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MEASUREMENTS OF FLOW IN THE BOUNDARY LAYER OF A}1/40-SCALE MODEL
OF THE U. S. AIRSHIP “AKRON”’

By Hugr B. FrReEman

SUMMARY

This report presents the results of measurements of
flow in the boundary layer of a 1/40-scale model of the
U. S. airship “Akron” (“ZRS-4”) made with the
object of determining the boundary-layer thickness, the
point of transition from laminar to turbulent flow, and
the velocity distribution in the boundary layer.

The boundary-layer thickness was found to vary along
the 19.68-foot hull from 0.08 inch at the most forward
station, about 15 inches from the nose, to approzimately
10 inches at the tail. A marked increase in the rate of
thickening of the boundary layer was found at the transi-
tion from laminar to turbulent flow which occurred at

h
a Reynolds Number (7"’> of about 814,000, where (a)

is the axial distance from the nose. The velocity dis-
tribution over the greater part of the turbulent portion of
the boundary layer was found to be fairly well approxi-
mated by the seventh-power law. The frictional drag,
computed from the loss of momentum in the boundary
layer and also from Clark Millikan’s equations, was in
good agreement with the measured drag. :

INTRODUCTION

Measurements in the boundary layers of streamline
bodies have shown that the flow, similar to that over
flat plates placed edgewise to the air stream, is laminar
for a certain distance from the mnose, then becomes
turbulent, and that the velocity distribution in the
laminar and turbulent portions is similar to that
deduced by Blasius and Von Karman, respectively.
(References 1 and 2.)

The point of transition from laminar to turbulent
flow is of great interest in the study of the drag of
streamline bodies since its variation with Reynolds
Number and with the initial degree of turbulence in
the air stream approaching the body has been shown

by Jones (reference 3) and by Dryden and Kuethe

(reference 4) to be largely responsible for the wide
difference found in measurements of the drag of
different airship models and of the same model in
different wind tunnels. The velocity distribution and
149900—33——37 ’

the extent of the boundary layer are of interest in
verifying equations, such as those of Clark Millikan
(reference 5), derived to account for the skin friction
of streamline bodies in axial flow.

The subject tests, which were undertaken in con-
junction with the measurements of (1) the forces and
moments on the hull, (2) the elevator forces and hinge
moments, and (8) the pressure distribution. over the
hull and fins of & 1/40-scale model of the Akron (refer-
ence 6), were made with the object of determining the
velocity distribution in the boundary layer, the extent
of the boundary layer, and the point of transition from
laminar to turbulent flow. The frictional drag, as
computed from considerations of the changes of
momentum in the boundary layer and from Millikan’s
equations, is also presented and compared to the
measured drag.

Two advantages are offered by the large size of the
model and by the N. A. C. A. 20-foot propeller-
research tunnel in which the tests were conducted.
The first is that the boundary-layer test apparatus
may be rigidly attached to the interior of the model,
allowing greater accuracy in the measurement of dis-
tances than is possible by the method of mounting the
apparatus separately and approaching the  model
through the wind stream from the outside. The
second is that the tests may be made at a Reynolds
Number considerably higher than any previously
obtained in tests of a similar nature.

APPARATUS AND TESTS

The airship model, shown in Figure 1 mounted in the
propeller-research wind tunnel, is of hollow wooden
construction. having 36 sides over the forepart of the
hull that faired into 24 sides near the stern. The sur-
face was given a fine sand finigh, then varnished, paint-
ed, and finally finished with fine sandpaper, giving a
surface which was probably as smooth as that of a
well-doped fabric surface. The length of the model is
19.62 feet, the maximum diameter 3.32 feet, and the
fineness ratio 5.9.

The tube and accessory apparatus used in measur-
ing the total head in the boundary layer are shown in
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Figure 2. The apparatus was bolted to the interior
structure of the hull in a manner such that the total-
head tube shaft, which passed through a small opening
in the hull of the model, was normal to the surface.
A motor-driven screw thread governed the distance of
the total-head tube from the hull and operated, by
means of an eccentric and contactor, an electric counter
which gave this distance directly in thousandths of an
inch. The end of the total-head tube, fashioned from
a copper tube whose outside diameter was approxi-
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the surface of the hull at each station at which the
measurements were made.

A small hole, drilled into the brass plate, adjacent to
the total-head tube, served as an orifice at which the
static pressure was measured. Both the total-head
tube and the static-pressure orifice were connected to
micromanometers in the test chamber below.

Measurements of the total head and of the static
pressure were made at 10 stations along the hull

spaced approximately 2 feet apart. The location of the
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FiGURE 1.—Alrship model Akron mounted In wind tannel

mately 0.02 inch, was pressed into a rectangular shape
with a depth of opening of 0.0034 inch. The wall thick-
ness was ground down to 0.0032 inch so that when the
tube was in contact with the surface of the hull the
distance from the center of the opening to the hull was
0.0049 inch.

Contact between the total-head tube and the sur-
face of the hull was indicated by the lighting of a neon
bulb which was connected in series with the total-
head tube and a brass plate set into, and flush with,

stations is shown in Figure 3. A total-head survey, to
determine the depth of the boundary layer only, was
also made at an additional station near the tail of the
model with a ¥-inch copper tube supported from out-
gide the wind stream.

The test procedure was to take the first reading with
the tube touching the hull and then to move away from
the hull in 0.001-inch steps, teking readings each time
out to 0.015 inch from the hull. The length of the
steps was then increased gradually until the tube
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approached the limit of the boundary layer, where the
distance between observation points was decreased
again, Tests were made at three values of the dynamic
pressure (¢=12.5, 19, and 25.6 pounds per square foot)

FIGURE Z—Apﬁamtus used for measuring total head in the boundary layer—airship
model Akron

corresponding to velocities of approximately 70, 86,
and 100 miles per hour, respectively.

PRECISION

The maximum departure of the observed wind-
tunnel velocity from 8 mean value was about *0.6
per cent. The accuracy in the outer portion of the
boundary layer was about =+ 1 per cent but decreased
rapidly for values in the inner portion.

A calibration of the total-head tube against a stand-
ard Prandtl-type tube showed that its readings were
about 2 per cent low over the range of speeds of these
tests. The calibration, made with increasing speeds
and again with decreasing speeds, showed no appre-
ciable time lag.

16.6+28.56— 52,73 —|—74.73"~| ~94.251 — 1 19.60"—-1 38.98*|~189.92| 182,25 - 204 42| —202.25"
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with the hull. A second error of #0.002 inch is pos-
sible because the brass plates set into the hull at each
station may not have been exactly flush with the sur-
face. A third small error is possible owing to-the fact
that the velocity computed from the pressure at the
mouth of even a very small tube, placed in a velocity
gradient, is not necessarily the same as that at the
geometrical center of the tube. (Reference 7.)

Although these inaccuracies eliminate the possibility
of determining the intensity of friction from the slope
of the velocity curve at the surface of the hull, they are
negligible in the determination of this quantity from
the changes of momentum in the boundary layer and
in the determination of the boundary-layer thickness
except at the most forward position, where the layer
is very thin. ’

RESULTS AND DISCUSSION

The observed results of the measurements of the
total head, the dynamic head, and the velocity in the
boundary layer are presented in Table I. The fotal
head and the dynamic pressure are given in terms of the
dynamic pressure in the free air stream, the velocity
a8 a fraction of the velocity just outside the boundary
layer at the particular station in question. The values
for the ratio of the velocity in the boundary layer to
that just outside the boundary layer are plotted for all
of the stations in Figure 4.

The total head in the boundary layer increases with
the distance from the surface until it eventually ap-
proaches s constant value. The distance from the
hull (¥) at which this occurred has been designated as
the boundary-layer thickness §. An estimate of this
value was made by fairing the results. The total-head
values were first plotted against the distance from the
hull and the limiting value to which the curve tended
was determined. The value of y at which the total
head became equal to this limiting value was then
determined for each station and plotted against the

Station 10

\_ Outline of hull
Limit of boundary lgyer

F1GURE 3.—Location of stations at which boundary-layer measurements wers made—afrship model Akron

The relative distances y of the total-head tube from
the hull are considered in general as accurate as the
screw which governed this distance. The absolute
distance, however, may be in error as much as +0.001
inch because the electrical system was not sensitive
enough to indicate exactly when the tube made contact

distance along the axis. Since there appeared to be
no consistent difference in the thickness for the three
speeds & mean value was determined for each station.
These values are plotted in Figure 4. The boundary-
layer thickness varies along the 19.62-foot hull from
0.08 inch at the most forward station to approximately
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10 inches at the extreme tail. - The variation is approx-
imately linear over about 60 per cent of the length, but
increases very rapidly over the after portion of the hull
as the cross section of the hull decreases.

A sudden increase in the boundary-layer thickmess
was found to occur between stations 0 and 1. In
experiments on flat plates such an increase in thick-
ness was found to occur in the region of transition
from laminar to turbulent flow. (References 8 and 9.)
Previous experiments on airship forms, however, have
not shown this phenomenon. (References 1 and 2.)
Further evidence of a transition is shown by the plot

of the curves of velocity distribution in Figure 5.
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The curve for the low speed falls closer to the laminar
curve than the one for the high speed. The Reymnolds

Number <?=814,000, where V is the free-stream

velocity and @ is the axial distance from the nose)
for this position at the low speed is in agreement with
the results of Ower and Hutton who found o transi-
tion to occur between values of 570,000 and 940,000.
(Reference 2.)

The values of u/us are shown in Figure 6 plotted on
logarithmic paper against values of y/s for 5 stations.
The points fall on a slightly sinuous curve which may
be fairly well approximated by o straight line, that is,
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The curves for all of the stations, with the exception
of the most forward position (station 0) approximate
the form which is characteristic of turbulent flow.
Curves for both the high and low speeds have been
plotted for position 0. The results for the intermediate
speed which ere practically the same as those for the
high speed are not shown. These curves resemble
more closely that typical of laminar flow, the approxi-
mate form of which is also shown. The form of these
_ curves and the fact that the curves for the two speeds
do not agree indicates that the flow at this position is
not strictly laminar but has already started to change.

by an equation of the form wu/fus= (y/8)1" except
for that portion of the curve for which the tube was
very close to the hull. The values of n vary from
6.4 at station 1 to 7.2 at station 5 and decrease again
to 6.2 at station 9. For the stations 4 to 8, inclusive,
the value of » is approximately 7. This region cor-
responds to that of low curvature of the hull and of
low static-pressure gradient in the tunnel. A small
increase in the value of 7 was observed with an increase
in velocity.

The average values of the static pressure measured

at the various stations are plotted in Figure 7 and
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compared to the average pressures about the hull
determined by pressure-distribution tests (results
not yet published). The two sets of values are in
good agreement except in the critical region at station
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0. The values plotted are the pressures measured
with reference to the static pressure in the test chamber
and have not been corrected for the tinnel walls or
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Fiaure 8.—Logarithmie plot of velocity distribution—airship model Akron

the variation of the static pressure along the axis of
the air stream. This variation is given in the follow-
ing table.

a/lL [0 0.1 (0.2 (0.3 (0.4 (0.5 [0.6 [0.7 [0.8 [0.9 |[LO
Plgo |.032).025|.020(.017 | .015|.013 | .011 | .010 | .010{ .011 | .013

ESTIMATION OF SURFACE FRICTION FROM MOMEN-
TUM IN THE BOUNDARY LAYER

A consideration of the changes in momentum of the
air in the boundary layer as it flows around the airship
hull allows the surfdce friction to be evaluated. The
equation for the frictional intensity is

oL [ E@-mray—o g [ WDy

where f—frictional intensit%.

H—toteal head in the boundary layer.

Hsy—total head just outside boundary layer.
gs—dynamic pressure outside boundary layer.
g—dynamic %ressure inside boundary layer.
r.—radius of hull.
r=r,+y cos «.
a—inclination of hull to the axis.
y—distance normal to hull.
z—distance along surface measured from nose.

The method of derivation of this equation is similar to_
that used by Von Karman (reference 10, see also refer-
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FIGURE 7,—Average pressures about hull from pressure distribution tests com-
pared to statio pressure measured along one longitudinal in boundary-layer
tests—alrship model .dkron

ence 4) for the 2-dimensional case and has therefore
been omitted. The form of the equation given above
(suggested by Ira H. Abbott of this laboratory) is
more convenient for the numerical computations than
the alternate form for this equation derived by Clark
Millikan (reference 5) in a different manmer. It
should be noted that, in the derivation of the equation
given above, the assumption has been made that the
pressure at any point in the boundary layer, for any
given section, is the same as the pressure measured at
the surface of the hull at that section.

The results of the two integrations, determined
graphically for each station, are plotted in Figure 8
againgt the distance 2 and the resulting curves are
designated A and B. These curves are differentiated
graphically and the equation solved for the frictional
intensity (f/g.) and for the frictional drag per foot

run of surface (%—cos a ). These values and the

o
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velocity coefficients (us/ V) for the different stations are
also shown in Figure 8. The frictional intensity is a
maximum at about 2 feet from the nose of the hull.
A second smaller maximum occurs on the after portion
of the hull about 14 feet from the nose. Because of the
scattering of the test points on the affer portion of the
hull, however, the shape of the curve in this region is
not at all certain.

REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

taneously. This is the reason for the discontinuity
in curve D near the nose of the model.

The frictionsal force on any amall element of surface
ares, may be divided into two components normal and
parallel, respectively, to the hull axis. The integrated
components parallel to the axis constitute the fric-
tional drag and enter directly into the forces measured
on the wind-tunnel balances. The components of
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F1aURE 8.—Frictional drag determined from loss of momentum in the boundary layer—airship model Akron

Because of the lack of experimental data over the
nose of the hull, the portion of curve D corresponding
to the laminar flow over the nose was computed from
Clark Milliken’s equations which are discussed later
in this report and, as it is not known how the transition
actually takes place, it was assumed to occur instan-

the forces normal to the axis have equal and opposite
components on the opposite sides of the hull, at the
same section, and consequently the integrated resultant
of these forces is zero. However, since these frictional
forces represent a loss of energy in the air stream, they
must give rise to a pressure drag. Pressure-distribu-
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tion tests have shown that the measured drag on the
present model is so small as to be negligible.

The following table gives a comparison of the in-
tegrated frictional drag and the measured drag for
the three speeds tested. The values listed are the
usual coefficients based on the volume to the two-
thirds power.

Dynamic pressure of
19.0 25.6
Integrated  frictional

drag, Cymceceeee e __
Measured drag
force tests), Cy.. -

. 0214 . 0207

. 0198 . 0193

COMPUTATION OF FRICTIONAL DRAG BY MILLIKAN’S
EQUATIONS

For the derivation and discussion of the equations
used in the following computations the reader is
referred to reference 5. In these equations for the
boundary-layer thickness and the frictional drag of
laminar and turbulent portions of the boundary layer
the velocity distribution was assumed to be of the

form
ufus=a+ b(g) + c(%)g

for the laminar flow, where @, b, and ¢ were constants
determined by the conditions at the boundaries, and

the equation
7\F
wfus= (3‘)

was assumed to hold for the turbulent portion. The
first assumption, about which the data of the subject
tests do not give any definite information, is of second-
ary interest for Reynolds Numbers equal to or greater
than those of the present tests because of the fact that
ouly a small portion of the boundary layer is laminar.
The second assumption, as far as the present tests are
concerned, has been shown to be in fair agreement
with the experimental results.

The equations for the laminar flow are:

boundary-layer thick.ness— I=R% Il[(L)

N

boundary-layer Reynolds Number R, ,=y%=

a(iu(s)

whero 14(£)- 75“"5-{ (G Gj) d(L>:|

The frictional-drag coefficient for laminar flow is—

a(%) @

(1)

4

Us 7‘0

C 459 I? a/L L
1= g 23

R% Vo2, M()

. 0190
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where a—distance from nose measured along the axis.

L—Ilength of model.
R—Reynolds Number ? .

§—thickness of laminar boundary layer.

V—rvelocity of free air stream.

ac—ocritical value of ¢ at the transition point.
Vol—volume of airship hull.

B =cos a.

a—inclination of hull to axis.
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F1qURE 9.—Contribution of laminar and turbulent portions of boundary layer to
frictionsal drag (Millikan's equations)—airship model Akron

For turbulent flow: The boundary-layer thickness
is—

% 0. 37ON<L ]

and boundary-layer Reynolds Number RM:u,Tb} l 3

.N<%,“

o 6 f (%) <L>m< )+

"z (u> " @

5..\5%4 115 /28 BHTU
/ ct
3.46 B! 5%

The ﬁ'ictional-drag coefficient for turbulent flow is—

_0.3625 f <%>mr (5)
T d(f)

where 8, = turbulent boundary-layer thickness and sub-
geript ¢ indicates critical value at transition point.
The total frictional-drag coefficient then equals—

09 = Ovl + th

Us
=0.370 R"‘(T—,

where

In order to simplify the computations it has been
assumed that the transition was instantaneous and
that the flow behind the transition acted just as though
the entire boundary had been turbulent from the nose
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of the hull. The result of this assumption is that the
second term in equation (4) disappears, leaving IV as a
function of one variable (%) instead of two. The data

used in these computations are given in the following
table.

a/L e/l B8 w/V
0 0 0.655 0
0.01 | 00000 | .655 | .40
.2 | .10 | es9 | .70
o3 | o7 | 7m0 | o835
cot | o367 | -850 | -—e47
205 | losm | le00 | “o95
08| ‘o | le2n | rom
<07 | -0s03 | [g35 | Los2
210 | Coe03 | .85 | Lo
15 .07 | [es7 | Lowm
20 ) lomi | les5 | Loss
25 | sz | .g08 | Lows
30 | .os | 1Loo | Lose
;a5 | los3 | 1000 | Loss
40 | o35 | Lo | Lo
45 | los45 | Looo | Los
S50 | -osl | 1000 | Lost
285 | -osm | 1000 | Los7
<60 | o312 | .999 | 1060
c65 | .ors4 | 003 | 1.061
0 | ‘oz | less | Loeo
s | .oess | -go2 | Loss
50 | -oe13 | lsss | Lou
85 | losm | lem | LooL
290 | .oios | ‘g0 | .es8
o5 | loaer | less | lesi
100 [ 0 0

L1962 feat.
(Vo)) ipoga.6s 5g. ft

The values of boundary-layer thickness computed
from equations (1) and (3) are compared to the ex-
perimental values in Figure 4. The computed value
for position 0 is seen to be lower than the experimental
value. This difference may, possibly, be accounted for
by the fact, previously mentioned, that the flow at
this position was not entirely laminar and the boundary
had salready begun to thicken. If the thickness is
computed using the equation—

6§=5.5 \/”:x
Us

which is used to define the boundary for 2-dimensional
laminar flow, & value is obtained (5=0.083 inch) which
is in very good agreement with the experimental
value. The values for the turbulent flow are in good
agreement over the hull except near the tail where
both the theoretical and the experimental results are
less accurate. The boundary was also computed for
the turbulent flow by use of the equation—

§=0.37(z—2,)4f (i)l/s |

where z, distance, along the surface, from the nose
to the point of transition. This is an extension (Zijnen,
reference 8) of Prandil’s equation for flat plates. These
values (fig. 4) are in close agreement with the experi-
mental values up to 60 per cent of the length of the
hull. Over the after portion of the hull, however, the
computed values are much too low. )
The contributions of the laminar and turbulent flow
to the frictional drag R*C,; and R*C,, were com-
puted from equations (2) and (5), respectively, and
are shown in Figure 9 plotted against the ratio afL.
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By assuming a value of Bj at which the transition
takes place, values of a/L, R¥C,;, and B*C,, may be
taken from the curves and the frictional drag of the
model computed for any range of the Reynolds
Number, B. The transition curve for the Akron
model was computed in this way, assuming & value of
R3;=3,620 corresponding to the experimentally deter-
mined value of a/L=0.07 for the critical point at
which the laminar flow breaks down. This curve and
the curves for the limiting cases where the flow is
entirely laminar and entirely turbulent are shown in
Figure 10 compared to the measured drag of the model.
For the limiting cases the equations {,;=10.95 R-¥and
C,:=0.554 R, obtained by assuming critical values

were used. The
pV(Vol)¥
H

of £=1 and L= 0, respectively,

L L
abscissas here are not R=’%L but B,=

since most of the experimental results are given in
terms of the latter quantity. The computed transition
curve is seen to be in very good agreement with the
measured results. The fact that they are almost in
exact agreement is probably fortuitous.

The results of drag measurements in the variable-
density tunnel on two models of the Akron are also
gshown in Figure 10. The wooden model, 1/200-scale,
of polygonal cross section was similar to the model
used for the subject tests. (See reference 11.) The
second model, for which the results have not yet been
published, was of circular cross section, metal, and
1/250-scale.

As previously mentioned in this discussion, the
theoretical equations used in the above computations
were based on the assumption that the velocity
distribution, for the turbulent boundary layer, is
approximated by the seventh-power law. Although
this has been shown to be true for the present model
tests, there are no experimental data available to show
that it is true for the Reynolds Number of the full-
scale airship. If it could be shown that the velocity
distribution in the latter case was approximated by &
simple power law, the above theoretical equations, or
similar ones, would offer a reliable method of predicting
the drag of full-scale airship hulls. It is therefore
recommended that this research be extended to include
boundary-layer tests, similar in nature to those of
the present tests, on the full-scale airship.

CONCLUSIONS

1. The boundary-layer thickness was found to vary
along the 19.62-foot hull from 0.08 inch at the most
forward station to about 10 inches at the tail.

2. A transition, evidenced by a marked increase in
the rate of thickening of the boundary layer and by a
change in the character of the velocity distribution was
found to occur about 15 inches from the nose of the
hull.
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3. The velocity distribution was found to be ap-
proximated fairly well by an equation of the form
ufus= (y/5)"'* where n is approximately 7 over the
central portion of the hull but decreases to 6.4 and 6.2
near the forward and after extremities, respectively.

4, The frictional drag computed from the loss of
momentum in the boundary layer and from Clark
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F1gure 10.—Comparison of computed frictional drag (Millikan's equations) and experimental results—airship model A&ron

Millikan’s equations was in good agreement with
experimental results.
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