of pressure dlstributions in non—
dimenslonal form plotted versus distence along the chord for the middle,
outer, and, inner blade stations, respectively.

From the pressure distributicns (fig. 10, & to ¢) were calculsted
successively the normal force component per unit of spanwiso length,
N and the chordwise force component C, the resultant force R and
1ts directlon with respect to the plane of the rotation of the gridl,
finelly, ®the 1ift coefficlant Cr, and the "pressure" drag coefficlent

CD' The geometrlcal welation of theso quantities may be seen from the
velocity disgram (fig. 11).

The specifying term "presesure” drag is used here because inherently
the method of measuremernt ylelde only a portion of the drag, namely,
the pert due to the deviation of the pressure distribution from tkat
corresponding to potential flow. No account i1s taken of the direct
effect of skin frictlion., It has been shown that in gride of high
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g0lidity the prossure drag (does not differ greatly from the profile drag .
of the alrfoil (refersuie 4).

Aorodynaniic Characteristices of the Blade Sections

Curves of the 1ift coefficient Cp versus angle of atteck «
and versus Cp are shown in figure 12. The CL- o curves for all

three stations of the blade show stralght portions in the range of low
positive angles of attack. As the Oy increases, both the outer sta-

tion end the middle station are subJected to a gradual stall extending
over a wlide range of acgles of atbteck., The maximum 1ift coeffilcient
of the ouber stations is smaller than thet of the middle stations and
its stalling region begine at a low valuwe of CL' The inmer station,

however, reveals no evidence of stall., In feot, &b large 1ift coef-
Ticlents the test poilntes £211 considerably sbove the straignt line,
This end e corresponding deviation abt nesetive Cj mey be explaimned

by radial diocplscement of the flow (see fig. 9) at these conditicns
which differ greatly from the design ccondition.

According to figure 12 the zero 1ift anzle of attack varies 6°
from the innsr to the outer station. Since tha blade was not designed-
for thie opsrating condition, radial displacemsnt of the flow (see fig.
9) preciudes close corvelation by the two-dimensiornal theory. The follow—
ing factors, however, may be coneidsred.

I. Grid Interference Originating from Vortex Fields
Thin airfoil grid thesory of cambered profiles (reference 1) leads
to a variation of zero 1ift angle of atback of less than 1° between the
three sections. OConsequently, this is an effect of minor importance.
II. Thickness Intexrference
Verlation of engle of attack caused by the thickness of “the blade
sections, ca.lculaged by the methcd of references 2 and 5, requires a
correction of -1 20' for the outer section and of +2°37! for the inner
gection and 1s not negligible.
IIT, Relative Rotation

The air, having no rotation initially, rotates in each blade in-—
terval relative to the grid, in direction opposite to that of the grid
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at an angular veloclty equal to the engnrler veloclty of the grid. Rele-
tive rotation prodnces: %a) perirheral velocitlies on the surface of coa—
centric cylinders which eye of interest in choosinz the Dlade angles,
and (b) velocities in adial direction.

The effect of relative rotetion carnot be eppralssd readlly since
the impeding actlon of friction is not sufficientiy knowr.

Taicknegs effect aprears to be the major factor causing variation
of zero lift augle of atbtack of the three blade sectionz., It is noted
thet the caloulated thickness correctlon is of the same slgn end magnl-
tude as the variatlon of zero 1lift angle of atisck measured.

At the angle of attack corresponiing to the specified operating
condition a = 23° 29! for the micdle gection, figure 12 shows measured
1ift coefficients of Cp = 0.88 to 0.98, marked by & circle. The theo~

roticel expectation for this conditlen was Cp = 1.256. A partial ex—
Planatlon for thils pronounced dlscrepancy mey be derived frem a caleu-
lation of the effective ampect ratlc related to the slope of ths maas—

ured 1ift curve by the equation Aypp = 1 2cs

T 8~ 8

e
T.3

WITO &m =

\n

The elfectivs aspect ratlos thus calculeted mre:

Aeff = 2,1k for the outer station

A.pp = 6.00 for the mlddle station
Aeff = 2,27 for thne inner staetion

Tho slope of the theoretical 1ift cuxwve for infinite aspect ratio
1s drawn in Figure 12 1in dot and dash for compasrison.

The 11ft coefrflcients at the specified condlitlon of the middie sta-
tion may now I» calzulated from the angle of attack with respect to the

zero 1ift point, for infinite aspect retio (slope B, = R$ﬂ3) G, = 1.31

and for aspect ratio Aeff = 6.0, G, = 0.99, giving rather good agre¢eo—~
ment with the measured results.
A comparison of the measured pressure distribution of the mlddle

station for the specifiled cperating condltion and of the corresponding
theorotical pressurve distridutlon was made in figure 13. The former
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was caleulated by the MNatlonnl Advisory Committee for Aeronautics for
CL, = 1.26 e&nd 1s comsten’ from the leading edge to the 50-percent
chord point, beyond wiich 1t decre2ses linsarly to zero at the trail-
ing edge. The latter s tks prassire distribution curve msrked

CL = 0.88 of figure 10s replotted to scale. In considsration of the

effoct of aspect ratio discussed gbove it may not be expected snything
more then s genoral reogsmblance i esteblished, and this resemblance
obviously exists.

Profile Drag
Results of profile drag caleulations from the pitot-tube wake

traverse patterns teken at rom and shown in figure 14 are tebulated
below:

Station r . Gy, Cp from weke 'bravei's;
(4n.) |
Ouvter 17 0.545 0.1315
Middls 14 .72 .0l29
Tmner 121/8 .ok87
Inner 11 516 1456

The rpatbterns at r = 11 Inches snd at ¥ = 17 inches clesrly are
affected by the boundery layer st the hub and the casing, respectively.

Drag coefficilents for these end other measurements were obitained
by evaluation of the squabion

g

-3

a
(D)) (T ]

Vo 7 . _/ Yo
wake wake

A typlcel oscillograph of a hot—wire weke traverse of axial velocity
components is shown in figure 15 for the middle station at L= 0.72 end
R = 500,000. In calculating the profile drag from these records, no ac—
count was teken of the devistion of the direction of f£low from the mean
direction, & simplification generally made in the evaluation of weke
profiles for determination of profile dreg. For B = constant +the

above equation for CD mnay be rewrkitten in terms of the axisl component of
velocity
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Cp = Ww/cos B and Cpy = Wo/cos B

It is seen that the angle f way be eliminated and the esquabtion reads

2 o Cm \2
O = = ...ln._. —_ ._I.‘L.
D-1 [ﬁake cmo> ay f <Cm> d“"]

The drag ccefficients calculated from pitot-tube and hot-wire
traverses have been correlated with pressure drag coefficiente versus
the corresponding 1ift coefficients for the inner, middle, and outer ’
station in filgures l6a, 16b, and 16c, respectively. A few drag coef-
ficlentes taken at other specially designated radii were also sghown in
theese graphs.

Further test results relating to the gquestion of dreg of rotating
blades are given in figure 17, which 1s a particular sample taken at
Cr, = 0.72 and R = 500,000 Tfor the middle section of vapor trace
records at various points on both sides of the surface of the blade.
Finally, a comperlson 1s made of wake traverse profiles of exial
velocitles ottained by the pitot-tube and the hot-wire methods at
identical operating conditions:

Cr, = 0.72, R = 500,000, for the middle section (Iig. 18).

The following conclusions mway be drawn from figures l€a to 16c,
17, and 18.

(a) The drag coefficients obtained by the three different methcds
agree between Cp = 0.5 and 0.7 ab the middle station, The minimum
value Cp = 0.053 at this and the inner station is only slightly larger
than might be anticlpated in view of the large thickness ratio of the pro-
files.

(b) Meximum L/p ratio occurs at 1ift coefficients much lower
than design lift coefficiente, which suggests that a profile of larger

camber, for which presumably the (L/D:) maxigum occurs at higher
C1, would be more sultable, particularly for the inner and middle stations.

(¢} Dreg coefficients from wake traverses of the innor and outer
statlons are considerably larger than the pressure drag coefficients.
While the diffuser effect associated with the decay of the wake
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doymatream of the grid msy b2 svagosted as a cause of this discrepancy,
it appears that the principal factor is the radlal outward displacement
of the weke and of the boundary laysr of the hub (the letter flowing
outward in the wind shade of the blade), as skown by weke traverss
results at varlcus radii larger than that of the imner station (specially
merked on fig. 17a) ard smaller tian that of the outer section (specially
marked on fig. 17c) which esteblish & gradual transition.

If radial displacement of the wake is taken Into account, the
wildely divergent values of pressure and wake traverse drags may be
reconciled, Conversely, it mignt be steted that dreg measurements by
the experimental methods apnlied sre not conclusive unleess the effect
of radial displacsment of flow is Ikmown.

() While redlally outward motion in the boundary 1ayer along the
back of the blede is cleerly iandicated in figurs 17, it is abesent along
the front of the blade,- probably becauso of the rotation of the body
of air relative to the grid. Tails renders the structure of the weke
more complicated, not, however, to the exhent o the invelidating the
results of wake traverese mressurements. Anotner fachtor of a gualitative
nature are erratic filucituations of the hot-wire wake profile of the tip
station near the staliirg ccndition of +that section, presvmebly from
interaction of the boundaxy layer of tho casing and of profile wakes.
These fluctuations, though not discernible in corresponding pitot
traverses, tend to limit the reliebility of the latter. In the absence
of more accurate or guantitative information it is morely suggested
that the observed instability precedes or may even be the causs of
stalling at the tip which, in turn, mey initiate pumping even before
the root ssctlon has reached the stalling point,

(s) Although thoe agreement of pitot and hot—wire traverses showm
in figure 18 may not be as close as may seem desirable,the comparison
serves to emphasize that the hot-wilre traverse method, which ig much
sinpler than the other methuds of dreg measurement employed may be
expected to give useful quantitative results.

(£) Summerizing the analysis of the profile drag of the rotating
grid, it is evident that the boundary layers at the hub and at the
casing have a large influence upon the drag characteristics of the
blade. While 1t is regretted that measures toward decrease of these
boundary layers (shortening of the appromch longths; redesign of the
upstream portion of the hub) could not be teken, there is some Justi~
fication to assume that the operation of rotating grids in mltistage

unite tekes place in the presence of "end effects" not unlike those of
the test grid.

(h) The rational design of & grid in vhich each blade section is
adapted closely for optlmum performance at design condition would re-—
quire advance knowledge of the drag as well as of the 1ift cheracteristics
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- of the various blade sectlons. Furthermore it would call for variation
along the span, of the camber and thickness of the airfoil section in
addition to blade angle variation.
Correlation of Grid Performance Calculated from Profile Characteristics

with Msasured Performance

Variation of clrculation with radius. - The circulation about the
blade section was calculated from the equation

cr, ¥
2

' =

The quantity P/u was then formulated to correct for rotaltive speed
and plotted against wp/u in figure 19. The three curves of this

graph for the three blade statlons seem to indicate the following:

(a) Constant circulation over the middle and outer stations is
nalntained over a very wide range of operating conditions
including the design condition.

(b) The circulation of the inner section is conslderably less
than the middle and outer sections for all but very light
loads of the grid. This may be attributed in part to
boundary layer effects which may be accentuated in view
of the large drag of this section, and in part to neglect
of rotation of the air relative t> the grid in the cholce
of the blade angles.

(c) The stalling points of the middle and outer sections are closely
interrelated and maximum circulation occurs at nearly the
gams operating condition.

(d) The inner section was not affected by the stalling of the middle
and outer parts. The circulation continued to increass as
the load on the grid was increesed without indication of a
stall. The highest T values that could be realized with
the test apraratus closely approach the maximum of the outer
and middls stations.

(e) The curves suggest the possibllity of designing blades for
constant circulation along the radius, even though this will
lead to very large 1lift coefficients al the root. This,
howsver, would require nrior verificetion by test, which
was not underteken in the present investigaticn.
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Statlic Pressures

A nondimensional static pressure Increase Ap/qu was calculated
for a number of teat points for each blade section as follows:

1 - - E 2
ap/a, = ¢y T cosB (1 - ten ¢ tanf) { y

where

uB
Qu=p-2-

and plotted versus w,/u in figure 20.

Thus the three solld curves were obtained for the three sections.
Corresponding curves (dotted lines) were plotted from the measured
static pressure Increase across the grid. In calculating the latter,
the friction drop in the duct was taken into account and a linear
variation of statlc preesure between the hub and tip was assumed instead
of the unknown actual varlation. As might be expected in view of the
fact that the grid produces a vortex at discharge, the static pressure
rise across the grld Increases with the radius. This fact is brought
out by the vertical dlsplacement of both the measured and the calculated
curves for the three sections with respect to each other.

In the region of the design operating condition the measured values
for the Iinner and middle stations are but slightly below those calculated
frouw the profile characteristics; those for the outer station differ
by S percent. Above and below this region, however, measured values
are considerably lower. The dilscrepancy camnot be analyzed readlly but
way be traced to the interference of the flow downstream of the grid
by the tubes supporting the motor, equivelent to contravane effect, to
secondary radisl flow and to turbulent mowentum trensvort, the latter
resulting from instebllity of the outer boundary layer, for which no
allowance has been made when accounting for skin friction, and finally
at large quantitles of discharge, that 1s, large values of Wﬁ/d, to
variations with radius of axial velocity component at outlet (see fig. 9)
for which no correction has been made.

In consideration of this, the corrslation is regarded as quite
satlsfactory.
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CONCLUSIONS

1. The profile 1lift characteristics, Cy, versus «, for various
stations of the rotating blade grid are linear over a range of angles
of attack; their slope and corresponding aspect ratio varies from a
maximum (A = 6) at widspan to very low values near the tip and root.
These results suggest that the assumption of infinite aspect ratio made
in the two-dimensional grid theory i1s inadequate for grids of the so-
lidity and thickness ratio of the test grid.

2. The stalling points of the outer and the middle sectione are
closely interrclated; whereas the root section appears to maintain
normal operation even after tiie flow past the outer section has sepa-
rated, indicating that stalling spread Tfrom the outer section inward.

3. The inner station, that is, the profile near the root section,
showed no tendency to stall at very high 1ift coefficients (Cy = 1.4)
and at values of the circulation for which stall occurred at the tip
end middle stations. It is concluded that rctating decelerating grids
may be designed for 1lift coefficlents at the root considerably above
those accepted in present piactice.

4, The polar curves of the various blade sections have a relatively
narrow range of minimum drag coefficient (as a consequence of thelr low
effective aspect ratio, conclusilon 1, above). This renders their eco-
nomical operating renge quite critical Furthermore, the maximum L/D
ratio of the profile tested occurs at 1liftt coefficients amaller than
the design 1ift coefficient. Profiles of larger cambsr than that of
the test section should be chosen for the root and midspan stations,
for corrosponding design operating conditions.

5. Radial displacement of the boundary layer and of the wake 1is a
factor of major ilmportance controlling the effective aspect ratio of
the bhlade sectlons. Under certain conditions, such as those of the test
grid, it ceuses separation of flow at the tip section bufore the root
section avproaches 1te stall point and thus precipitates pamning as
a result of tip stall. Boundary laycr removal at the tip is suggested
as a means of restricting the pumping limit induced by tip stall.

6. Results of meagurements of profile drag from oscillographs
obtained with a hot wire placed stationary downstream of the rotating
grid are in good agrcement with those obtained by other means. The
hot-wire method has the advantage of ready application and of simplicity
and. promises to give results of satisfactory accuracy, provided the hot
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wire has the required directional and response characteristics,

Aerodynsmics Lshoratoryr,
Cage Schocl of Awnplied Sciences,
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NACA TN No. 1138 _ Fig. 2

Figure 2.— Photograph of test setup from discharge side.
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Figure 5.— Master blade.
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NACA TN No. 1128
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Figure 15.— Typical hot wire oscillograph. Record of hot wire .

wake traverse of axial velocity components for
middle blade station at 1ift coefficient of 0.723 and Reynolds
number of 500,000,
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