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I. AERODYNAMIC DRAG OF
MODEL ROCKETS

Up to the launcher you go, slip the rocket on the rod,
connect the micro-clips. Step back, hold your breath
during the countdown. Your first model -- and all those
experienced rocketeers watching!

Three..two..one..Fire!

The model arcs up, twisting a little. There goes the
ejection charge.... The chute? There it is. Good shot!
You feel pleased as the model floats slowly down.

Another bird about to be launched. Hmm, same kit as
yours, wonder who built it? Launch! The model goes
straight up — no twisting — look at that altitude! Why'd
that model do so much better than yours? Better check.

At the Ready Area you get a chance to look at that
high performance bird. Colorful paint job, smooth finish.
Fins are even sanded, sort of round in front and sharp
at the rear. Looks a lot different than your model which
was stuck together in a couple of hours. "‘Is it really
worth all that work?’’ you ask the old modeler.

‘“*‘What do you think?’’ comes back, ‘‘'you saw the
height | got. You cut the drag and you really can get up
there!”’

“'Oh’’, you nod your head and wander away. ‘‘Wonder
what drag is?”’

DRAG

Drag is the theme of this report. In technical terms,
drag is the resistance caused by the motion of bodies
through fluids like air or water. When we push our way
through a swimming pool, the water resists our passage.
This is hydrodynamic drag which means, literally, the
drag due to the motion of the water about a body. When
we stick our hand out the window of a moving automobile

we feel a force due to the motion of the air past our hand.

When youhold your hand at different angles you can feel
the air push on it, sometimes up, sometimes down, some-
times just back. These motions are caused by
aerodynamic forces; again the term refers to forces due
to the motion of air about a body (in this case your
hand).

Aerodynamic forces can be put to use — airplanes
work because we know how to shape the wings to get a
favorable aerodynamic force. This favorable force is
called '‘Lift’’. Unfortunately, we must pay a price for
lift — even in nature we can never get something for
nothing — and an unfavorable force is also generated.
The unfavorable force is called ‘‘Drag’’. Model rockets
experience drag, just as airplanes and all other bodies
do. Together with gravity, drag opposes the rocket’s
thrust and is a very important factor in determining your
rocket’s performance.

WHY BOTHER WITH DRAG

Drag is important because it retards our models,
holding them back and preventing them from reaching
their potential altitudes. When rocket engines are ignited,
the models lift off the pad because the upward thrust is
greater than the downward pull of gravity on the rocket.
As the model gains speed, the aerodynamic resistance
builds up rapidly; the drag and the weight determine the
top speed of the model at rocket burnout. After rocket
burnout, during the coast upward, aerodynamic drag and
gravity slow the model until the upward velocity reaches
zero at the peak altitude and the rocket falls back to
earth. Thus the greater the drag of a rocket the lower the
burnout speed and the more rapid deceleration during
coast — both conditions reduce the height achieved with
a given model and engine. Many rocket competitions

depend upon peak altitude (payload, egg-lofting, even
parachute duration, since the higher a bird goes the
longer it takes to come down) so the desirability of
cutting drag to a minimum is obvious.

Another reason drag is important is that it is the one
factor we can do something about. Although we can
strive for light weight models, we can not change the
pull of gravity — so maybe we can find the rocket nose
cone that gives the least drag or the fin shape that is
best. These are the problems we’ll look at in this report.
We will give practical examples of ways to improve
model rocket performance.

As we proceed with our discussions, we’ll point out
some basic concepts of drag. We'll find that a few
equations will be helpful in our study. By treating these
equations as a sort of shorthand, we’ll be able to tell
precisely how certain factors affect the aerodynamic
resistance of a model rocket. Further, just as practicing
engineers and scientists, we'll use graphs and illustra-
tions to help us visualize the various features of
aerodynamic drag.

Il. BASIC CONCEPTS
FACTORS AFFECTING DRAG

If we think back to the example of holding our hand
out the window of a moving car we can get a little
insight, or physical feeling, about factors that influence
the drag of a body. Referring to Fig. 1, we might sense,
intuitively, that the size of a hand should make a differ-
ence; the larger the hand, the greater the force
anticipated. The area presented to the stream must,
therefore, be a factor. The speed of the air that hits
your hand certainly has an effect. If you hold your hand
out when the auto is doing twenty miles an hour, you
feel a lot less force or drag than when your hand is
exposed to a 40 mile an hour wind, so speed certainly is
important.

FIG. 1
FEELING AERODYNAMIC DRAG WITH YOUR HAND
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Maybe less obvious, but again important when we
think about it, is the density of the air. Density refers
to the amount of material present in a given space or
volume. Air has a certain amount of material in a cubic
foot (about 0.077 Ib); water has more material in the
same space (about 62.4 Ibs). The higher density of
water explains why it's more difficult to move your hand
through water than through air. Density of the fluid,
therefore, is a contributing factor to the resistance of a
body.



Other, more subtle factors, influence the drag of your
hand. For example, if you hold your hand parallel to the
road or perpendicular to it, you'll feel a different amount
of aerodynamic force. When you cup your hand or make it
into a fist, the air resistance or aerodynamic drag is
different, so we can say both angle of the wind and
shape influence the total resistance encountered by a
moving body.

BRINGING THE FACTORS TOGETHER

Looking back to see what factors we thought about
that could influence the drag of a body we note that the
size, speed, shape, density of the air and angle will all
contribute to the drag. It's important to be able to
identify the things which affect drag, but it's even better
to be able to calculate exactly what the effects are, so
we are led to our first equation. From experimental
information accumulated during the last 70 years, we
know that it is possible to represent the drag of a body
by the shorthand statement below:

Drag = Drag coeff X%density x velocity? x area
To save time and space, we will represent this word

equation by letters and drop the x meaning multiplication.
Thus

1

D=5Cp PV2A (1)

Examining Eq. 1 we see direct evidence of the factors
which we’ve singled out more or less by intuition. That
is, the size of the body is represented by A; the speed
of the body is represented by V2 (note that V2 means
V x V, so the influence of the velocity on drag D is very
strong). The rho ''p'’ stands for the density of the
fluid.

One factor that needs a littie explanation is the drag
coefficient, Cp. This term has no dimensions; it is
simply a number used to describe how the shape of the
body and its angle to the wind influence drag. All shapes
that move through the air possess drag coefficients: your
hand, autos, airplanes, and, of course, your model

rockets. If we can find the value of Cp for a rocket,
we'll be able to compute its actual aerodynamic drag in
pounds or grams.

The full advantage of the shorthand notation of Eq. 1
and the use of drag coefficients can be demonstrated if
we work out an example. It might be interesting to find
the force of wind on your hand as you hold it out the
window of a moving auto. Looking at the equation, we
see we must determine the area of your hand, the air
density, and the speed of the car. We’ll assume that the
drag coefficient of your hand has been determined by an
earlier experiment. (Cp is approximately 1.2 for a hand
held perpendicularly to the air flow.)

We estimate the area of your hand and arm exposed to
the wind to be about 1/4 of a square foot and the air
density to be 0.00238 slugs/ft3. Note that we converted
the units of the air density from weight units of |bs/ft3
to mass units of slugs/ft3 to have the solution come out
correctly in Ibs.*

SUbSﬁtUtng these values into the drag equation,
1 2A
=
D CD > PV

1.2 x—;—-x 00238 xl—V2

D = 0.000357 V2 in Ibs (2)

In the above form, we can find the drag for any velocity.
If V=10 ft/sec for example

D = 0.000357 x 100 = 0.0357 Ibs
If V=100 ft/sec we find

D = 0.000357 x 10000 = 3.57 lbs

We can get a better feeling for how drag changes with
speed by constructing a graph by substituting different
velocities into Eq. (2). This is shown in Fig. 2. We can
also change the area in Eq. 1 and repeat the process.
For a smaller hand of just 1/8 of a square foot we see
the drag is just 1/2 the value of the large hand. You can
see how useful a curve of this type would be for the
study of the drag of your model rockets. Once we deter-

*

Since the weight of an object depends upon the
gravitational attraction of the earth, weight does not
correctly represent the amount of material, or the mass,
of an object. When the gravitational field changes, the
weight of the object will change, even though the mass
of the object remains constant. When our astronauts
walked on the moon, their weight was 1/6 of the value
on Earth, because the gravitational attraction of the
smaller moon is 1/6 that of Earth. Therefore, a 180 Ib
astronaut weighs only 30 pounds on the moon; even
though, of course, his mass is still the same. A more
convenient way to keep track of the material in an
object is to divide its weight by a property that is
proportional to the gravitational field. We know that a
ball dropped from a height in the Earth’s gravitation will
be pulled downward so that its velocity will change by
32.2 ft/sec every second. This acceleration is due to
the pull of gravity. On the moon, an object dropped from
a height will change its speed much more slowly, since
the pull of gravity is less — only about 5.4 ft/sec every
second. (Remember how slowly the items ejected from
the Lunar Landing Module fell to the moon’s surface?).
This acceleration due to gravity is the factor we are

looking for: we divide the weight of an object by the
acceleration due to gravity to obtain a value for the mass
of an object that is not affected by the gravitational
field. In equation form

Weight

a =
Mass Acceleration due to Gravity

Thus, on Earth an astronaut has mass

~ 180 _ 5.6 slugs

T 32.2

while on the moon, his reduced weight combines with
the slower acceleration to produce an identical value for
the mass:

M=230 _ 56 siugs
5.6

For use in aerodynamic studies, the air density is con-
verted to mass units.

0- 0.077 _ 0.00238 slugs
32.2 ft3
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mine the drag coefficient of a certain shape rocket, we
can find the drag at any speed. If we change the area, we
can examine the drag of any size rocket we care to look
at, even full scale rockets, since these same equations
work for them too.

WHERE DRAG COMES FROM

As we go deeper into the study of drag, we may ask

where does this drag come from? We've managed to

describe the factors that affect drag and we’ve even been
successful in determining the number of pounds of drag
for a particular case. (Incidentally, determining how
much of a quantity exists is always a lot harder than
just telling how a quantity is obtained.) There are only
two methods by which a force can be communicated
between the air and a model rocket. The first way is
through an unbalance in the air pressure on the rocket
and the second is through the friction of the air sliding
over its surfaces.

PRESSURE DRAG

Looking at drag due to pressure first, we might
consider a baseball. When it is sitting on the ground, as
iflustrated in Fig. 3, the pressure around it, represented
by the arrows pushing perpendicutarly to the surface, is
the same. At sea level, this atmospheric pressure, which
is due to all the air piled above us, is 14.7 pounds on
every square inch of surface. Since the pressure on all
parts of the baseball has the same value, there is no
unbalance of pressure forces, and hence, no drag, But,
when you throw the ball, what happens? The air starts
to move around the ball, the pressures about the sphere
change, a pressure unbalance occurs, and aerodynamic
drag is created. In the illustration, the arrows represent
the pressure distribution on the ball, the longer the
arrow, the higher the pressure. The unbalance in pres-
sures and resulting drag is exhibited by the way the ball
slows after it is thrown.

More than 95% of the drag on a sphere comes from
pressure drag. We'll see later that more streamlined
shapes will have less pressure drag but more friction
drag. Because this type of drag depends on the shape of
the body, it is sometimes called “‘profile’’ drag by
aeronautical engineers.

FRICTION DRAG

To get a feeling for friction drag, we might consider a
very sharp, thin plate moving through the air as in Fig. 4.
When moving at zero angle to the air stream you can see
that there will be no unbalance of pressure forces. Does
this mean that the drag is zero? No, the air is rubbing on
the surface. The influence of this friction is confined to
a thin region close to the body surface. The second
sketch in Fig. 4 indicates how the friction effects in
this layer alter the air velocity near the surface. On the
surface, the velocity is zero, increasing to the air
velocity in the free stream outside the layer. This
behavior is due to another property of fluids, called
“‘viscosity”. In the thin region close to the body sur-
face, termed the ‘‘boundary layer”, viscosity is
important.

Just like density, viscosity is a property of air.
Instead of measuring mass, however, viscosity measures
the resistance of a fluid to flowing over a surface. The
viscosity of molasses, for example, is very high and we
know that molasses is hard to pour; water has a much
lower viscosity and flows quite freely. The viscosity of
air is extremely low and air flows easily over surfaces.
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Many times, in fact, the viscosity of air can be neglected
and flow patterns past bodies correctly represented.
However, in the boundary layer, viscous effects are the
dominant ones that give rise to the friction drag.

FiG. 4
ILLUSTRATION OF FRICTION DRAG
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To show how both pressure and friction effect the
drag on a family of shapes, examine Fig. 5. In this
graph, the drag coefficient for ellipsoids (which are
just elongated round bodies) is presented. A special
ellipsoid is the sphere which has a drag coefficient of
0.47. Another interesting ellipsoid is the football, which
has a length to diameter ratio of about 2 so that its drag

FIG. 5
DRAG OF ELLIPSOIDS
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drag coefficient according to Fig. 5 is 0.28. We could
use this information to find the drag force on these two
shapes. For a softball with a diameter of 0.3 feet moving
at 100 feet per second we could use Eq. 1 to obtain the
drag in pounds:

D- CD%pV2A= 0.47 x—;-x .00238 x (100)2 x 0.706

where A= 7R2=3.14 (0.15)2 = 0.0706

The drag is D = 0.395 Ibs. A football with a diameter of
about 0.5 feet and a drag coefficient of 0.28 would have
a larger drag force of 0.65 pounds at 100 ft/sec. What
speed must the football have for it to feel the same
aerodynamic resistance as the softbali? Just 78 feet/sec.
Check for yourself by calculating the football’s drag at
this speed.

Figure 5 illustrates another important feature of
ellipsoidal shapes. As bodies get more elongated, that
is, as their length to diameter ratio increases, the total
drag decreases rapidly to a minimum near a length to
diameter ratio of 5, then drag increases slowly. Pressure
drag is observed to be the major cause of aerodynamic
resistance for the blunt shapes, but friction is the major
contributor to drag of the high length to diameter bodies.
Observations like these are important, since they atlow
us to concentrate on the correct factors to reduce the
drag of our model rockets.

ANOTHER LOOK AT VISCOSITY

We’ve just introduced a property of air called viscos-
ity. Because viscosity has such a strong influence upon
the aerodynamic flows about bodies, we have to examine
this property more thoroughly. After all, the viscosity of
air at ‘‘standard conditions’’ is very, very low

Ib sec
(0.000,000,39
ft2
produce sizable drag forces must be important.

Viscosity plays a large part in the production of both
types of drag, pressure drag and skin friction drag. For
friction drag, viscosity acts directly to produce shearing
stresses in the boundary layer. For pressure drag,
viscosity acts indirectly to trigger a flow ‘‘separation’’
from the body. Separation refers to the behavior of the
flow when the air does not follow the body contour, but
breaks away into a turbulent wake. This separation of
the air flow is the real reason that the pressure unbal-
ance occurs on aerodynamic shapes.

Let’s re-examine pressure drag, this time drawing
streamlines past the body instead of representing the
pressure forces. Streamlines are simply lines drawn to
represent the path of air as it moves past an object. In a
wind tunnel, thin lines of smoke would trace out a
streamline pattern much like that shown in Fig. 6
about a circular cylinder held perpendicular to the flow.
As shown in this figure, the lines move smoothly around
the front of the cylinder but break away (or separate) on
the back side. The wake is the large turbulent region
behind the cylinder. The drag coefficient, Cp, is about
0.4 for this shape, mainly due to this separation and
large wake. Because of the wake the pressure on the
back of the cylinder is low relative to the pressure on
the front and the unbalance in pressure causes the drag.
Therefore, if we can prevent the flow from breaking away
we should be able to decrease the drag.

In Fig. 7, the flow pattern about a different shape is
shown. This shape is designed to reduce the amount of
flow separation by filling in the base region of the
cylinder to more gently contour (or streamline) the flow.

); any property that small that can



FIG. 6
FLOW ABOUT A CIRCULAR CYLINDER
LARGE WAKE Cp - 0.4

STREAMLINES

The effect of the flow pattern is clean, the streamlines
follow the body, flow separation is minimized, and the
size of the wake is significantly reduced. The drag
coefficient is decreased by a factor greater than ten ——
to Cp = 0.03 for this streamline shape. That is surely a
worthwhite reduction.

FIG. 7
FLOW ABOUT A STREAMLINED SHAPE
SMALL WAKE Cp - = 0.03

How was this drag reduction accomplished? By cut-
ting down on flow separation. How did this do it? By
allowing the pressure to increase on the back side of
the body. Remember the low pressure in the wake of the
cylinder which caused the pressure unbalance and hence
high drag? Keeping the flow attached to the body allows
the pressure to build back up to levels near the pressure
on the nose and thereby reduce this pressure unbalance
which, of course, cuts drag.

The basic rule to follow for preventing flows from
separating is to always use aerodynamic shapes that are
rounded gently and never have any sharp changes in
direction. The viscosity of the air makes the flow resist
these changes in direction and forces the flow to break
away. As an illustration of the practical importance of

FIG. 8
EXAMPLE OF SEPARATION
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this idea, consider the two egg-lofting birds of Fig. 8.
The bird on the left, with the sharp transition between
the payload and body tube, will have a higher drag than
the rocket on the right because of separation at the
transition. To prevent flow separation on any model
rocket that uses transition pieces (adapters), always
keep the angle less than 5° and you'll have a low drag
design with attached flow.

TURBULENT VS LAMINAR FLOW

Just as we’ve learned more about drag by studying
separation phenomena, we can increase our knowledge
still further by re-examining the role of viscosity in the
boundary layer. About a century ago, a scientist named
Osborne Reynolds conducted experiments with water
flows to determine how viscosity effected the fiow
patterns. He discovered two basic patterns of viscous
flows: one he called laminar, the other turbulent.
Aerodynamicists later found these same patterns existed
in the air boundary layers moving over aerodynamic
shapes. These two patterns are shown in Fig. 9. The
laminar boundary layer, so-named because the different
layers (or ‘‘lamina’’) of air slide smoothly over each
other, has an almost straight variation of velocity from
the outer edge of the layer to the zero surface velocity.
The other velocity pattern, termed turbulent because of
the large fluctuations of velocity and the mixing of the
different layers of air, has a much fuller pattern, with
the greatest variation of velocity occurring nearest the
surface.

FIG. 9
VELOCITY DISTRIBUTION IN A BOUNDARY
LAYER ABOVE A SURFACE
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These velocity variations within the boundary layer
become more significant when we find the shearing
stress — hence, friction drag — depends upon the rapidity
with which the velocity changes. We'll use another
equation to give a precise definition:

Shearing Stress = Coefiicient of Viscosity x velocity
change at surface

Using our short hand lettering notation

SS. = ;L% (3)

in Eq. 3, p (the Greek letter "'mu’’), stands for the
coefficient of viscosity, AV means the change in veloc-
ity over a small distance Ay from the surface. If we look
at the velocity profiles and then the equation we can
observe immediately that the turbulent profile must have
much more drag than the laminar profile. That's because
it has the greatest velocity change nearest the surface.

We can iflustrate this point by taking an example.
Consider the two velocity profiles shown in Fig. 10. The
laminar profile reaches 100 ft/sec at 0.001 feet from the



surface while the turbulent profile attains 100 ft/sec at
0.0001 feet. Employing Eq. 3 and the coefficient of
viscosity given earlier we find

Laminar Shear Str - AV
ess “Ay

_ 100 _ lb
- 0.00000037 x G =0.087 3

and
_ AV
Turbulent Shear Stress = “37

Ib
ft2
FIG. 10
ILLUSTRATION OF INCREASED SURFACE
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Now, since skin friction drag is simply the area times
the shear stress on a flat plate, we can see that the
turbulent drag on a one foot square plate would be 0.37
ibs. If a laminar boundary layer existed on this plate the
drag would be just one-tenth of this, only 0.037 Ibs. So
we have another important piece of practical information:
Our models will have less skin friction drag if we can
keep the flows laminar.

But, you can correctly ask, what factors determine
whether a boundary layer is laminar or turbulent? How
can we build models with laminar boundary layers?
These are certainly pertinent questions. To answer them
in part we must dig a little deeper into this study of
viscous flows.

INTRODUCING THE REYNOLDS NUMBER

In his experiments, Reynolds found that by properly
grouping the physical quantities of importance (velocity,
viscosity, density and a factor describing the size of the
experiment), he obtained a number which allowed him to
predict whether the viscous flow would be laminar or
or turbulent in a particular experiment. The particular
groupings of terms leads to a number which we now call
_ Reynolds’ number in his honor. In equation form it is
given by Eq. (4). First in words

Reynolds Number = density x Velocity x fength
Viscosity

then

PV
RN =__—_
. (a)

All the symbols have been defined earlier with the
exception of |I. This factor is simply a characteristic
length in the experiment or in the problem; for most of
our work we can consider | to be the length of our model
rocket.

For air flows, when RN is less than 100,000, the
boundary layer will be laminar; when RN is greater than
1,000,000, the boundary layer will be turbulent. In
between these two limits, either laminar or turbulent
boundary layer flows can exist, depending upon many
factors — smoothness of the surface, turbulence in the
air, surface temperature and others. This in-between
region is termed the transition zone and it is exceedingly
difficult to predict accurately what is going to happen in
this region. It is of interest then to look at the expected
Reynolds number on a one foot long model rocket,
travelling at 100 ft/sec. The Reynolds number becomes:

RN = PVl 0.00238 x 100 x 1 _
i 0.00000039
RN = 610,000

This value of Reynolds number is right in the transi-
tion region! That means we can’t tell what kind of
boundary layer we’ll have on the rocket. But this is not
bad, for we now have the opportunity to keep the
boundary layer laminar and thereby keep the drag down.
We'll go into these details later, but just think: Real
rockets with lengths like 30 feet would have RN =
18,300,000. This is certainly in the turbulent boundary
layer range and there is little chance to cut friction drag
by keeping the boundary layer laminar.

The Reynolds number is a term that is used continu-
ally in aerodynamics. You can see its importance in our
present discussion concerning the character of the
boundary layer. In the next section we’ll use the
Reynolds number again to find the drag on a golf ball.
Any problem that includes viscosity will usually involve
the Reynolds number, so get used to using the term.

THE GOLF BALL

So far, we’'ve introduced many ideas which are useful
to our study of model rocket drag. Drag coefficients, the
difference between pressure and skin friction drag,
influence of viscosity, the concepts of boundary layers
and separation all have been defined. Before we continue
our discussion it might be wise to pull these concepts
together. One of the most intriguing illustrations is the
aerodynamics of a golf ball. Did you ever wonder why
golf balls have dimples? The answer, as we shall see, is
aerodynamic.

FiG. 11
DRACG OF SMOOTH SPHERES
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Imagine a test of a smooth sphere, six inches in
diameter, in a wind tunnel. When the tunnel is started,
we’ll measure the drag and, as the speed of the air builds
up to 400 ft/sec., we’ll continue to record the drag force
on the sphere. If we plot the measurements, as shown in
Fig. 11, we’ll see the drag build up rapidly until 100
ft/sec, then hold constant and at about 150 ft/sec

suddenly drop off. At 200 ft/sec the drag again increases.

This is certainly erratic behavior. Now we’ll repeat the
test sequence with a smaller sphere of 3 inches in
diameter. The same abnormal behavior is exhibited, but
shifted towards the higher velocities, as shown in the
dashed lines in Fig. 11.

FIG. 12
DRAG COEFFICIENT OF SMOOTH SPHERES
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Possibly we can reduce these fluctuating drag values
by examining the corresponding drag coefficients instead
of the force. We obtain this information by solving Eq. 1
for the drag coetficient, Cp:

Cp=-2L
%PVZA (3

FIG. 13
DRAG COEFFICIENT VS REYNOLDS NUMBER
FOR SMOOTH AND DIMPLED SPHERES
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This procedure produces the curves shown in Fig. 12,
when appropriate values of density, area and velocity are
used to divide into the measured drag. Although the
curves are much smoother, the drag coefficients show a

sudden drop at about 95 ft/sec for the 6 inch sphere, and
a similar drop at 185 ft/sec for the 3 inch sphere.
Another step is even more illuminating; instead of
plotting the drag coefficient against velocity, plot it
against Reynolds number. Now see what happens! Figure
13 shows that all the data has collapsed into a single
solid line. This is a striking example of the advantages
that can be obtained by a proper choice of factors. Look
back at Fig. 11 and see how complicated the curve of
drag vs. velocity looks; further, a new curve must be
generated for each diameter sphere. But by using drag
coefficient and Reynolds number, we have determined a
universal curve that can be used for a wide variety of
velocities and sphere diameters.

DIMPLING THE SPHERE

If we were to run a test of a dimpled sphere we would
find that the drag coefficient would follow the dashed
line of Fig. 13. For a given Reynolds number in the
range of 105 (100,000) the drag coefficient is lower for
the dimpled sphere than for the smooth sphere. Now if we
apply this data to a 1.7 inch diameter sphere, the size of
a golf ball, we find the drag as a function of velocity
shown in Fig. 14. It is obvious that the drag is a lot less
for the dimpled sphere whenever the sphere velocity is
greater than 150 ft/sec. This is, of course, the range of
velocities encountered by the golf ball. By keeping the
drag low, our golf ball will trave! a lot farther, since the
distance a ball can be driven with a given swing depends
upon gravity (which pulls the ball down) and drag (which
slows the ball).

FIG. 14
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We’ve shown the effect of dimpling the golf ball, and
in the process, reviewed drag, drag coefficients, and
Reynolds number, but we have not found why the drag is
lowered. To determine this, we conduct another series of
tests, this time in a tunnel where we can use smoke to
observe the flow streamlines. Looking at the low
Reynolds number (or low velocity) case we see the first
pattern shown in Fig. 15. The flow is observed to sepa-
rate from the sphere and a large wake is formed. From
our previous discussions, we know that the large wake is
associated with a high drag because we have a large
pressure unbalance. The high Reynolds number case
shown in Fig. 15 produces less flow separation and
therefore exhibits a much smaller wake; we recall that
this should lead to the lower drag observed in the tests
at high speed. In our examinations of drag, we have
uncovered one feature of aerodynamic flows which depend
strongly upon Reynolds numbers — that was the character
of the boundary layer.



For high Reynolds numbers a turbulent boundary layer
exists, for low Reynolds numbers, the laminar one. it
appears, then, that the turbulent boundary layer will tend
to resist separation to a greater extent than the laminar
layer. This appears reasonable since the velocity
profiles of the turbulent layer were much fuller and had
higher velocities near the surface. This higher velocity
allows the turbulent layer to ciing to the surface of the
sphere more than the laminar layer.

The last step in our discussion of the golf ball is the
observation that the size and speed of a smooth ball
places it in the range of Reynolds numbers which have
laminar flows, therefore early separation, and large
wakes with corresponding high drag. In order to promote
turbulent flow, the dimples are added to the ball. Be-
cause. of this roughness the boundary layer becomes
turbulent, and as shown in Fig. 16, the wake is reduced
in size, lowering the drag of the ball considerably. Now
don’t be misled. Turbulent boundary layers still have
higher skin friction drag than laminar boundary layers.

FI1G. 15
FLOW PATTERNS PAST SMOOTH SPHERES
AT HIGH AND LOW REYNOLDS NUMBERS
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We were able to decrease the total drag of the golf ball
by producing a turbulent boundary layer only because the
majority of this drag was due to pressure drag caused by
flow separation.

The golf ball has served as a review of many aspects
of aerodynamics. The concepts of finding what actually
causes the drag on a particular body and then taking
steps to reduce this drag is the lesson we must apply to
our model rocket designs.

FIG. 16
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Il1l. INTRODUCTION TO
ROCKET DRAG ANALYSIS

The speed, altitude and range of a full size rocket,
just 