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DISCUSSION

This paper presents the tests and calibrations
which were made on three axial flow fan units of the
G.A.L.C.YI.T. Boundary Layer Removal lodel.in order
that operating parameters might be developed from
the data. The tests serve also as a check on the
success achieved in the design of fans using the
Lattice Theory.(cf. Theoretical Aerodynamics Lecture
Notes of Dr., Clark B, Millikan),

When embarking on a program of research on the
problem of increasing the 1lift on airplane wings by
removal of the boundary layer, it became necessary
to provide some suitable means of air removal, After
consideration of numerous methods, the following
elements were decided upon for an investigation of
the problems;

(1.) A motor driven fan enclosed in a normal

fuselage shape, connecting to a ducted wing

and exhausting at the tail of the fuselage,

(2.) Three fan units with different values of

blade piteh, giving different pressure volume

relations,

(3.) Pan units to be driven from either end,

so that the boundary layer could be removed

by either suction o¢r pressure,
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The design and construction of the fan units
are covered in the paper "Axial Flow Fan Design by
Lattice Theory", Master of Science Thesis, Calif.
Inst, of Technology, by Carlos Wood, 1935, A
description of the design characteristics will be
found in Appendix I, Figure 1 shows the normal fan
arrangement for suction at the wing.

The principal experimental values investigated
were:

(1.) Quantity of air passing through the fan.

(2.) Power input to the fan.

(3.) Pressure rise through the fan.

From the above parameters, the fan efficiencies
were dtermined for all operating conditions under
which the fans were likely to be used. It was also
necessary to determine the validity with which the
averaging pitot bar in the exit section measured
the average velocity.

The independent variables were:

(1.) Pan # A, B, or C.

(2.) Fan speed.

(3.) Amount of throttling.

(4.) Tyrottling ahead of or behind the fans.
The blade angles and guide vane angles were fixed.

It was assumed that fan operation should be the

same, regardless of which end was throttled, and
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since previous reporis tend to show much better re-
sults by removing the boundary layer by suction, it
was decided to test the fan by fthrottling only the
inlet. Appendix II and photos show the experimental
set up for calibration purposes.

Fans A,B,Cs were throttled in six arbitrary
steps of 0%, 50%, 65%, 80%, 87%, and 95%. Six values
of speed, 5000, 7500, 10000, 12500, 15000,and 17500
R.P. ¥, were used. At each of these points the follow-
ing measurements were made:KW., input, torque to fan,
pressures ahead of and behind the fan, averaging
pitot reading (- ), and static pressure at the exit.
A 19 point pitot traverse was also taken across the
exit. Appendix II gives a discussion of variables
and parameters, appendix IV contains data reduction
sheets and pages23, 4. present a sample data sheet
and sample velocity distributions in the fan exit,

From an operating standpoint, it was found to
be much more desirable to run through a series of
motor speeds with a constant percentage of throttling,
than to operate with constant speed or constant
pressure rise through the fan. Constant speed lines
on the Quantity-Head diagrams (see page30) are
therefore faired lines. ¥or the same reason, the
efficiency curves for constant values of blocking

(see page Z7) were cross plotted with the Quantity-
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Head diagrams to obtain the curves of Efficiency as
a function of Quantity for various values of pressure
rise through the fan (pages 3z-z¢ ).

Both the Quantity-Head diagrams and the &fficiency-
Quantity curves show stalling for low quantities,
particularly for fans 14 and 1B, which have the
largest angles of attack. These fans were designed
for larger capacities than was fanC, this fact being
borne out. A comparison of the curves (fig.3-%)shows
that this was achieved, but at the expenss of some
efficiency. Mr, Wood's calculations show fan C to
be designed for a minimum loss and of the fans tested,
it has the highest efficiency. Whether further decrease
of the angle of attack of the fans would adversely
affect the efficiency is not known,

The curve of Quantity of air, as & function of
the multipfgrgeading,(fig.7') contains the points
from all 98 runs and shows little consistent varia-
tion from fan to fan, indicating that conditions in
the exit section, which is common to 8ll1 fans,are
independent of the fan installed within very few
percent, The variation of actual Quantity with the
theoretical Quantity indicated by the multiple pitot
(F ) has been determined for each fan by plotting

the dimensionless ratio Q actual -
Q theoretical~ © (4,B,C)

as a function of average velocity for each fan.(See

pages 3(-38 ).
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Specific values will be found in the family of
curves giving Quantity.coefficients as a function
of indicated average Jet velocity for a series of
wind tunnel air speeds.(fig.® ) This coefficient,
developed on page 22, Appendix IITI", contains the
wing area of the existing‘Boundary-Layer Yodel wirg
and the ratios of tumnel air density to model air
‘density and should be useful in applying the results

of the present investigation to future researches

with the complete model,
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CORCLUSIONS

k. The design of axial flow fans by lattice theory
gives very favorable results, as indicated by the
relatively high efficiencies found in this investigation.
Ze afficiency increases result from increase in
the number of stages, over the range covered by the
present tests,
3. Fan 1 A- Maximum efficiency of 54% at 0.35 }¥/sec
and a pressure rise of 30 cm. of water.

Vaximum quantity of 0.77 M /sec with %0 cm.
pressure rise and 39% efficiency.
4, Fan 1B - MNaximum efficiency of 49% at 0.30 to
0.50 ¥ /sec with s pressure rise of 25 to 40 cm.of
water,

Waximum quantity offéé§5 ¥ /sec. with 36 cm.
pressure rise and 40% efficiency.
5., Fan 1C - Meximum efficiency of 71.5% with
0.3% ¥ /sec, and 82 cm., pressure rise.

Maximum quantity of 0.59 M /sec. at 18 cm.
pressure rise and 22% efficiency.
6.7 The operating parameters of average jet velocity
as indicated by the multiple pitot seems Quite

relisble,
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APPENDIX T

FAN DESCRIPTION

The fan is made up of four parts (see fig. 2).
Motor unit
Wing mounting unit
Fan units (3)
Exhaust section

The motor unit contains a 10 H.P., 17500 R.P. M,
Electric motor;.G.E. 3 phase induction, Type K%38,
54,5 Amps. at 165 Volts and 300 cycles. The roﬁor
and field are directly housed by the duralumin outer
casting which makes up part of the fuselage. Cooling
is effected by a cowl and air ducts only.

The wing mounting unit is a cylindrical section
with a cutout for mounting the wing in either a
high or low wing configuration. Air from the wing
is normally drawn through this section into the
fan, The drive shaft passes axially through this
section in an enclosed housing,

The fan units, three in number, are identical
in éonstruction except for the number of stages and
thevblade setting. The following table is a compile
ation of design data taken from the thesis of

Carlos Vood,

10
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COMPILED FAN DESIGN DATA

Fan 1A Fan 1B(2 stagelFan 18(3stage)
rinnerrouteﬂWinner k'outer Tinner [Fouter
rQinches| 2.45 | 3,50 | 2.45 3.50 | 2,45 | 3,50
20°—(B)’ 29,95 B2.60
(;WMJ%‘D 26,3° 31, 7" [28,25 P0.90
Aor t/h 691 | ,303
h{inches 1.925 | 2,750
t{inches
.330 | ,832
ap (30, 92,9 1bp./ft?
e
AP (swird) 43,9 1bp./ft
! 3
Quantity 15,17 ft./seqla

In each fan gtage, there are ten vane sets

arranged radially around the periphery of the annular

channel behind each fan section,.Fach vane set is

composed of five vanes of a chord of 0.9 inches

o
arranged at angles from 49.4 to the axis to par-

allel with the axis. Thus, there are fifty guide

vanes behind each fan section to convert the rota-

tional component of the velocity intc pressure.

The fan units are designed to be driven from

either end. In this way, either suction or pressure

may be applied to a wing for boundary layer removal,
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The exhaust section contains a transition
section from annuler to circular cross-section., The
crogs-sectional area is constant. Installed in this
exhaust section is a bar carrying six Prandtl type
pitots, manifolded together and mounted along a
diameter. This set of averaging pitots gives an
operating parameter for the éuantity of air passing

through the fans.,
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APPENDIX IX
DESCRIPTION OF EXPERIMENTAL SETUP

To determine the torque applied to the fans,
the motor and fan units were separated. The fan was
placed in a‘fixéd support, while the motor unit was
mounted as a dynamometer, with provisions made for
reading torque and speed.(sse fig.2)

The dynamometer cradle was constructed of struct=-
ural steel frames; a pedestal in front carried the
nose of the hotor frame in a single central self
aligning ball bearing.The rear of the motor (driving
end) was carried in a cradle of three ball bearing
rollers,5 inches in diameter. These rollers were
adjustable to provide motor alignment. The fan units
were held in position, coaxial with the motor, in
front and rear A frames, with setscrews 120 apart
in each frame.

A drive shaft extension 6" long was bolted to
the fan section‘to provide a gap for the instsllation
of a shutter for fan throttling.The shutter was made
of two pieces of 4 inch plywood, with radial vents.
One of the plywood layers could be rotated and locked

to close the vents in any desired degree.

14
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VARJABLES AND PARAVMETERS

$ 7, MoLTipuE
)’ Pitor BAR,

SHOTTER Fan 'p;,
Freeo Voors %

% 34

Measured at the jet outlet in a point by
point traverse, using a smsll Prandtl type
pitot, alcohol manometer, millimeter divisions
on scale. Fluid density precision? .001 gr/cc.

Static pressure at outlet; same precision
as Q.

Averaged pressure of 6 pitots across a
diameter, This parameter, though empirical, is
expected to be used with s calibration curve
to measure quantity of air moved during bound-
ary layer tests,

Static pressure behind fan unit; statie
ring buried in wall of fan housing with 6

orifices in periphery; alcohol manometer;

mm precision,

15
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P, Static pressure ahead of fan; same type
of ring as p, 5 same precision.

Air temp.

Humidity Not measured.

Barometric press.

Torque Measured at constant lever arm of 40 cm.
by application of known weights to balance the«
torque beam; precision= 200 gr.cm.

Power Input to Motor

¥easured by polyphase wattmeter G,E-
#871239 25- 125 cyele; precision 0,1 kw,
Herein lies one of the worst errors in
the measurements. The frequency of the power
applied to the motor varied from 50 to 300 ecycles.
This precluded the use of ammeters entirely.
Power factor varied from 177 to 85% with load.
Attempts to compute motor efficiency were,
therefore, unsuccessful.

R.P.M. The first attempts at speed measurement
was by use of a stroboscope. This was rather
complicated and had other limitations. A 10 to
1 worm reduction gear was designed and built,
which engaged the motor drive shaft to drive
a Kollsman Precision Tachometer with a guaran-

teed precision of 0.1%.

16
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Fig. 2 Fan Test Stand, mofor end.

Fige ;g Fan Test Btand, fan end.

Fig. S  Fan Units, Shutter
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APPENDIX TILL

COMPUTATIONS

Power output of Motor

The power output of the motor in HP, is,

HP, = 2T nlw
550

where n = R,P.S., 1 = 1lever arm (ft.), ﬁ = wt (1bs.)
In the C.G.S. system,
HP, = 33,0 x 10~ nw
where w = wt. in grams; 1 = cdénstant of 40 cm., is
included in the general constant,
AB input to the fan,
Wy = 2N law

251.3 nw gram cm,/sec,

Hotor Efficiency

Eff. = 33,0 x 10 onw x 100
1,341 x K¥i.

-6
2425 x 10 nw
. KW,

1

Useful Work

The useful work of the fan is,-in this problem,
defined as the quantity of air passing through the

fan times the pressure rise, The purpose of the fan
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being, to remove the boundaryilayer from the

wing, there is no further use for the air once

it has passed through the fan, It is most econ-
-omical to retain the kinetic energy of the jet

as such, to facilitate in exhausting this air from

the fan, The power utilized therefore is,

o = Qlpo—p1)
where § = cm?/sec. 3 ppsthe pressure ahead of and

Pos the pressure behind the fan. But,

Q = AV

VR

1.414A P%q

il

=6
If it is assumed, #=F(r) = constant--1,194 x 10
then,

g = 1. 414/21?’1'9%%

';
= 812?/rrq2dr
° 1

The function rg® is obtained by a pitot
traverse of 19 points taken across the jet, (see.
sample data sheet,page.&q sand velocity distribution
curves, pagef¥). Due to the non-uniform velocity
distributdon, graphical integratién was resorted to
for the solution of equation . The values of rq%

plotted against r, give Q as the area under the
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curve. (see quantity curves, pagesZ-74). These areas

were measured with a planimeter.

Fan HBfficiency

Eff. =— W3 x 100
Wo

g OP x 100
2T lnw

where & = quantity (em®/sec.)

P = (pz- pl) in em. of water.
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Develdpment of CQ Eguation

Q = KA./ 2Pq
2
2

= Jjet area = 125,6 cm?

WHere A
K = fan constant
T

T = réading of multiple pitot.

By definition,

- V= wind tunnel
CQ - *%g air speed
B =wing area
Bt 6841.4 cm,
V = J2q
(o

Substituting in

I

Corommee Aia)

i (2)(E)

Cq = 0.01836 Cy (‘gf—)i{?‘)t

(l

Ol‘s'l
—— 2
P, = gC [
T — p 2
.000337CY e,
2
— 8970 a Cg &
z  Om
HEguation  has been plotted for a family of values

of tunnel air speeds (see fig. S )
Prgeas
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THREE PHASH VARTABLE FREQUENCY

POWER SUPPLY

Attention might be directed to the installation
which furnishes a power supply of great flexibility
for the Guggenheim Aeronautical Laboratory.

The attached schematic and detail wiring diagrams
are, 1n themselves, largely self explanatory.

A 20 H.P. shunt wound D.C. motor drives the
rotor of the 3 phase frequency changer. The field of
the frequency changer is 60 cycle, 3 phase, 220 volt
and in the low frequency range is rotating in the
same direction as the rotor. The low frequency range
covers frequencies from 40 to 180 cycles,

For operation in the high fraquency range, the
& phase field is reversed so that it turns in the
opposite direction to the rotor, This gives frequene
cies from 160 tc 300 cycles.

The output voltage varies from 30 to 165 wolts.
The power factor variation rums from 17% at no load
and 80 cycles to 90% at full load and 300 cycles,
This power factor determination was made with a poly=-
rhase wattmeter calibrated for 60 cycles, and may
be somewhat in error.

The control of frequency is effected by resistors
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in the D.C. shunt field. These are mounted with the
necessary resistors and meters, in a convenient port-
able stand, which allows the cperator complete freedom
in choosing the ovperating station. The precision of
speed regulation is of the order of 0.1 cycle at 300
cycles and the operaticn is very steady, assuming
constant voltage on the D.C. power supply. The D,C.
power supply is generated in the laboratory and close
check can be kept on the line voltage.

The method of operation is to start the frequency
changer at its lowest value of frecuency with the
load or motor to be driven on the line. Thén the fre-
quency is brought'uﬁ to the desired value by adjusting
the D.C. motor field rheostats. Tn this way, the shock
of heavy starting is avoided. High frequency operation
is a continuation through the low frequency range.
At the highest value on the low frequency range the
circuit breakers are cpened, the frequency changer
field reversed, the D.C. motor field rheostat run down
to the starting position, and the frequency changer
started again while the load or driven motor is still
coasting. This eliminates the shock and overload of
trying to start the machines from a dead stop at 160

cycles.
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Twe pole Induction motors of 12 H.P. rating
(17500 R.P.}M.) are available which are only 64" in
diameter by 9" long, and where space limitation is
strict, as in airplane models and small tunnels,
this type of powersupply offers many advantages.
The G.A.L.C.I.T. Installation has been ir. constant

operation for about seven years.
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