
REPORT No. 400

THE AERODYNAMIC CHARA(YNHUSTICS OF A SLOTTED CLARK Y WING AS
AFFECTED BY THE AUXILIAR Y AIRFOIL POSITION

By CARLJ. WENZINQER and JOSEPHA. SHORTAL

SUMMARY

Aerodynamic force tests on a dotted LUwk Y wing
were conductedin the rerticulwind tunnel of the Nationul
Adwisoy Committee jor .Aeronuuiics to determine the
best posvlionfor a g+iwnauxilia~ airfciil with respect to

the main wing. A systematic series of 100 changes in
location of the auxiliary airfoil were made to ccmerall the
probable usefil ranges of aht gap, slot width, and slot
depth. The rwults of the inmxtigdun may be ap@ed
to the design of automatic or controlled slots on unk.gs
un”thgeometriccharacten”stic~ similar to thewi~ tested.

.4n increase cf @.6 per cent in the maximum lift alkme
thatof theplain wing w oldainedfor the slottedClark Y
wing. At the gametime, the angle of attackfor maximum
lift wag increused 13°. It uus found that a maximum
increase of about 30° wus possible in the highest stalling
angle, but at a maximum lift coe~cient slightly lees thun
thut oj the phzin w“ng. Hcuwer, with one aloi pom”tion,
an increase of 26°, togetherwith an increase in the maxi-
mum lift coej%ient of 93.3 per cent, was obtained. The
beet poei.tiow of the auxiliary airfoil were cmered by the
range of the tests, and the position for desired aerody-
namic characteristicsmay easily be obtainedfrom charts
prqared e~peciallyfor the purpose.

INTRODUCTION

Lateral stability and controI up to Iarge angles of
attack form an important part in the program of re-
search rdating to safety in flight now being conducted
by the hTationaIAdvisory Committee for Aeronautics.
A series of teds, comparing a large number of detices
for obtaining IatmaI controI and stabili~, has been
started in the atmospheric wind tunnels. A wing with
slots and ailerons (one of the standard forms in oolu-
mon use] will be tasted among the first, to serve as a
basis of comparison for special devices.

By the use of slots, a huge increase in the maximum
M coefficient is obtained and the angle of attack is
raised considerably above that at which the plain wing
wouh-i ordimwikvsfdI. The slots mevent the air flow
over the wing f;om breaking away-at the USUSIstalling. I
speed, and SQcause the wing to retain its Iift aud the
controIs to function normally. ..

A study w-asmade of the amilable data on slotted
wings, the development of which has been due IargeIy
h G. Lachmann and HandIey Page. The study showed
that the total ranges in geometric oharacteristios of the
auxikwy airfoil had been about as foIIows (references 1
to 12, inohsive):
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The geometric vimiabk! of the auxihry airfofl and
main wing are debed in Figure 1. All dimensions

.-

FIGUZXL-Vetfublegeometricfmhs-dotted Clark Y dug .

are given as percentag~ of the main w~” chord with
the slot closed.

The total ranges covered were Iarge, but individual
tests each included onIy a smalI portion of the total,
and as a result the information obtained was inade-
quate to definitdy determine the best slot for a given
wing. However, from a consideration of the effectk of
the geometric variabks on the highest ma=inmm lift
obtainable it was concIuded that the shape and size

---#ul

...-

.-..

—
. ..—

. .-
—..—.—

—.—.—
.—

-—. —.- —

,—.—

.-
—

.-

.,. . -A

.—

—

.——

-.—
--—



708 REPORT NATIONAL ADiZSOliY

of the auxiliary airfoil were not of great consequence,
but that the position of a given auxiliary airfoil for
best results was faidy critical. Listed in the order of
their effectiveness as regaxds position, it appears that
the factors are dot gap, slot width, amdsIot depth.

Ii order to obtain greater detailed information con-
cerning the effects of changes of the auxiliary airfoiI
position, the investigation described in this report was
undertaken. The best SIOt for the given main wing
and auxiliary airfoiI combination could then be found
from the beat aerodynamic charactmistics obtained,
The tests, which were made in the vertical wind tunneI
(reference 13) of the National Advisory Committee for
Aeronautics, included aII the probable useful ranges of
the auxdiary airfoil Iocation, The results may be
applied to the design of automatic or controlled slots
for wings having geometric characteristics similar to
those of the wing tested.

p 2U~ALQC~71Wyahfoif[mid) ,Mainairfot7[wo@
L’f

ErGURE 2.–ProdIe and ordfnatos of slottsd ClarkY wfng
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METHOD AND APPARATUS

When these tests were undertaken the verticaI wind
tunnel was the only tunnel available. As the test
remdts were to be applied directly to the design of
Iarge wings that woiild be tested in the 7 by 10 foot
horizontal tunnel, it was desirab~e that the tasts be
made at the same Reynolds Number in both tunnels,
The air speeds were the same, so the wing chords were
made the same, 10 inches. However, the test section
of the vertical tunneI being only 5 feet in diameter, a
full-span wing of aspect ratio 6 could not be used. A
half+pan wing was therefore used, the remaining half
span being repIaced by a “reflection” pIane placed at
the dividing line. This pk.ne extended across the jet
and several chord lengths upstream and downstream

CO~E FQR AERONAUTICS -“--.- ....+

from the modeI position. It was mounted normaI to
the wing chord and b the wing span.

& a result of the previous study of eIotted wings, it-
was decided to use an auxiliary airfoil based on the
average dimensions of the best of those tested else-.
where. Figure 2 shows the combination of auxiliaW”-
airfoiI and main wing that was adopted. The chord of
the auxiliary airfoil was 14.7 per cent and the “cut+
off” (shown in & 1) was 1,85 per c&d of the main
wing chord. The trailing edge of the auxiliary air:: _
foil ex@ded back 13.0 per cent from the leading edgg___
of the whoIe wing.

With the slot closed, the profile of the whoIe wigg wa~
that of a normal Clark Y. The upper surfRcc of the
auxiliary airfoil was therefore part of the profiIe of t.hc

nose of a CIark Y. Because of its small size, the aux-
iliary airfoil was made of aluminum alloy; the main
wing was built of laminated mahogany. In the con-
struction of the models, the ordinates were held accu-
rate to within + 0.01 inch of those specified in Figure 2.

To provide a support for the auxiliary airfoil, a thin
pIate wae mounted on each end of the main wing as=:_.
shown iml?ii~a 3. These plates were drilled with 16,
holh~ and fitted with slots as shown. A smalI plate
containing two pins, one of which fittad any of the
holes, and the other of which fitted the slots, was
fastened to each end of the auxiliary airfoil. Thus, it
was possibIe to vary either the width or depth of tho
wing slot, keeping the gap and one of the other vari-
ables constant, A movable, thin metti-cIip was-hinged
at the trailing edge of the auxiliary airfoil at midspan
and fastened firmly to the main wing to prevent the
au@.iag- airfoiI from deflecting appreciably under the
apphed air loads.

Four sets of the drilled plates were designed so that_
t@ranges of the variables of slot position were covered
w follows:

Slot gap-1,5 to 3,5 per centchord.
,,Slot width-3.35 to 15.0 per cent chord.

Slot depth—3.5 above to 4.0 per cent chord below-
the main wing chord.

The above totaI range was investigated by 100 difTercnt
positions of the auxiliary airfoil, in addition to the slot
closed condition, so that the best aerodynamic char-
acteristics might be obtained.

The set-up of the semispan wing with the reflection.
plaJMand other apparatus is shown diagrammatically..
in Figure 4. The drag forces were transmitted by two
fine wires to a.pIatform bahmce mounted above the top
of the tunneI, One wire was fastened to the wing near--’
the root, and the other wire was located l+hord Iength
from the wing tip. These wires, which were pmallel
and vertical, passed inside two streamlined tubes cx-
tdbg through the upper set of tunnel guide vanes. -

The lift forws were transmitted by a system of rigid
steel rods and balI-bearing beII cranks to two balances
mounted on the tunnel test floor, The rod carrying
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most of the lift was fastmied by a pin joint l-chord
length from the wing tip. Two other rods were at-
tached behind the reflection plane near the wing root
as shown in Figure 4, so as tcrbahmce the pitohhg mom-
ents of the wing and, in addition, to carry the re-,
mainder of the lifting forces. These two rods were
horizontal and were both perpendicular to the wing
span, being arranged to fom a parallel linkage system.

The angle of attack was changed by turning a small
gear meshed with a quadrant attached to tie wing. \
The gear was fastened ~o a vertical rod forming one E&I
of the above-mentioned linkage system. The Iift of
the wing was given by the sum of the two lift-balance
readings; in addition, rolling moments could be ob-
tained by taking the differences between the products
of each baIance reading and the appropriate moment
arms. This system was inelded so that the effective- ~

COMl@371’lMlFOR AERONAUTICS . ..—

ditlerent combination. Several readings were takep.
at l-degree ktervals to cover the region of minimum
drag, ~d then the maximum lift was obtained ii a
similar manner. Tests were made also at a few inter-
mediate amgles of attack in order to determine the
shapes of the lift and drag curves.

The lift balances were sensitive to within 0.06 pound,
and the drag balance was sensitive. to within 0.03

~ pound, The angle of attack setting was accurate to
‘+ O.1O,and the d-ynamicpressure w& maintained coti-
stant.to within + 0.5 per cent. From a comparison of
the results of check tests, the variation between vaIues
of the maximm M was found to amount–to about
* l,Q per cent.

RESULTS

The results, uncorrected for tunnel waII effects, are’: -
presen@d as absohte coellkients of lift and drag

—.
Fmum 4.-Slotted Clark Y wing sol-up in vertical tunnel

ness of difTerentmethods of control could be tested on
the same set-up, if desired.

TESTS

The tests were all made. at a dynamic pressure of
16.37 pounds per square foot, corresponding to an air
speed of 80 miles per hour at standard atmospheric
conditions. The ReynoIds Number, based on the
wing chord of IO inches, was 609,000. The angle of
attack range varied from -6° to as high aS + 46°,
depending on the sta~g angle of the slot combination
being t~ted.

Force tests were made. with tie. auxiliary airfoil
screwed tight to the main wing and faired with plasti-
cize, as a basis for comparison between the results of
the plain wing and those with the slot open at the-100

I

1

I

I
1
I
I
I

(CL and CD), in tabular and in chart form. The Iift
and drag coefficients, CLand CD,plotted agfiinst angle
of attack for the various auxilimy airfoil positions are–””
shown in Figures 5 to 24, inchsive. The wing area
with the slotmlosed was used as the basic area in the
calc~ations of CL and CD from tlmse tests. EacIl ‘“
ficr@ gi~~ the res~~ ~}~~ slot closed and faired ~d”
with five different slot widths at a given slot depth
and_~nstant sIot gap. Wi~h this combination a series”-”
of four figures covers the results for one slot gap c.on-
ditio%. Tables I to V, inclusive, &ve the values”of–”
the maximum lift coefficients (CL ma=)and the cor-
res@iing values of the angles of attack for maximum

—.-

Jift (*L . ..) for ~1 tie allfiiary airfoil positions. ‘T-
C%&oura of the maximum lift-coefficients and of the”

cori%iponding angles of attack for maximup~ Iift
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obtainable at given positions of the auxilia~ airfoil
with respect to the main wing are given in Figgres 25
to 29, inclusive. Each contour line connects points
of equal value of the maximum lift coefficient or of
angle of attack for maximum lift. If the cukff point
(point X, figs. 25 to 29) of. the auxiliary airfoil is
placed at the position for a desired CL ~a., tie cor-
responding vrdue of the angle of attack for maximum
lift wilI be given by the same position on the contours
of CWL~~=, Each Iigure thus Bhows the possibIe oom-
biriations of maximum Iift coefficient and correspond-
ing angle of attack for maximum lift obtainable for
any slot condition with a constant slot gap.

The best obtainable values of the maximum lift
coefficient and of the highest angles of attack for
maximum lift at~ven slot gaps, depths, and best
widths are recorded in Table VI. The highest values
of the maximum lift coefhients are tabukted first,
followed by the corresponding vaIues of the angles of
attack for max@um lift. Then the highest wdues
of the angles of attack for maximum lift are given,
followed by their corresponding values of the maximum
lift c.oef%cienta, The curves of highest maximum Iift
coefficients are shown in Figure 30 and the curves of
highest angk of attack for maximum lift are given
on Figure 31.

DISCUSSION

Although these tests were not made at fulI scale, the
scale effect is probably small because the ReyiioIds
~umber is relatively large (609,000) and above the
critical range. This value is about one-third of that
for an ordinary small airpkme while Ianding, the con-
dition for which the results are of particular interest.
The discussion of the resulte has been divided into
four main parts: First, a generaldiscussion of the effect
of changes in the auxiliary airfoil position on the
curvm of lift and drag coefficients; second, a discussion
of the effects of the position of the ~uxilia~ airfoil
on the maximum lift coefficients; third, the eilects of
the auxihry airfofl location on the angIes of attaok
for maximum lift; fourth, the choice of the optimum
position of the auxiliary airfoil. ~

General,—The shapes of the curv~ of Iift and drag
coefficients are affected by changes in the slot widths
for given slot depths (slot gaps constant) as shown in.
Figmw 5 to 24, inclusive. It wiIl be noted that large
increases in the maximum Iift are possibIe under
certain conditions, and that under certain other
conditions Iarge increases in the angle of attack for
maximum lift are obtainable. It can be seen that
some of the lift coefficient curves are well rounded at
the peaks, while others drop off quite sharply after
the maximum has been reached. Up to the stalling
angle of the wing with slot dosed, it should be noted
that the lift coefficient at a given angle of attack is
generally somewhat lower for the wing with slot open
then for the one with slot closed. The charts indicate

COMMITTEE FOR AERONAUTICS

aleQthat the sIopes of the lift coefficient curves for the
slot o~m arrangements are, in ganeral, somewhat
increased by in~reasing the slot width at a given
depth_ [sIot gap constant). The tendency is to ap-
proach the curve for the wing, @th slot closed. (See -----
&s. 5_to 24, inclusive,)

Although the tests were made with the view of ““”.
applying the restdts to automatic slots, it may be
noted that the widest sIotmvidthgives, in general, the
highest drag values in the vicinity of zero Iift. The
drag vvdue.sin this region me also increased by locating
the auxilia~ airfoil below rather than above the chord
line of the main wing. However, at the high angIes
of attack between 24° and the stalling angle of the .._
sIotted wing, the drag of the alotted wing is Iower t@n . . _.
that of the wing with slot closed. (l?@ 6 to 24,
incIueive.) An increase in the slot gap, other factom
remaining the same, is also accompanied by an in-
crease in the drag for the above range .of mgk Or _ _.~

attack.
Maximum lift coefEcient.-The manner in which

the maximum lift coefficients are affected by changes
in the. auxiliary airfoil position may be seen by refer-
~ce h the conto~ of Cfi ~m. @igs. 25 to 29, ‘ _
inclusive.} It will be noted that, for a constant slot.
gap, there is a best position of the auxiliary airfoil to
give the highest mminmm lift coefficient. h this ___ ._
position @e nose of the auxiliary airfoil is below and
well forward of the nose of the main wing. Further
displacement of the auxiliary airfoil (slot gap con-
stant) back and upwards or down and forwards causes
only ernaIlchanges in the matium lift coefficients for
considerable displacements.

As the slot gap is increased, the nose of the auxiliary “
airfoil must be raised to obtain the highest maximum
lift coefficient, while the distance out from the main
airfoiI varies somewhat but not in a clearIy defined
manner, Changes in the slot gap cause no appreciable
differences in the highest maximum lift coefficients
obtainable (fig. 30), the variations fa.lbng practically
within the experimental error of the tests.

The Iirgest increase in the maximum Iift coefficient, ‘ -
from 1.297 (slot closed) to 1,835 (highest recorded),
indicates an obtainable gain in the maximum Iift “. _ ___
coficient of 41.5 per cent for the sIotted Clark Ywing.
This wlue compares favorably with previous results
on slotted medium-thick wings in which increases up
to 40 per cegh were obttied. (Reference 3.)

Angie of attack for maximum lift,-There is a best
position of the auxiliary airfofi (slot gap cons&nti for
the highest angIes of attack for m“aximumlift. (l?ii,
25 to 2~ incIusive.) This best position, however, is , -a
considerably dtierent from that for the highest
rnaxinium lift co.eflicient. For the highest angles the ~.
nose oj “the apxiliary airfoil is found to be weII below
but close in to tie nose of the main wing. Displace-
ment of the auxiliary airfoil either upward or outward
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from the best position decreases the angle of attack on tlkhighest ma.xirnum lift coefficients and greatest
for maximum lift. The highest angles of attack for angles of attack for maximum lift that these two wduea
maximum lift are obtained with the largest dot gaps. are n-et obtained simultaneously. A compromim
(See fig. 31.) must therefore be effected.

The highest angle of attack for maximum lift ob- As mentioned previously, changes in the slot gap ~
tained in this series of tests was 45° (figs. 28 and 29) as o~er the range tested have little effect on the highest _
compared with the highest of_29° found in one of the values mf the maximum lift coefficient. .The highmt

I 20” .ZA1 //

FIGURE Z&–how of point X to obtain varlom ahfoll obaracterhths. @P-3.O w cant c

avaiIabIe previous taste of slotted wings. (Reference
2.) Inasmuch as the angle of attack for maximum
Iift for the wing with the slot cIosed was 15°, the
maximum attained in this investigation gives an
increase in that angIe of 30°. Although the high
angles of attack for maximum lift are probably not of
partimdar interest in connection with the use of fulI-

----

. . .

-.**, ~~... . ... .... .

/0t I

value .0,84) was obtained’ for a slot gap of .2.0 per _
cent chord. Reference to Figure 26 then showy that, _
with the point X of the auxiliary airfoiI at the posi-
tion for CLmu of 1.84, the slot width is 12.0 per cen~
chord, and the sIot depth is 4.0 per cent chord below
the main wing chord.. The corresponding angle of
attack for maximum lift is found to be about 28°.

8 -

6-

.4 -y

2

-2-

/ A /i/

-6 - /.60 f.40: ~i,30
I I I 1 I 4 t

/6/412/0 8 6 4._2 0.: ;-O
Width,per centchord . .tifhper CerIt6krd ..
Maximum llft wefiident, CL.,,. Angle ofattack for maxbnom ILft,UC. ~,.

FIGGBE Z&—km of point X to obtain varkme edrfoilcbractertstfm Gw=8.ti w mnt c

span slots, they may be considered h. the case of
wing-tip slots in order to obtain the required. lateral
stability.

Choioe of optimum position of the auxiliary airfoiL—
The choice of the auxiliary airfoiI position is dependent
upon the most desired aerodynamic characteristics of
the clotted wing. It is evident from the discussion of
the effeota of changes in the auxiliary airfoil position

—. .

I

Figure 1 also shows the above
ment to scale.

.—

.+ .- .-.-

.-

-..- . —--
-L ..J -

. - —.—

geometrical arrange- . .

A high maximum Iift coefficient, together with a
high angle of attack for maximum lift, may Im ob-
tained with a Iarger slot gap than that above.. Utig
a slot gap of 3.0 per cent chord (fig. 28), it may be
seen, for example, that a maximum Iift coefficient of
1.60 &obtainable with a corresponding angle of attuck
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for maximum Iift of 40°. These values mo for a
position of the au.fiary airfoil at a slot width of 8.0
per cent chord and a slot depth of 3.6 per cent chord
below the main wing chord.

CONCLUSIONS

1. The best autiary airfoil locations, based on tie
highest maximum Iift, have been found for the slotted
wing tssted, but the locations for highest maximum
lift coefficient and highest qj~s of attack for maxi-
mum lift are not coincident.

?. An increase of 41.5 per cent b the maximum
lift coefficient from the slot closecl to the best open

; 1.60 I ! I

.&
z f

t.50

Slot d fh
F

i.40
——35 c.Above&a-d

Y ------—— 1.0%” “ “
—.—

‘-=‘%0$
1 I 1 I I I I I i I i
0 /.0 247 30 4.0 50

SIbf~per centC#Kk-d

RGWSXSO–Effect ofdotsaponMKMst CL-u.foraCfm ~ d~p~

positions was obtained for a aIotted Clark Y wing,
with a corresponding increase of about 13° in the
angIe of attack for this maximum Iift.

3. An increase of 30° in the angle of attack for
maximum lift was attained with tie giwm main wing
and auxihry airfoil combination, aIthough at a maxi-
mum Iift coefficient slightiy Iower than that of the
plain wing.
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TABLE V

SL6TTED CLARK Y CHARACTERISTICS.
GAP=3.5 PER CENT CHORD
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SLOTTED CLARK Y CHARACTERISTICS.
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AERONAUTICAL SYMBOLS

Length . . ----- i
Tme---.-----
Force -------- 4

Power -------- P

Speed-----_-- ---------.

W,
9)

m,

P,

Weight = mg

1. FUNDAMENTAL AND DERIVED UNITS
.—. ..—

Metric EngIish

Utit Spbd Unit SymboI
.. —-

meter ------------------ m foot (or rnfle)--_------ ft. (ormi.)
wend ----------------- seoond (or hour) ------- sec. (or hr.)
weight of one kilogrmn ---- ,G weight. of one pound---- lb.

k~m/a----_--__-_----__ _-i-i--i-- horsepo~er ___________ hp
(!%r@-_---_----__-- ---- mi.h ----------------
l@s____________________ m.p.i ft./w ---------------- F&?

.——

2. GENERAL SYMBOLS, ETC.

7nkz,kIoment of inertia (indicate axis of the
Stm-dard ri~celerationofgratity=9.80665 “ radius of gyration- k, by proper sub- J

I@= 32.1740 ft./see.~ script).

Mass =:
El, hea.
S., Wing area,etc.

Density (mass per unit vohune). Q, Gap.
Standard density of dry air, 0.12497 (kg-m+ b, Span.

EP) at 15° C. and 760 mm= 0.002378 c, &old.
(Ib.-ft.4 see?). ~s

Specific might of “standard” air, 1.2255 ~’ ‘Pet ‘tie”
kg/m* =0.07651 lb./ft?. P, Coefficient of wiscosity. “

r,

, %

L,

D

D*,

D~,

D,,

c1

R,
iu,

it,

3. AERODYNAMICAL SYMBOLS

True air speed. Q Resultant moment.
Q,

Dynamic (or impact) pressure =~p~q. ~.
Resultant engdar veIocity.

T n z Re.wokls Number, where 1 is a Iinear
Lift, absoIute coefficient CL= ~ P

Dragj absolute coefficient CD= ~qs

ProfHe drag, absulute coefficient C~O=~qs

Induced drag, absolute oodicient C~i=~ ~
u)

Parasite drag, absolute coefficient C~, =%

Cross-wind foroe, absolute coetlicien+. ~,

00=$ %

Resultant force.
%

hgle of setting of wings (reIative to ~,
thrust line).

ibgle of stabilizer settiug (relative to ~
thrust line).

dimension.
e. g., for a modeI airfoil 3 in. chord, 100

miJhr. normal pressure, at 15° C., the
corresponding number is 234,000;

or for a model of 10 cm chord 40 m/s,
the corresponding number is 274,000.

Center of pressure coefficient (ratio of
distance of c. p. from leading edge to
chord Iength).

bgle of attack.
Qgle of downwash.
hgIe of attack, infinite aspect.ratio.
Angle of attack, induced.
Angie of attack, absolute.

(Measured from zero lift position.)
Flight path angle.
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.-

Positive directions of axea and angles (forces and moments) me shown by arrows -.. — .--,.

,.; ‘s;!= ii?“iss:;;;i‘t$F~~+~.~Designation

Longitudinal --- X ;
Lateral -------- Y
Normal ------- z

. -. -. .....

Absolute coefficients of moment Angle of set of control surfuce (relntive to neu- -; --=.

.—-. .—
——

D,
P)
pID,
V,
V,,

T,

Q>

Diameter.
Geometric pitch.

“P,

Pitch ratio.
Inflow velocity.” CB,

Slipstream velocity. T?

Thrust, absolute coefficient Cr= ~~
‘n.J.

Q “Torque, absolute coefficient CQ=~ZD~

Power, nbsolute. coefficient ~p= --&-’
-. . . . ..

/
6 jl~

S@ed power coefficient= ~ ~.

Efficiency.
R&volutions per second, r. p. s. .

()

.—
Effective helix angle= tnn-* ~~
-7. — --- —

1 hp = 76.04 kgfmfs = 550
1 kg/m/s =O.01315 hp
1 nti./hr. = 0.44704 m/s
1 ill/S= 2,23693 mi@r.

5. NUhlERICAL RELATIONS

lb./f t./sec. 1 lb. = 0.4535924277 kg.
1 kg=2.2046224 lb.
1 rd. = 1609.35 m=5280 ft.

.—

1 m =%.2808333 ft.

o


