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ABSTRACT

A technique is described wherein drag and 1ift measurement on
models of supersonic projectiles and wings traveling on the surface of a
liquid can be used to determine the approximate drag and 1ift of such
objects when traveling through air, By this method, the velocity is
scaled down by a factor of about 1000. A simple developmental supersonic
wind tunnel simulator is described, The simulation and the mechanical
accuracy of the apparatus is not perfect as will be evident to the pre-
cisionist, However, the qualitative features of a superscnic wind tunnel
are simulated and approximate measurements can be made., Considerable ex-
perience can thus be gained in supersonic flow with very simple equipment.
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TETRODUCTIOR

1, The present widespread interest in dovices traveling through air

at velocities greater than the velocity of sound have intensified the
interest in supersonic wind tumnels, Ilany such devices arc being constructed
to study high speed air flow, (Reference 1). However, supersonic wind
tunnels are cxpensive to build znd to operatc. They ure only available

for the most urgent problems. For these reasons, many workers and students
are denied the opportunity for gaining expericnce with such devices. Thus,
it apvears desirable to simulate supersonic flow by a simple means, even
though the simulstion is only spproximetely correcet. A device fulfilling
this need is described in this papcr.

24 The work described herein was done by the Missile Control Division
to gain experience in supcrsonic flow phenomena. This is neccssary in
order that ilissile Control Division engineers can devisc control systems
for high speed missiles. The Division depends upon others for the acro-
dynemic design of projectiles and pilotless aireraft, both of which are
included in the term "missile”.

5 A The simularity betreen the surface waves created by o boat travel-
ing through water st a spced greater then the sveed of surface wave
propagation, and the compressional or shock waves created by an object,
such as a projectile, traveling at a speed greater than the velocity of
sound, is well knowm, (efcrence 2). This is the basis for the super-
sonic wind tunnel simulator. There are zlso some non-simularities
between surfzec wave and sound wave propagetion, the most important of
which is that, in meneral, surface wave propagation is denendent on the
wave length while the velocity of sound is not. 4 technigue hzs been
developed that minimizes the effcet of this dis=-similarity,

THECORETICAL_CONSIDERATIONS

Le Below arc listed the most importent cuantitics that will affect
the drag force (D) tending to retard an objcct traveling through a ges
such as air and also affeet the drag of an object traveling on the surface
of a2 liguid such as water.

(a) Veclocity of the object, (v), The drag tending to retard
an object moving in air or floating on water is in-
eroased with increased relative veloeity.

(o) Density of the fluid, (p). The drag is more for the
denser fluids.

(c) Projected arca of the object in the dircetion of motion,
(A4). A relatively large projected arca will produce a
relatively lerge drag. For floating objects the pro-
jected area is assumed to be the projected area under
the surface.



(d) Viscosity of the fluid, (™). Drag is greater when the
viecosity is large.

(e) Length of the object, (L). Viscous drag force will be
more if the object is long.

(£) Yaw or angle of attack of object, (¢¢!). If a relatively
long object is moved with its axis at an angle to the
dircction of motion the drag will be increased.

(g) Velocity of wave propegation, (c). The velocity of wave
propagation affects the drag force because when an object
is traveling at 2 sreed greater than the velocity of
wave propagation, waves are maintained that derive their
energy from the object. At velocities less than the
velocity of wave propagution, no waves are formed.
(Reference 3).

S« The above paragraph assumes that thcre are a total of ecight
ouvantitics, including drag, that are rclated to the rctardation of an ob-
jeet traveling in air or on the surface of water. These eight quantities
can be oxprossed in the threc fundamental dimensions of force, length and
time. Thus, according to Buckingham's w theorem there are five dimension-
less groups that can be formed by combination of the quantities. (Refercnce
4). If these groups are called T Ty, T3y, ctc., they are rclated in
the form: :

L = ¥ ('”'2, '"'33 r/u) (1)
6. By dimensional analysis it can be determined: =, — D s Ty=t
;O'VZA v
T oo ol W=k s 8D W= T .
37 AL . > TR
Then: D ='€ ( e P L (2)
g e~ e =T b ] d 9
: _/"v A v vL
. ¢ JTE
Qs D = Cp 2 A (3)
Where: Cp = ‘f( -2 I, A o 0‘ 3 L (4) -
7 ) ¥ /~vL A

A Equation (3) is the familiar Newtonian law of fluid resistance where
Cp is called the coefficient of drag. The rceiprocal of the first term on
the right side of Equation (4) is called tho Mach Number. As is well knowm
it is an importent factor in studying the characteristics of bodies travel-
ing st supcrsomic velocity in a gas. It is usually not used in the study
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of the characteristics of bodies traveling on the surfaoce of a liquid.
Conventionally, Froude's liumber is used as one of the important factors
in studying the drag on ship models, Froude's Number, v /a{ Lg, where
(g) is the acceleration of gravity, would have comc out of the dimensional
analysis if (g) hod becn used as one of the cuantitics listed in para-
graph (4). This was lcft out purvesely becausc the velocity of weve
provegation (e) is a function of (g) in the casec of water weves. Surface
weves have the general noture of compressional waves in air, where a cone
preasion in air is similar to a rise in surface lcvel, and a rarefdchion:
is similar to a drop in svrface level. 4s will be seen, there is eon-
sidecrable advantage to aprlying the ilach Fumber conécpt in cxamining the
effcet of surface wave formation,

8¢ The reciprocal of the second term on the right side of the Equation
(4) is called the Reynolds number and is of most importancc under con-
ditiong where the viseous forces are relstively large., The next term in
Bquation (4) is effective where the yaw angle (ballisties) or angle of
atteck (acrodynamics) is not zero. The last term of Equation (4) indicates
that the drag is o function of the ratior of the length to the square rcot
of the projccted arsa, This is a simplc form factor that comes out of the
dimensional analysis and is by no means a complete specification of form.

9. Suppose we now consider Equation (3) as 2pplying to an artillery
projectile traveling through air. Also consider the same cquation, with
subseripts, applying to a model of thc rrojcetile floating on a water
surface. Shock waves for a syumotrieal supersonic nissile in air with
zero angle of attack,are symmctrical czbout its oxis., Surface bow and
stern waves are symmctrical about a planc perpendicular to the vater sur-
foce that passes through the axis of the model, As a starting point it
ray be assumed, therefore, that the model of the projectile should be
constructed to be symmetrical about this plane and should be a projection
of the original missile at s suitzble sesle. If we take the ratio of the
projectile countion to the model coustion we haves

0 = C__D/GV;A (5)
-D, Co, (3' VfA’
Now 1€ Fo= g (6)
BT B (7)
v v’
P (8)
favi, f}lﬂiﬁ
A = A, (9]
o L
L A ‘ (10)
N K N A,



Then: D = pf v (11)

ff v, A}

Eouation (11) mokes it possible to calculate the drag on o missile moving
in air by making mecasurements on a model moving on thc surface of a
liquid, provided Bquations (6) through (10) arc satisficd to a reasonable
degree of approximation,

EXPERI ENTAL TIVESTIGATION OF FROJECTILE DRAG

10. At the present time, the artillery projectile is the most common
object troveling at supersonic spced. The drag on these missiles is

knovn by means of rctardation measurcments. (Referecnce 5). Therefore such
dota may be used in checkipg Equation (11). To meke such a check a rathor
crude developmental suporsonic wind tunnol simulator picturcd in Plate (1)
vas constructed, In this device, water is pumped from the tank (4) to
tank (B) by means of two propellers in tube (C), driven by notor (D). The
execss water in tank (B) flows dowm open channel (E) to tank (4) thus sus-
taining the flow, The drag on a model (F) is indicated by the deflection
of drage spring zG). The amount of deflcetion is measured to refcrence (H)
by a scale that is not shown, 4 scrics of perallel vanes (I) arc used to
stooth out the flouw of the water. The quantity of water flow ig adjusted
by changing the specd of the pumping motor. The veloeity of water travel
in the open channcl is changed by adjusting its slope. This is accomplished
by tilting the base (J) of the sirmlator.

11, A model of a major caliber artillery projectile that was used in
making measurements im shown in Plate (2-i). The length is sczled down
by a faetor of about 7031. The model is made of wood with a snooth
loequer finish, The bottom is weighted with a thin sheet of lcad ccmented
to the surface. The thickness of the lecad was adjusted to give the im-
mersion nceessary to satisfy Ecuation (1C). When in the simulator, cnough
of the model rrojected above the surface of the woter to prevent the bow
waves fron spilling over the top.

12, The first tests werc made with zero angle of yaw to correspond to
projeetile retardation measurcments teken with zero angle of yaw. This
was accomplished by cementing a thread to the nose of the model about ono
hzlf way between the bottom and the water line, The thread was looped over
a hook on the botton of the drag spring that projected into the water.
Thus the model drag was measured by the drag spring and the depth of im-
mersion was maintained by the models displacenent. FPrecise measurencnt
of the relative position of the model and the water surface was therefore
avoided., The drag was corrected for the component of the model weight in
the dircetion of the water flow. A correction was also made for the dreg
on the tow thread. This was accomplished by using a zero drag reading
established by measurements taken when using a thread similar to the tow
thread. Care was taken to seleet springs that were worked within the
linear range of deflcction,



i The reciprocal of Equation (7) states that the Mach Numbers of
the actual projectile and the model should be equal, The Mach Number of
the projectile is known because the velocity of the projectile and the
velocity of sound under the conditions that the retardztion measurements
were made are known. The Mach Number of the model was determined by
measuring the "Mach angie" (Reference 6) of the first bow wave in the
supersonic wind tunnel simulator. The angle that the bow wave makes
with the axis of the model is:

e = sin’ ¢, = sin” 1 (12)
5 Vi 1

Where M, is the Mach Number of the model. Plate (3-C) shows a picture
of the model where the Mach Angle was 43° corresponding to Mach Number of
1.47. This method of determiming the Mach Number of the model makes it
unnecessary to know the velocity of surface wave propagation, This is
convenient because the velocity of propagation depends upon the wavelength,
density, surface tension and depth of the liquid. For open water that is
deep compared to the wavelength, the velocity of surface wave propagation is:

o & (BT EE"
where: _ T, - ig the surfsoce tension

f? is the density
g is the acceleration of gravity
hﬁ is the wavelength

Plate (4) shows Equation (13) plotted for wavelengths less than 5 centi-
meters, In this region the velocity of water wave propagation is
approximately 1000 times less than the velocity of sound in air. This
scale down in speed is very convenient,

1. It is interesting to note that the velocity of surface wave propa-
gation increases for wavelengths less than 1.6 cm. This explains the
shorter wavelength "capillary" waves that fan out in front of the main

bow wave in Plate (3-C). These were disregarded in determining the Mach
angle. Plate (4) indicates that it would be desirable to use a simulator
capable of handling models that produce bow waves of one to four centimeters
wavelength because the velocity of propagation is relatively censtant in
this region. The supersonic wind tunnel simulator shown in Plate (1) is
not large enough for such models. The widths of the models shown in

Plate (2) are about 6% of the channel width.. Wider models were tested

but there was a tendency for them to "choke up" the channel, This is
discussed later.

15, For open water that is shallow compared to the wave length, the
velocity of surface wave propagation is:

c, = V@TTT (14)
-5



Where (h) is the depth of the water, This interesting special case gives

a velocity of propagation that is constant if the depth is held constant,
The conditions encountered with the models used in the simulator shown in
Plate (1) gave waves whose velocity of propagation could not be expressed
by the simple Equations (13) or (14).

16, Equation (8) indicates that the Reynolds numbers sherld be equal

for the missile and the model. This condition cannot be satisfied using
water as the ligquid medigm. The Reynolds number for the projectile at

M= 2 was, R= 0.85 (10°), For the model in water R = 0,12 (10°) at

v = 52 cm, per sec, corresponding to M, = 2., This discrepancy in the
Reynolds numbers probably does not lead to serious error, at velocities
where waves are formed, because the wave resistance is a considerably more
important factor than the viscous drag. It is interesting to note that the
model in mercury would give R = 0,123(107) which is quite elose to match-
ing the missile in air.

390 In order to determine if Equation (6) holds true, and at the same
time see how close the other approximations are valid, the drag of the
model was measured and compared with the known drag on the projectile using
Equation (11). Plate (3-A, B, C) show pictures of the model at water
speeds corresponding to sub-sonic, sonic, and supersonic speeds for the
projectile, Plate (5) shows the model drag, scaled up by Equation (11),
along with the projectile drag taken from proving ground data for various
velocities, It is evident that the two curves follow each other in
general form and that the curve for the model is higher than the curve
for the projectile (except in a narrow region near M=1,). In the region
M<{ 1, this is probably partly due to the fact that the Reynolds number
for the model is low compared to that of the projectile. > 1 the digs-
crepancy is probably due, in large part, to the fact that the Mach Angle
as measured for the model is smaller than the effective Mach Angle,

Plate (3-C) shows that the Mach Angle was measured to the first bow wave.
Due to the lesser capillary waves in front of the main bow wave, the
effective Mach Angle is probably greater.

18. Drag was measured for a model about two times largex than the one
shown in Plate (2-A). When scaled up by Equation (11) the measurements
checked the model curve of Plate (5) quite well in the M > 1.5 recgion.
Below this point the scaled up drag for the larger model was larger, It
was found that "choking up" of the channel was at least partly responsible
for this larger drag. When "choking" occurred the water level immediately
in front of the model would rise causing the model to assume an angle from
the horizontal considerably greater than the angle of the channel. Ex-
periments on a model about three times thc one shown in Plate (2-4)
intensified this effect.

19. Of the various factors in Equation (11) that were used in getting
the drag curve in Plate (5) for the model, the project area (4) is

probably known with least precision. (A) was assumed to be the width of
the model multiplied by the immersion depth. The immersion was measured

o



in still water ond was approximately five millimeters. The immersion could
be read to about —0,25 millimeter, (v, ) in Equation {11) was measured

by means of a Pitot tube placed at the position of the model after it had
been removed, At low velccities the Pitot readings were checked by timing
small pieces of cork as they moved a given distance in the region near the
model. In order to show the spread of the experimental data, Plate (6) is
shown, Curve (A) shows the Mach Number for the model plotted against the
velocity (v, ) of the water relative to the model, Curve (B) is the model
drag (D, ) plotted against the water velocity (v‘), Jt is interesting to
note that it was found that at veloecities corresponding to Mach Numbers
above 2.5 the position that the tow thread was atiached to the model af-
fected the drag and Mach Number readings, In thig region the drag force
gets appreciable compared to the buoyant force and the effective immersion
is dependent upon whether the tow thread is attached high or low., For most
accurate measurements above a Mach Number of about 2,5 it is not desirable
to depend upon buoyancy to maintain the immersion constant.

20, Plate (7) shows the drag coefficients of the model and the projectile
plotted against Mach Nymber. The drag coefficients are defined by the
equations:

95 = 2D
D o, (15)
: <Y A
€ = 28 (16)
2 vZA

23, In order to be sure that the critical Reynold's Number was not a
major contributor to the shape of the model drag coefficient curve shown
in Plate 7, measurements of drag were taken on a submerged, thin model,
the length of which was greacter than the model whose drag coefficient is
shown in Plate (7). The drag coefficient of the thin submerged model
showed no rise for velocities corresponding to M, > 1. Thus the peak in
the drag coefficient curve in Plate (7) can be safely assumed to be due
to the formation of waves at M > 1.

a2 As indicated in Paragraph 4 the drag of an object such as a pro-
jectile increases as the axis of the projectile departs from the direction
of the relative motion, by an anglec of yaw (cq). The yaw also gives rise
to a eross wind force (called 1ift in cerodynamies) that ccts at 90 degrees
to the drag force. The same dimensional anclysis holds for the cross wind
force as was used in deriving the drag Equations (2) through (11). It is
only necessary to substitute (F) denoting cross wind force (or 1lift) for
(D) and (Cg) for (Cp). Thus Equation (11) may be written,

B o= B, R VA (17)
A VA,

where it is remembered, Equations (6) through {10) must be satisfied to
a reasonable approximation, There is very little reliable experimental
data in the literature on the cross wind force for supersonie projectiles
at various yaw angles. For this reason no experimental comparative data
for drag and cross wind force for projectiles at various yaw angles is
included in this report.
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EXPERIMENTAL INVESTIGATION OF SUPERSONIC AIRFOIL DRAG AND LIFT

23, Equations (3) and (4) can also be used to specify the drag on super-
sonic airfoils., For an airfoil, the characteristic area is taken as the
projected area of the wing on the wing chord surface. If (a) is used to
denote this area, Equation (3) may be written:

& =08 (18)

/JV a

In like manner the coefficient of 1ift is:

C- = 2% (1
Wy i
2. Reference 7 gives the drag and 1lift coefficients for several super-

sonic airfoils for various angles of attack. Airfoil GU-2 was selected
for comparison with measurements made on a model in the supersonic wind
tunnel simulotor. Plate (2-B) shows the model of this airfoil. Plate (8)
shows the model mounted in the similator for 0, 5°, and 107 angles of at-
tack with everything else held constant., The drag and 1lift spring is
inserted into a loose fitting hole near the front of the model. This per-
mits the model to maintain constant immersion by means of its buoyancy.

A wire sccured to the dreg and 1ift spring is used to press against a
vertical wire attached to the rear of the model. This creates o moment
which maintains the angle of attack., The drag and 1lift was determined by
measuring the components of deflection in the direction of, and at right
angles to, the water flow. A scale (not shown in Plate (8)) was used to
mensure these deflections with respect to the lucite bridge across the
channel, and to the side of the chennel,

P 1 The coefficients of 1ift and drag for the GU~2 airfoil as taken
from Reference 7, and the coefficients as determined by measurements on

the model in the supersonic wind tunnel simulator are shown on Plate (9).
Tt is interesting to observe that the drag coefficient for the model is
high, as it was in the case of the projectile. It is also apparent that
the 1ift cocfficient for the model is considerably less than that for the
GU-2 airfoil, In both cases the ghape of the model curves are very similar
to the airfoil curves. i

26, It is not surprising that the numerical value of the 1ift coefficient
is different for the model in the simulator than for an actual wing. The
shock and bow waves for the wing and the model are farther from being com=
parable than for a projectile. The shock wave for a relatively long wing

is formed at the leading edge and is the same throughout its length, For-
the model the'shock wave”is only on the surface of the water. Therefore,
the immersion depth is not defined, such as in Egquation (10) in the case

of a projectile. The immersion of the model used was arbitrarily set at
about 7.5% of its length, Experiments have shown that the 2rag and 1ift
coefficients for the models are not eritically dependent upon small changes
of the immersion depth, This does not mean, however, that the drag and 1ift



coefficients are completely independent of the immersion depth. It was

not possible to explore this fully with the developmental tunnel used be-
cause of the limited water depth (8 mm) in the channel due to insufficient
pumping capacity. If a greater immersion dépth was used, the cocefficient

of lift curve for the model in Plate (9) might be higher and the coefficient
of drag curve might be lower. There is o possibility that by adjusting

the immersion, the curves for the airfoil and the model could be matched
quite closely. This interesting investigation will be persued when a

larger simulator is available.

27, Moment measurements were taken by mensuring the deflection of the
wire creating the moment couple., These measurements were not accurate due
to the lack of mechenical refinement and are not given here. The measure-
ments did indicate, however, that the moment coefficient of the medel was
low compared to that of the GU-2 airfoil. This is expected because the
1lift coefficient is low,

GENERAL COMMENTS AND CONCLUSIONS

28, The experiments deseribed above indicate that measurements of 1lift
and drag on models moving relative to a liquid surface can be used in
determining the approximate drag and 1ift on projectiles and wings traveling
through air at supersonic speed. The drag cocfficients for the models tested
were found, for the most part, to be higher then the coefficients of the
actual projectile or wing. The 1ift coefficient curve for a model of a
supersonic wing was found to be lower than the curve for the actual wing.

In all cases the shape of the coefficient curves for the models were similar
to the coefficient curves of the actual projectile or wing. Thus, it
appears that more accurate measurements can be made by app’wing correction
factors determined by spot checks using actual superscnic wind tunnel data.

29. By the use of the supersonic wind tunnel simulator, approximate
drag and 1lift measurements on projectiles and wings can be made on a test
bench using inexpensive equipment. This opens the way for more investiga=
tors to gain experience in supersonic flow, Since the simulation is not
perfect, care must be exercised in interpreting the results,

30, The supersonic wind tunnel simulator used for the experiments is

a handmade developmental model. For more precise measurements the similator
should be mechanically refined and mede larger. This would permit the con-
struction of larger, more accurate models and permit more accurate
measurements. Relatively high velocity capillary waves should be less
noticable if larger models were used.

31. This report discusses the use of the supersonic wind tunnel simula-
tor for drag and 1lift measurements, There are other measurements that
probably can be made, although they have not been thoroughly investigated.
Rough preliminary checks indicate that approximate moment measurements can
be made with the simulator. The pressure distribution around a model

* could probably be made by using Pitot tubes built into the model. By the
same method the pressure distribution inside a model with an internal duct
could be studied. Air or water jets built into a model could probably be
used to simulate jet propulsion. For models of missiles using spoilers for
control it may be possible that the approximete response characteristics of
control can be studied. 5
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(A)  WATER VELOCITY LESS THAN THE VELOCITY OF

WAVE PROPAGATION.

(B) WATER VELOCITY APPROX IMATELY EQUAL TO THE
VELOCITY OF WAVE PROPAGATI1ON.
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(A) ANGLE: OF ATTACK =0
MACH. ANGLE =310
MACH. NUMBER  =1.8%

(B) ANGLE OF ATTACK =59
MACH. NUMBER  =1.8%

(C) ANGLE OF ATTACK =10°
MACH. NUMBER = .94
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DISTRIBUTION LIST

CHORI

BuOrd, Codes Re4f, Re%e
BuShips, 938 for 917
Buder, Aer-E-315

CNO, Op 413 B2

CNO, Op 34 E 4

NORTLO, MIT

Oinch, BOEU, BuStandards
CBA

NEL

C0, SCEL

ALO, NRL

SNLO, Ft, Mcnmouth
ORI, Boston

APL



