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

By H. (JKAITERT, MA., C. N. H. LOCK. U.A. 

Reports and Memoranda, No. 1033.    May, 1920. 
(Ae. 226.) 

SUMMARY.—It is suggested that an open jet and wind tunne! of the 
Kiffel or <iöttingcn type is more suitable for testing airscrews than the 
closed (National Inysical Laboratory) type on account of the smaller 
correction for tunnel interference. The evidence for the latter statement 
is:—• 

(a) TtieoreticcU.—A formula duo to Mr. B. McKinnon Wood is available 
which gives a small but definite correction to be applied to a 3 ft. diameter 
airscrew working in a 7 ft. square closed tunnel. By the same argument 
the correction for an open jet tunnel is zero. An independent argument 
bused on considerations of vorticity leads to the same conclusion. 

(b) Experimented.—In the course of experiments on the American 
family of airscrews l>r. Duranil tested a set of four similar airscrews of 
diameters 2 ft. to 4 ft. in an o]M>n jet tunnel of diameter 51 ft. and obtained 
agreement between the performance of the extreme screws. The e\ idence 
for tiie closed type of tunnel is less definite but points to the accuracy of 
the theoretical formula. 

(c) Kzlrenn working condititmt.—Vndet extreme working conditions 
it is probable that the correction become* large for a screw in a closed 
tunnel and there is some evidence that the open jet tti'uiel retains its 
advantage in this case. 

1. Introduction.—The majority of tests on model airscrews 
during recent years have been made in wind tunnels, the forward 
motion of the screw being .simulated by the How of air past a 
model screw rotating at a fixed point in the tunnel. As in all 
wind tunnel work it is desirable that the mode! should l>e as large 
as |x>sxihle in order to approach as nearly as possible to full scale 
conditions; the size is 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 test« of recent years have been made in a tunnel 
of thw type of 7 ft. square section, and the model screws have 
generally been of 3 ft. diameter. It will appear later that the 
interference effect on a screw due to th? finite size of the wind 
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tunnel may in extreme cases equal or exceed the corresponding 
effect on an impervious disc of area equal to the disc area 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 made in an open jet tunnel of the Eiffel type with a jet of 
diameter 5 ft. <» ins.* There is both theoretical and experimental 
evidence (see below) that the interference effect on a screw is 
appreciably less for an open jet than for a closed type of wind 
tunn?l; actually the American experimenters do not apply 
any correction for tunnel interference to a screw of diameter 
3 ft. working in a 5J- 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 a wind tunnel on 
an 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 
neighbourhood of the airscrew disc for a given rotational speed 
of the screw and for a certain measured tunnel velocity 1* is 
identical with the How relative to an identical screw moving 
forward through free air with the same rotational speed but with 
a forward speed I" which differs slightly from V. The velocity 
\" is then known as the " equivalent free air speed " corre- 
sponding to the tunnel velocity V. All the force» on the two 
screws should also be identical. In all wind tunnel tests on 
airscrews the screw should be small enough relative to the tunnel 
for the above conditions to be fulfilled: then provided that a 
reliable method is available for determining V, the actual 
magnitude of the correction I"' - V is of no importance. In 
practice however we may take the relative magnitude (V V)jV 
of the correction as a criterion; the smaller this correction is, 
the more accurately the above conditions are likely to be fulfilled, 
and the less important will be any uncertainty in the determi- 
nation of the correction. We proceed to discuss various theo- 
retical and experimental methods of determining the correction. 

2. Wood's theory of an air&crew working in a wind tunnel,— 
A theoretical method of estimating the correction to be applied 
to the measured tunnel velocity for an airscrew working under 
normal condition« in a closed wind tunnel is given by R. McKinnon 

• Experimental Research on Air Propeller*.    N.A.CA.    Keport N».». 14, 
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Wood and R. G. Hams in R, & M. 662.* The results are obtained 
by means of the Froude theory applied successively to a screw 
in a wind tunnel and in free air. The flow in a closed tunnel is 
illustrated in the attached figure. 
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V V* V, 
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P n 
Section A is the plane of the airscrew disc. At section F 

in front of the airscrew, and at section S behind it, the flow is 
parallel to the axis and the pressure is constant over the section. 
The Froude relations connect the velocities and pressures at 
the sections b and S with the thrust of the airscrew and the flow 
through the disc, which must be assumed to be the same in the 
wind tunnel as it is in free air. Since tij differs from V, it follows 
by the condition of continuity that in a closed tunnel 1", also 
differs from V, and hence that pl differs from p. Hence the 
Froude relations between w,, V and the conditions at the screw 
differ from those in free air, where \\ ~ V and /», — p. If the 
screw gives the same thrust in the closed tunnel as in free air 
for the same velocity «0 through the disc, then the velocity V 
in front of the screw in the tunnel will differ from the corre- 
sponding velocity V in front of the screw in free aiir. I" is called 
the equivalent free air speed. 

In an open jet type of tunnel the condition of continuity 
is replaced by the condition that the pressure has the same value 
at sections F. and S. It follows that there is no correction to 
be applied in an open jet tunnel according to the present theory 
of tunnel interference. 

The correction in a closed tunnel is quite important and its 
magnitude may l>e obtained with sufficient accuracy from the 
approximate form given by equation (11») of the ap]>cndix of 
R. & M. IHW.   This formula is :— 

I 
r 
r vTT 

* "Son«« not an mi tlif theory of mi nirwtv working m tt waul 
channel." H. MoKiniion Wood an<l R. «:. Hnrrw, R. & M. 862. 
(Rev wed.) 
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where 
V ~ velocity in the forward datum plane (V) of the tunnel. 
V --- equivalent free air speed. 

z = ratio of disc area of airscrew to tunnel area. 

T 
y ~ T^Syp' 
T =» measured thrust of airscrew. 
R = radius of airscrew. 

3. An alternative theory of wind tunnel interference.—The 
interference experienced by an airscrew in a wind tunnel can also 
be examined by considering the nature of the üow pattern. 
The velocity at any point is the resultant of the uniform axial 
velocity V and of the induced velocity due to the vortex system 
which constitutes the slipstream of the airscrew. As a first 
approximation the rotation and contraction of the slipstream may 
be neglected, and the vortex system may be conceived as a 
uniform cylinder formed by a close succession of vortex rings. 
If T is the vortex strength per unit length of this cylinder, the 
axial velocity in the plane of the airscrew is ( V + \ V) f°r points 
of the disc and V for points outside the disc. There is also a 
radial velocity component r, whose value in the plane of the 
airscrew at radial distance r, assumed greater than the airscrew 
radius It, is given by the equation :■— 

where E and A' are the complete elliptic integrals for the modulus k\ 
and where 

r      1   r k' 
R ~ i -r 

Numerically, this equation gives 

ß^  1-70,      204,      2-47,      3-00. 

— = - 0-20,      0-13, - 009, -  0-06. 

ami so the induced radial velocity i> at a distance from the airscrew 
at which the boundaries of the tunnel stream are likely to occur 
is of the order of one-fifth to one-tenth of the axial induced 
velocity i V at the airscrew dim-. 

The boundaries of a clewed tunnel impose the condition of 
zero radial velocity at the boundary, while the boundaries of 
an open jet tunnel impose the condition of constant pressure. 
The constraint on the How is therefore of the order r or 0- I V 
for a closed tunnel, in order to neutralise the radial velocity 
component v, whereas the boundary condition for an open jet 
111nneI can be -at i.sricd by a correction of order r* or 0- 01 l'-' to the 
axial velocity component.    It follows that airscrew 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 necessary near the static condition 
when V is of the same order as v or 0-1 I\ i.e., when the axial 
interference factor a is of the order 5. / , 

4. General discussion  of the  extreme working ranges of an     / r, 
airscrew.—The Froude equations on which the result of R. & M.662   / ^ 
is based break down for a screw, acting as a wir.dmill, when the /  > 
retardation of the air through the screw exceeds a certain value,/-jft' - 

T''i 

According to the Kmude formula, when the mean velocity M0 

through the airscrew disc falls to A V, the value of u, falls to zero 
so that the area of the wake in Section S becomes infinite, thus 
indicating a breakdown of the theory. Again, the fundamental 
assumptions cannot well apply to an airscrew which is driving 
air against the tunnel stream (specified K. & M. 1014* as the 
Vortex ring state). An empirical method of calculating the 
performance of a screw in these extreme conditions which has 
been described in R. & M. 1014, is baaed on the use of an empirical 
relation between «„, V and the thrust of the screw. In these 
circumstances there is no theoretical method, analogous to the 
theory of R. & M. <>t>2, available for correcting for tunnel inter- 
ference. It is suggested however that the difference between 
l'„ and V, the mean velocities outside the airscrew stream may 
give a measure of the order of magnitude of the velocity correction 
required. 

In the normal working range, it may IK- shown by the method 
of It. & M. 6fl2 that I',, is given in terms of I' to the same approxi- 
mation as formula (1) by the formula :— 

j/  , 1 : { VI +-*! - 1 } 

o that l0      \" to the first order in y. 
In general bv continuity 

l 

r t 

*      An fitriisitiii nl iIn- VurtfX riii*ni_\ n| Airectvw»."     Link, lialt-iiitui 
tuul Tuwiieitd, K. A M   1014. 



Thus if M0 is zero 
ya    .       z o 1 = 

1 -2 

which has the value of ()• 168 for a 3-ft. screw working in a 7-ft. 
closed tunnel, while if M0 is negative, V0/ V may attain any value. 

It might be suggested that a direct measurement of Vc would 
be superior to a measurement of V 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 obvious that 
in extreme cases the distortion of the outer surface of the jet 
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 ccatained 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 Eiffel type having 
an open jet 5-5 ft. in diameter by about 14 ft. long. The wind 
speed was determined in the usual 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 influence of the airscrew 
on the measured velocity may conveniently be quoted verbatim 
from the original report:— 

RELATIONS BETWEEN  DIAMETERS or WINI> STREAM AND 
DiAMETEii OF MODEL PROPELLER. 

It was assumed fk-om precedent and from general experience 
in wind-tunnel work that a propeller model 3 ft. in diameter 
could be properly run in a wind stream 5i ft. diameter without 
sensible disturbance at the boundaries of the stream and hence 
with sensibly the game result as though in an indefinite stream. 

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

(a) Successive reduction of wind-stream diameter with 
compare'■ e study of thrust and torque coefficients. 

(/>) Pitot tube survey of wind stream with model pro- 
peller in operation, with special reference to distribution 
of velocity in the cylindrical shell outside the tip circle 
of the propeller. 

(<•) Comparison of thrust ami torque coefficients for 
four size« of propellers of successively increasing diameters. 

* K\|ieriitifiitMl Kej*<*rvli mt Aii-Propeller».    N.A.CA.    Report Nu. 14. 



The result of those three examinations may hi- briefly 
indicated. 

The diameter of the wind stream was reduced by 6-inch 
steps by blanking over the delivery end of the collector with 
suitable Mat annular rings. This had the effect of closing on 
an outer zone of cells of the honeycomb baffle, leaving the 
remainder operative. This gave wind streams of diameters, 
successively, 66, 60, 54 and 48 inches, and within which a pro- 
peller of 3 ft. diameter was run. The results were then reduced 
to the form of thrust and torque coefficients by assuming, at 
equal values of VjND, a force 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 torque 
and thrust were about 2-5 per cent, greater than f<»r the win.I 
streams of 3 ft. on 5-5 ft. diameter. 

For a wind stream 4 ft. diameter the torque and thrust were 
ft to 7 jx>r cent, greater than for the wind streams of f> ft. or 5- "> ft. 
diameter. 

With the model propeller in operation and throwing aft a 
slipstream of pronounced velocity, the wind stream across the 
entire section forward of and about the propeller was subject 
to survey by Fitot tube. The results indicated a relatively 
abrupt break in the influence of the propeller close about the 
tips of the blades, and that the size of the slipstream proper at 
and just in advance of the propeller was practically determined 
by the diameter swept by the tips of the blades. The velocities 
in the cylindrical ring lying outside the blade tips were also 
compared with the depression within the chamber and found to 
agree as previously stated. These tests indicate that the special 
influence of the propeller in disturbing the distribution of veloci- 
ties through, the windstream extends to but a slight distance 
beyond the circle swept by the tips of the blades. The indications 
of this test, therefore, sup|*>rt fully the anticipated relation 
between diameter of propeller and of wind stream. 

As a final test in regard to this importanl question, four 
propellers of diamcVrs, successively. HO, 38, 42, and 4S inches, 
and similar geometrically, were tested out in regular course 
and the results reduced to thrust and torque coefficient* by assum- 
ing, at equal values of l* SI), a force variation with the square 
of the speed ami with the square of the diameter. The results 
of these tests are shown in Fig. i. of this report for thrust only 
and indicate substantially the same values of the coefficients 
for the same value of V SI) for all four propellers This indicates 
apparently that the diameter of the profilers might have been 
increased to 42 inches, or pu*sibly even to 48 inches, and run 
in a wind stream of diameter 68 inches without sensible departure 
from the condition* in an indefinite stream. 

■ 
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As a matter of fact, as may be noted in the figures the values 
of the coefficients for the diameters 30, 42 and 48 inches lie most 
satisfactorily on a continuous smooth curve. Those for the 
diameter 36 inches lie slightly above. This slight variation 
ir, apparently due to some slight departure in geometrical similarity 
between the propeller for 30-inch diameter and the other three. 

In any event these rasults together with the others noted 
above seem to justify fully the use of the propeller models of 
30 inches diameter in the wind stream of (Hi inches diameter. 

(End of quotation from the American Report.) 

The figure (Fig. I) referred to in the above description contains 
the thrust coefficients plotted against VjnD reprouueed from the 
figure in the original report but with the original coefficients 
reduced to the form commonly used in this country, viz., 
kr — Tjpnhi*, For this reason the discrepancies between the 
various screws appear much more pronounced than in the original 
figure. In Fig. 2 is shown a continuous curve, through the 
observation points for the screw of 3 ft. diameter only. In order 
to compare the results with what would be expected in a closed 
tunnel, the dotted curves (Fig. 2) have been calculated by Woods 
formula and represent the unrorrerted thrust curves, which would 
l>e obtained with screws of diameter 2-."», 30, 3-5, 4-0 ft. in a 
.">•<> ft. circular closed tunnel on the assumption that Wood's 
theory is accurate, the corresponding values of z being 0-207, 
0-207, 0-40."> and 0-.V2!» 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 value of z is 0- 144. 

0. Experiments relating to the celocity correction fur an airscrew 
itorkimj under nor mill condition* in a closed tunnel.—The curve 
in the above diagram shows that the correction >r velocity to 
la- applied to a 3 ft. screw of mean tyjx? working in a 7 ft. square 
ck>sed tunnel nowhere becomes large in the normal working range, 
the correction being equivalent to a change of Lr whose value 
for V ttl) <)• 3, is only about 0-00:2 or less than 2 per cent, of kr. 
This was the real justification for accepting the value of the 
correction as determined by Wood's formula as la-ing sufficiently 
accurate for the reduction of the tests in the family of airscrews. 

A type of experiment which would provide u direct clunk 
on the correction to be applied in a closed tunnel, y a direct 
comparison between the performance of the same airscrew in a wind 
tunnel and on a whirling arm. The only experiment of this 
type that has been traced occurs in a report " Experiment* 
to deter.uiue the lateral Force on a I'rojK-Uer in a Side Wind," 
by Bramwall, Reif and Bryant. R. & M.. No. 523, March, 1014. 
Technical Reports, 1913 !4, p. 291. A four-bladed wtHnlcn 
airscrew of 2 ft. diameter (illustrated on p. 201 of the same report) 
was tested successively on the propeller balance of the X.F.L. 
Whirling Arm and in a 4 ft. square wind tunnel (closed type). 
The values of thrust coefficient extracted from this Re|H>rt are 



shown in Pig. 3. The continuous curve is drawn through the 
observations 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 smaller 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 velocity 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 result* under extreme working condition)*.— 
The only experiments on an airscrew working in the extreme 

conditions specified in §(4) ( ~ less than 0-5 and p negative) 

are those made at the N.P.L. 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 < ." < 0-"> only. The evidence available from the N.P.L. 

experiments consists of a few measurements of the velocity 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 such a correction which is evidently assumed 
to l>e xero. 

Conclusion«.—For the normal working state of an airscrew 
the results of the above investigation may be summarised as 
follows :—The theoretical value of the correction to equivalent frev 
air speed for a 3-ft. diameter airscrew working in a 7-ft square 
closed wind tunnel (r 0-144) is «mall but by no means negligible. 
Kxperimental evidence is scanty but appears to favour the 
theoretical value. For an open jet tunnel, the theoretical correc- 
tion is zero; experiments on a series of similar screws of different 
diameter indicate« that for a 4-ft. diameter screw working in a 

•  Kxperiuutfit* with * faintly of tursin-w «. 
t Th* «ffact of win«! tttnnel iittorfamictf on a combination of «urwrrw 

.unt trat tor body. 
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5£ ft. diameter open circular tunnel, the correction is negligible 
within the limits of experimental error. 

In .extreme working conditions there jure theoretical reason.-* 
to believe that the correction for a closed tunnel may become 
large; for an open jet tunnel the evidence is scanty but indicates 
that the correction is likely to be much smaller. It seems, 
therefore, that if an open jet type wind tunnel were available 
in this country it would be of considerable nse both "for absolute 
and comparative experiments on airscrews. 

I'riBUa tuvicr U» »ulUirit» «rf Hi. IHtHfl"- l_ 
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