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ON THE ADVANTAGES OF AN OPEN JET TYPE OF
WIND TUNNEL FOR AIRSCREW TESTS.

By H. Graverr, MA,, €. N. H. Locg, M.A.

Reports and Memoranda, No. 1033.  May, 1926,
(Ae. 226.)

SuMMmarY.—It is snggested that an open jet and wind tunnel of the
Eiffel or Gottingen type is more suitable for testing airscrews than the
closexl (National Fnysical Laboratory) type on account of the smaller
vorrection for tunnel interference. The evidence for the latter statement

18 :-—

(a) Theoretical.—A formula due to Mr. R, McKinnon Wood is available
which gives a small but definite correction to be applied to a 3 ft. diameter
airserew working it a 7 ft. square closed tumnel. By the samne seguiment
the correction for an open jet timel is zero.  An independent argument
hased) on considerations of vorticity leads to the same conclusion.

(b) Krperimental —In the course of experiments on the American
family of airscrews Dr. Durand tested a set of four similar airserews of
diameters 2 ft. to 4 ft. in an open jet tunnel of diameter 53 ft. and obtained
agreelnent between the performance of the extrems serews.  The evidence
for the closed type of tumnel is less definite but points to the accuracy of
the theoretical formula.

(c) Frtreme working conditions.—Under extreme working condilions
it ix probable thal the correction becomes large for a scrow in a closed
tunnel and there is some evideuce that the open jet tunnel vetains s
wlvantage i this case.

1. Introduction.—The majority of tests on model airsercws
during recent years have been made in wind tunuels, the forward
motion of the screw being simnlated by the flow of air pust a
modlel serew rotating at a fixed point in the tuunel.  As in all
wind tunnel work it is desirable that the model should be as large
as possible in order to approach as nearly as possible to fuli scale
conditions ; the size iz however always limited by the size of wind
tunnel.

In this country the only wind tunnels available are of the
closed National Physical Laboratory type; the majority of

“model airscrew tests of recent vears have been made in a tunuel

of this type of 7 ft. square section, and the model screws have
generally been of 3 ft. diameter. It will appear later that the
iuterference effect on a screw due to the finite size of the wind
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tunnel may in extreme cases equal or 2xceed the corresponding
cffect on an impervious disc of arca equal to the disc arca of the
airscrew ; although the effect is usually much less than this it is
evident that it may be of importance for a 3 ft. screw working
in a 7 ft. tunnel.

In America a large number of tests on model airscrews have
been niade in an open jet tunnel of the Eiffel type with a jet of
diameter 5 ft. 6 ins.* There is both theoretical and experimental
evidence (see below) that the interference cffect on a screw is
appreciably less for an open jet than for a closed type of wind
tunnel; actually the American experimenters do not apply
any eorrectioi: for tunnel interference to a screw of diameter
3 ft. working in a 5} ft. jet, whereas an appreciable correction
has been applied to the results for a 3 ft. screw working in a
closed tunnel of 7 ft. square. An attempt is made in the present
report to discuss all the available sources of evidence on the
subject, in view of the possibility that a wind tunnel of the open
jet type might be constructed in this country for these and other
purposes. It appears that in an open jet tunnel an airscrew
of given size could be tested with greater accuracy than in a
closed tunnel or alternatively a screw of larger size might be
tested.

In making a correction for the effect of 2 wind tunnel on
a1l airscrew it is usual to assume that the entire effect may be
represented by a change in the forward velocity of the screw.
This will be true if the flow in the wind tunnel in the immediate
ncighbourhood of the airscrew disc for a given rotational speed
of the screw and for a certain measured tunnel velocity 1 is
wientical with the flow relative to an identical serew moving
forward through free air with the same rotational speed but with
a forward speed V' which differs slightly from V. The velocity
I* is then known as the “ equivalent free air speed’ corre-
spouding to the tunnel velocity . Al the forces on the two
screws should also be identical. 1n all wind tunnel tests on
airserews the screw should be small enough relative to the tumnel
for the above conditions to be fulfilled: then provided that a
reliable method is available for determining 17, the actual
maguitude of the correction 1" — I is ¢f no importance. in
practice however we may take the relative magnitude (1" — F)'1
of the correction as a criterion; the smaller this correction is,
the more accurately the above conditions are likely to be fulfilled,
and the leas important will be any uneertainty in the determi-
nation of the correction. We proceed to discuss various theo-
retical and experimental methods of determining the eorrection.

2. Wood's theory of an airscrewr working in a wind tunnel —
A theoretical method of estimating the eorrection to be applied
to the measured tunnel velocity for an airscrew working under
normal conditions in a closed wind tunmnel is given by R. McKinnon

¢ Expermental Research on Air Propellens.  N.A.C.A. Report No. 14,
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Wood and R. G. Harris in R. & M. 662.* The results are obtained
by means of the Froude theory applied suecessively to a serew
in a wind tunnel and in free air. The flow in a closed tunncl is
illustrated in the attached figure.
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Section A is the plane of the airserew dise. At section F

in front of the airserew, and at section S behind it, the flow is’

varallel to the axis and the pressure is eonstant over the section.
The Froude relations eonnect the velocities and pressures at
the sections b and S with the thrust of the airserew and the flow
through the dise, which must be assumed to be the same in the
wind tunnel as it is in free air. Since u, differs from V), it follows
by the condition of econtinuity that in a elosed tummel V', also
differs from F, and hence that p, differs from p. Henee the
Froude relations hetween #,, V and the eonditions at the screw
differ from those iu free air, where ¥V, = V and p, = p. I the
screw gives the same thrust in the elosed tunnel as in free air
for the sume velocity u, through the dise, then the velocity F
iu front of the screw in the tnnnel will differ fram the ecorre-
sponding velocity V'’ in frout of the serew in free air. 17 is ealled
the equivalent free air speed.

In an open jet type of tumnel the conditian of eontimuity
is replaced by the condition that the pressure has the same value
ut sections F. aud 8. It follows that theve ix no eorrection to
be applied in an open jet tunnel according ta the present thicory
of tunnel interference.

The correction in a closed tunuel is quite important and its
magnitude mayv be obtained with snfhzient accuracy from the
approximate form given hy equation (19) of the appendix of
R. & M. 662, This formula is :—

LA Y
oy =a Vi 2y

*  Nome notes on the theory of an aiweren working i a wind
channel.” R, MceKinson Wood and R, . Harrie, R, & M, 662,
(Revised,)




where
V = velocity in the forward datum plane (F) of the tunnel.
1" <= equivalent free air speed,
= ratio of disc area of airscrew to tunnel area.
T
y= mRipVE
T = measured thrust of airscrew.
R = radius of airserew.

3. An alternative theory of wind tunnel interference—"The
interference experienced by an arscrew in a wind tunnel can also
be examined by eonsidering the nature of the idow pattern.
The velocity at any point is the resultant of the uniform axial
veloeity 1 and of the indueed veloeity due to the vortex system
which eonstitutes the slipstream of the airscrew. As a first
approximation the rotation and eontraetion of the slipstream may
be negleeted, and the vortex system may bhe coneeived as a
uniform cylinder formed by a elose sueeession of vortex rings.
If I" is the vortex strength per unit length of this cylinder, the
axial velocity in the plane of the airserew is (V' + § I') for points
of the dise and V for points outside the dise. There is also a
radial veiocity eomponent », whose value in the plane of the
airscrew at radial distanee r, assnmed greater than the airscrew
radius R, is given by the equation :(—

V;_I_{l\—-h"__l——k 1\'}
{1l +k 2
where £ and K are the complete elliptie integrals for the modnlux £,
and where

a

r 1k
R 1}
Numerically, this equation gives
r
R0, 204, 2470 300,
L
T = — 0-20, — 0-13, — 0-09, — 0-00.
2

and so thie indueed radial velocity ¢ at a distanee from the aimerew
at which the bonndaries of the tunnel stream are likely to ocenr
i of the order of one-fifth to one-tenth of the axial induced
veloeity 11" at the airscrew dise.

The bonndaries of a closed tunnel impose the condition of
zero radial velocity at the boundery, while the boundaries of
an open jet tummel impose the condition of constant pressure.
The eonstraint on the flow ix therefore of the order ¢ or 0-1 1
for a closed tunnel, in order to nentralise the radial velocity
component ¢, whereas the boundary condition for an open jet
tunnel ean be satistied by a correction of order ¢3 or 0-901 }'? to the
axial velocity component, 1t follows that rirserew data obtained
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from an open jet tunnel should agree closely with those for free
air conditions in the ordinary working range of an airscrew,
but corrections may be neeessary near the static condition
when I is of the same order as ¢ or 0-1 T, i.e., when the axial
interference factor a is of the order 5.

4. General discussion of the extreme working ranges of an
airscrew.—The Froude equations on which the result of R. & M.662
is based break down for a screw, acting as & wirdmill, when the
retardation of the air through the screw exceeds a certain valuc/~

According to the Froude formnla, when the mean velocity w,
throngh the airscrew disc falls to } V', the value of u, falls to zero
so that the arca of the wake in Section § becomes infinite, thus
indicating a breakdown of the theory. Again, the fundamental
assulnptions eannot well apply to an airscrew which is driving
air against the tmmnel stream (specified R. & M. 1014* as the
Vortex ring state).  An empirical method of ealenlating the
performance of a serew in these extreme conditions which has
heen deseribed in R, & M. 1014, is based on the use of an empirical
relation between ug, 1 and the thrust of the screw. In these
cirenmstances there is no theoretical method, analogons to the
theory of R, & M. 662, available for corvecting for tunnel inter-
ference. 1t is suggested however that the difference between
I’y and I', the mean velocities outside the airscrew streain may
give a measure of the order of magnitnde of the velocity correction

INSPECTED

required,

In the normal working range, it may be shown by the method
of R, & M. 662 that Vs given in terms of 17 to the same approxi-
wation as fornmla (1) by the fornmla

¥ -
-7 =}z {\l Sy )
oo S
so that Iy 17 to the first order in y.
In general by continnity

~

¢ Ay entenston of the Vorces ‘l'lwur'\ of Airscrenws" Lock, Baleman
and Townend, R, & M. 1014




Thus if », is zero
Fo 2
7 ol=1=
which has the value of 0-168 for a 3-ft. screw working in a 7-ft.
closed tunnel, while if %, is negative, Vo/V may attain any value.
It might be suggested that a direct measurement of V¢ would
be superior to a measurement of ¥ but the latter is found to
give a steadier reading in addition to being more convenient.
Turning to the case of an open jet tunnel it is obvions that
in extreme cases the distortion of the outer surface of the ject
may become so large that its effect on the velocity reading is
no longer negligible but it seems likely that the superiority
of the open jet type will be maintained for all working conditions

of the screw.

5. Experimental evidence. American family of airscrews—
The most definite experimental evidence available for the case
of an open jet type of tunnel is ccutained in the original report
of the Experimental Research on Air Propellers carried out at
the Leland Stanford Junior University U.S.A. under the direction
of Dr. Durand.* The tunnel used was of the Fiffel type having
an open jet 5-3 ft. in diameter by abont 14 ft. long. The wind
speed was determined in the nsnal way from the drop of pressure
within the experiment chamber which was calibrated against the
readings of a standard velocity head in the air stream.  The
experiments made to determine the inflnence of the anserew
on the measured velocity may conveniently be quoted verbatim
from the original report :(—

RELATIONS BETWEEN DIAMETERS OF WIND STREAM AND
DiaMETEE 0F MODEL PROPELLER.

It was assumed from precedent and from general experienee
in wind-tunnel work that a propeller model 3 ft. in diameter
could be properly run in a wind stream 3} ft. diameter without
sensible disturbance at the bonndaries of the stream and henee
with sensibly the same resnlt as thongh in an indefinite stream.

The experimental examination of this question was approached
from three different directions, as follows :—

(a) Successive reduection of wind-stream diammeter with
compara’. ¢ study of thrnst and torque coefticients,

(b) Pitot tube survey of wind stream with model pro-
peller in operation, with special referenee to distribution
of velocity in the evlindrieal shell ontside the tip eircle
of the propeller.

(¢) Comparison of tluwnst and torgque coeflicients for
four sizes of propellers of snecessively inereasing diameters,

¢ Experimental Hescarch on A Propellers. NLALCLAD Report Ne. 14,
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The resnlt of these three examinations may be briefly
mdicated,

The diameter of the wind stream was redneed by 6-ineh

steps by biauking over the delivery end of the collector with
suitable flat annular rings. This had the effect of closing oif
an onter zone of celis of the honeycomb baffle, leaving the
remainder operative, This gave wind streams of diameters,
sneeessively, 66, 60, 54 and 48 inches, and within which a pro-
pelier of 3 ft. diameter was run.  The results were then reduced
to the form of thrnst and torque coefficients by assuming, at
eqnal values of V/IND, a foree variation with the square of the
speed.
The torque and thrust coefficient curves thus derived give
the following indications :—The torque and thrust of the 3-ft.
model in wind streams of 5 ft. and 5- 5 ft. in diameter are sensibly
identical.  For a wind stream 4-5 ft. in diameter the torgue
and thrust were abont 2-5 per cent. greater than for the win.d
streams of 5 ft. on 5-5 ft. diameter.

For a wind stream 4 ft. diameter the torque and thrust were
6 to 7 per cent. greater than for the wind streams of 5 ft. or 5- 5 ft.
diameter.

With the model vropeller in operation and throwing aft a
slipstreant of prononneed velocity, the wind stream across the
entire section forward of and abont the propeller was subject
to survey by Pitot tube. The results indicated a relatively
abrupt break in the inflnenee of the propeler close abont the
tips of the blades, and that the size of the slipstream proper at
and just in advanee of the propeler was practieally determined
by the diameter swept by the tips of the blades. The veloeitics
in the evlindrical ring lving ontside the blade tips were ako
compared with the depression within the chnmber and found to
agree as previonsly stated.  These tests indicate that the special
influence of the propeller in disturbing the distribution of veloci-
ties througl the windstream extends to but a slight distanee
beyvond the cirele swept by the tips of the blades.  The indieations
of this test, therefore, snpport fully the antieipated relation
between diameter of propeller and of wind stream.

As o final test la regard to this important guestien, four
vropellers of diameters, sneeessively, 30, 36, 42, and 48 inches,
and stmilar geometrically, were tested out in regular course
and the resnlts redneed to thrust and torgue coefficients by assum-
ing, at equal valnes of 1" N, a force variation with the square
of the speed and with the square of the diameter. The resnlts
of these tests are shown in Fig. 1. of this report for thrust only
and indicate substantinlly the xame values of the coeflicients
for the =awe value of 1 N D for all fone propellers.  This indieates
apparently that the diameter of the propellers wight have been
increased to 42 inchex, or possibly even to 48 inches, and rm
in a wind stream of diameter 66 inches without sensible departure
from the conditions in an indefinite stream.
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As a matter of fact, as may be noted in the figures the values
of the eveffieients for the diameters 30, 42 and 48 inches lie most
satisfactorilv o a continuous smooth enrve.  Those for the
diameter 36 inches lie slightly above,  This slight variation
i apparently due to some slight departure in geometrieal similarity
between the propeller for 36-inch diameter and the other three.

In any event these results together with the others noted
above seem to justify fully the use of the propeller models of
36 inches diameter in the wind stream of 66 inehes diameter.

(End of quotation from the Ameriean Report.)

The figure (Fig. 1) referred to in the above description contains
the thrust eocffieients plotted against 1'/nD reprounced from the
figure in the original report but with the original eoefficients
reduced to the form commonly used in this eountry, viz,
kp = T/pn®n%, For this reason the discrepaneies between the
varions serews appear much more pronounced than in the original
fignre.  In Fig. 2 is shown a continuous enrve, through the
observation points for the serew of 3 ft. diameter only.  In order
to compare the resnlts with what would he expected in a elosed
tunnel, the dotted curves (Fig. 2) have been caleulated by Wood's
formula and represent the wnecorrected thrust enrves, whieh would
he obtained with screws of dinmeter 2-5, 3-0, 3-5, 4:0 ft. in a
3.6 ft. cirenlar closed tummel ¢n the assnmption that Wood's
theory is accurate, the corresponding valunes of z being 0- 207,
0-297, 0-405 and 0-329 respectively. Finally a curve is given
showing the uncorrected results for a similar 3 ft. screw tested
in a 7 ft. square closed tunnel for which the valne of = is 0- 144,

6. Kxperiments reluting to the velocity correction for un airscrew
working under normal conditions in a closed tunnel —The curve
in the above diagram shows that the correction o velocity to
be applied to a 3 ft. screw of mean type working i a 7 ft. square
closed tunuel nowhere becomes large in the normal working range,
the correction being equivalent to a change of k3 whose valuce
for ¥V rD — 0-3, is ouly about (- 002 or less than 2 per cent. of £y
This wax the real justification for sceepting the value of the
correction as determined by Wood's formula ax being snficiently
accurate for the reduetion of the tests i the family of abscrews,

A tvpe of experiment which would provide a direet check
on the correction to be applied in a closed tmmel, i a diseet
comparison between the performance of the same airserew ina wind
tunnel and on a whirling arnr. The only experiment of this
type that has been traced ocenrs i a report * Experiments
to deteratine the Luateral Foree on a Propeller in a Side Wind,”
hy Bramwall, Relf and Bryant. R. & M. No. 123, March, 1914,
Technical Reperts, 1913-14, p. 291 A fonr-bladed wooden
airscrew of 2 ft. diameter (illistrated on p. 201 of the same report)
was tested snecessively on the propeller balance of the N.P L,
Whirling Armn and i 4 4-ft. square wind tannel (closed type).
The valnes of thrusi coefficient extracted from this Report are
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shown in Fig. 3. The continuous curve is drawn through the
ohservations taken on the Whirling Arm, and points are plotted
for the wind tunnel observations both uncorrected and corrected
by Wood’s formula. It is evident that the experimental accuracy
is not sufficient to give definite evidence as to the accuracy of the
correction.

Other experiments bearing on the subject are described in
R. & M. 829 and 830* and relate to explorations of velocity
round the airscrew. So far as they go they fully confirm the
accuracy of the corrections. A direct comparison with a similar
screw of emaller diameter would have required in addition a motor
of smaller diameter to obtain similarity of interference; in view
of the smallness of the correction it was not thought worth while
to undertake such an experiment.

The only experiment of this kind (R. & M. 919)t was made
to check the veloeity correction in the airscrew body experiments
described in R. & M. 830. The results again served to verify
the accuracy of the original corrections but here again the
advantages of the open jet type of tunnel are obvious.

7. Experimental results under extreme working conditions.—
The only experiments on an airscrew working in the extreme
1 !
J

age 3 . !
conditions specified in § (4) ( ° less than 0-5 and ;

are those made at the N.P.1.. and described in R. & M. 885 and
R. & M. 1014 for a closed type of wind tunnel; for an open jet
type the American experiments ** Model Tests on the economy
and effectiveness of Helicopter Propellers ” by Munk, Technical
Notes N.A.C.A. No. 221. The latter experiments refer to the
range 0 < f;? < 0-5 only. The evidence available from the N.P L.

negutive)

experiments consists of a few measurements of the velocivy field
round the screw and only serves to confirm the conclusion of § 4
that the correction may become large. in the American report
there is no mention of suelr a correction which is evidently assumed
to be zero.

Conclusions.—For the normal working state of an aimscrew
the results of the above investigation may be summarised as
follows :—The theoretical value of the correction to equivalent free
air speed for a 3-ft. diameter airscrew working in a 7-ft square
closed wind tunnel (z = 0- 144) is small but by no means negligible.
Experimental evidence is scanty but appears to favour the
theoretical value.  For an open jet tunael, the theoretical correc-
tion is zero; experiments on a series of similar screws of different
diameter indicates that for a 4-ft. diameter serew working in a

* Experinents with a family of simcrows,
t The effect of wind tinnel interference on a combination of gimserew
and tractor body.

s 29W0b )
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54 -ft. diameter open circular tunnel, the correction is negligikie
within the limits of experimental -error.

In extrome warkiyg conditions there are theoretioal reasons
to -believe .that the correction for a .closed tunnel may kecome
large; for an.open jet tunnel the evidence is scanty but indicates
that the correction is likely to be much smaller. It seems,
therefare, that if an open jet type wind tunnel were available
in this country it would be of considerable vse both for absolute
and comparative experiments on airscrews.
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