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THE ROLLING FRICTION OF SEVERAL AIRPLANE WHEELS AND TIRES AND THE
EFFECT OF ROLLING FRICTION ON TAKE-OFF
By J. W. WETMORE

SUMMARY

Tests were made to determine the rolling friction of
airplane wheels and tires under various conditions of
wheel loading, tire inflation pressure, and ground surface.
The effect of wheel-bearing type was also investigated.
Siz pairs of wheels and tires were tested including two
sizes of each of the types designated as standard (high
pressure), low pressure, and extra low pressure. The
results of calculations intended to show the effect of varia-
tions in rolling friction on take-off are also presented.

The values of rolling-friction coefficient obtained on a
concerele runway varied from 0.009 to 0.036; on firm turf,
from 0.023 to 0.054; and on moderately soft turf, where
only the high-pressure tires were tested, from 0.064 fto
0.077. Of the variables investigated, the ground-surface
condition was the most importand in its effect on the rolling-
friction coefficient. For comparable conditions, both on
a concerete surface and on firm turf, the standard wheels
and tires offered the least resistance to rolling. Slightly
higher values were obtained with the low-pressure wheels
and lires, and the exira low-pressure type gave the highest
values. The variation in rolling-friction coefficient with
wheel loading and inflation pressure was generally quite
small. The value of rolling-friction coefficient for wheels
equipped with plain bearings was appreciably greater than
that for the same wheels provided with roller bearings.
The effect on take-off of all the variables, with the excepiion
of ground-surface condition, was sufficiently small to be
neglected in rough caleulations of take-off performance
but should be considered in more accurate work.

INTRODUCTION

In many cases when comparisons have been made
between measured and calculated values of the ground-
run distance in the take-off of an airplane, the results
have shown considerable disagreement. A part of the
discrepancy can be attributed to the inadequacy of
available information concerning the forces and condi-
tions existing during the take-off. An investigation of
the rolling friction of airplane wheels and tires, one of
the uncertain factors, was undertaken as a step toward
augmenting this information and hence toward im-
proving the reliability of the prediction-of take-off
performance.

The measurement of the rolling friction was accom-
plished by recording the pull between a towing vehicle
and & loaded trailer equipped with the wheels and tires
to be tested. The resistance thus measured included, of
course, that due to the wheel bearings as well as that
of the tires.

The tires and wheels tested included two sizes of each
of the types generally classified as standard (high pres-
sure), low pressure, and extra low pressure. The tests
were run at various speeds under several conditions of
wheel loading and tire inflation pressure. The ground-
surface conditions investigated were concrete, firm
turf, and soft turf.

As an indication of the probable effect on take-off
of the differences in rolling friction occasioned by the
various conditions, calculations were made of the
distances required to leave the ground for two hypo-
thetical airplanes of different loading characteristics;
for each case several values of rolling-friction coeffi-
cient, covering the range determined by the tests, were
assumed.

APPARATUS AND METHODS

The trailer used in the tests (fig. 1) was a 2-wheel
carriage with provision for interchanging stub axles
to accommodate the various wheels. It was capable
of carrying up to 3,000 pounds of load in the form of
200-pound lead weights, which, with the weight of the
carriage itself, provided a maximum load on the wheels
of 3,500 pounds. The carriage was equipped with
airplane-type hydraulic shock absorbers to simulate
an airplane landing chassis. The axles were so arranged
that there was no toe-in of the wheels. A light truck
was used as the towing vehicle.

The pull between the truck and the trailer was meas-
ured with a dynamometer congisting essentially of a
helical spring, the deflection of which, proportional
to the force, was recorded by a standard N. A. C. A.
instrument of the type ordinarily used to record the
position of airplane controls in flight. ~The force was
transmitted from the trailer drawbar to the spring
through a cylindrical shaft running in ball-bearing
guides that confined the motion of the shaft to an axial
direction. All these components were mounted in a
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heavy frame to form a unit which, in turn, was bolted
to the bed of the truck. ‘

A standard N. A. C. A. recording inclinometer was
mounted on the trailer to determine the horizontal
acceleration. A timer was used to synchronize the
records of the two recording instruments and also, in
conjunction with an electrical-contact mechanism on
the front wheel of the truck, to provide a means of
evaluating test speeds.

Sketches of the wheels and tires used in the tests are
shown in figure 2. The wheels and tires tested included
three types: Extra low pressure or airwheels, low pres-
sure, and standard or high pressure. Two sizes of
each type were tested. The sizes of extra low pressure
tires tested were 22X10—4 and 30X13-6; the recom-
mended tire inflation pressure for both sizes was 12.5
pounds per square inch. The recommended inflation
pressure was 20 pounds per square inch for the two
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Each pair of wheels and tires was tested under three
loads with the tires inflated to the recommended pres-
sure. The heaviest load in each case was determined
either by the recommended maximum static load for
the tires or by the capacity of the trailer; the other
loads were chosen arbitrarily to provide a convenient
range.

With 940 pounds per wheel, a load common to all
the test series, the rolling-friction measurements were
made at two inflation pressures below and in addition
to the recommended value, the lowest pressure being
about 50 or 60 percent of the recommended pressure.
The 26X5 tires were run only at recommended infla-
tion pressure.

All the foregoing conditions were covered in tests on
a concrete runway designed for airplane operations, the
surface of which had been scarified to improve its
tractional qualities. Tests were likewise run for all
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FIGURE 3.—8tatlc load-deflection curves of tires. The highest pressure in each case i3 the recommended inflation pressure.

gizes of low-pressure tires, 7.50-10 and 8.50~10. The
recommended inflation pressure for the 26 X5 standard
tire was 50 pounds per square inch; for the 36X8
size the recommended pressure was 60 pounds per
square inch. All the tires had smooth treads except
the 26X5 size, which had a nonskid tread. Static
load-deflection curves for all the tires are shown in
figure 3.

The bearings of all the standard and extra low-pres-
sure wheels were of the plain type, i. e., bronze bushings
grooved for lubrication and running on steel journals.
Both sizes of the low-pressure wheels were equipped
with antifriction roller bearings. The tests of the
8.60-10 low-pressure wheels and tires, however, were
repeated for two loads with the roller bearings replaced
by plain bearings in order to provide an indication of
the effect of bearing type.

conditions on a turf surface of probably average smooth-
ness, having a clay topsoil and covered with fairly thick
grass about 6 or 8 inches in height. Most of the tests
were made when the surface was very dry and firm,
probably representative of the best field condition likely
to be encountered. For the tests with varying load on
the 26(5 and 368 standard wheels and tires, how-
ever, the surface was wet and moderately soft so that
the truck tires left tracks between one-half and 1 inch
in depth, representing fairly unfavorable conditions for
normal operation but by no means the worst possible.

The measurements of rolling friction were made for
each condition according to the following procedure:
3- or 4-second records were taken at several speeds
between 5 and 45 miles per hour on the concrete sur-
face or between 5 and 30 miles per hour on the turf
surface, with the speed held as nearly constant as pos-
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sible during each run. The value of the mean gross
pull P, between the truck and trailer was determined
from the record of dynamometer spring deflection.
Because it was impossible to maintain the speed dur-
ing the runs sufficiently steady to preclude relatively
large errors due to the inertia force of the trailer, the
recording inclinometer was used to provide a correction
for this force. Before and after each series of runs,
several records were taken of the inclinometer angle
with the truck and trailer standing on a fairly level
surface and heading in various directions so that the
average of the readings provided a reference angle 6,,
the angle for no horizontel acceleration. Then the dif-
ference between this value and the mean angle 6,, re-
corded during a run defined the mean direction of the
resultant force acting on the inclinometer pendulum
relative to the direction of the gravity component, or

T
Bm—00=taﬂ_l -—_

where a,, is the mean acceleration in the direction of
travel. The mean inertia force P; was then deter-
mined from the relation

P;=W tan (6,,—6)

where W is the weight of the loaded trailer.

Owing to the deflection of the truck springs resulting
from the drag of the trailer, the attitude angle of the
trailer—hence of the inclinometer base—ywhile running
differed sufficiently from the static reference angle to
cause an appreciable error in the acceleration as deter-
mined by the foregoing method. Moreover, a similar
effect was caused at higher speeds by a reduction in the
deflection of the trailer tires due to centrifugal force.
The necessary corrections were found by mounting a
second inclinometer between the truck axles where it
was not subjected to the described effects and compar-
ing the records of the two instruments for a sufficient
number of runs under various conditions to establish a
relationship between the correction and the influencing
factors. The correction angle 8, was then the difference
between the mean angles recorded by the inclinometer
on the truck and the inclinometer on the trailer, and
the corrected inertia force became

PI=W tan (0m+0c_’00)

The air resistance D of the trailer was determined as
the difference between the over-all resistance measured
with the trailer covered by a hood and that with the
trailer uncovered. The hood consisted of a fabric-
covered framework completely enclosing the trailer
but entirely free of any mechanical connection with it,
being supported by direct connection with the truck
and running on skids. The air drag was measured in

REPORT NO. 583—NATIONAL ADVISORY COMMITTEE FOR AERONATUTICS

this manner at several speeds within the range covered
by the tests.

The rolling friction or resistance B was evaluated
from the test results according to the relation

R=P,—W tan (6m-+0,—80)—D

Then the rolling-friction coefficient, the form in which
the results are presented, is
R

w
PRECISION

The mean gross force was measured by the dynamom-
eter to within +1 pound for individual runs. The
mean acceleration was determined from the inclinom-
eter records to within +0.06 foot per second per
second. From this the inertin force is correct to
within +2 pounds for the lightest load and within
+6 pounds for the heaviest load. Inasmuch as each
of the values presented in the table and the figures was
averaged from the results of 18 rums, all but small
consistent errors are largely eliminated.

In the case of the tests run on the turf surface, there is
a possibility of some lack of uniformity in the condition
of the surface between the different series of tests,
which was not indicated by its appearance and might
introduce an error into the effects attributed to the
applied variables. Likewise, inasmuch as the plain
bearings used in airplane wheels are of the imperfectly
Iubricated type and hence of somewhat uncertain
frictional characteristics, it is possible that there was
some difference in bearing friction between the several
wheels equipped with plain bearings so that the differ-
ences observed between the over-all friction coeflicients
of the wheels and ftires for similar conditions may not
be due solely to tire size and type. These effects are
believed, however, to be too small to invalidate the
comparisons and conclusions drawn from the results
of the tests.

RESULTS

The values of rolling-friction coefficient for all the
conditions covered in the tests are presented in table I.
Figures 4 and 5 give the results obtained on the con-
crete runway for all the wheels and tires. Figure 4
shows the effect of wheel load on the rolling-friction
coefficient and also the difference between the coeffi-
cients with plain and roller bearings as determined on
the 8.50-10 low-pressure tires. Figure 5 shows the
variation of rolling-frietion coefficient with tire infla-
tion pressure for all but the 26 X5 tires. The coefli-
cients measured on the turf surface are plotted in
figures 6 and 7. Figure 6 shows the variation of the
coefficient with wheel load. For the tests of the
standard-type wheels and tires, i. e., the 26X5 and
36:<8, the surface was wet and fairly soft, whereas for
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all the other tires the surface was dry and firm. In
figure 7 is shown the variation of rolling-friction coeffi-
cient with inflation pressure for all tires except the
26X 5 size, the surface being dry and firm in all cases.

As explained before, for each test condition a series
of runs was made at different speeds with the intention
of determining, if possible, the effect of speed on the
rolling-friction coefficient. It is probable, however,
that the heat generated by the friction caused a con-
siderable rise in temperature in the tires during a series
of runs which, according to the data of reference 1,
would result in an appreciable reduction in the rolling
friction. Since the runs were made with consecutive
increments of speed, the effect of speed would thus be
obscured by the temperature effect. The results of the
present tests, therefore, do not provide a true indication
of the effect of speed and are not so presented. Consid-
eration of these results and of the data presented in
reference 1, however, indicates that the effect of speed
ig probably slight in any case.

Each value of the rolling-friction coefficient given
in the table and figures is the average of the several
runs made at various speeds and with varying tire
temperature, as previously mentioned. The average
tire temperature was probably very nearly the same for
all conditions with all tires except for those of the
standard type. Tests of the standard tires were made
in generally cooler weather and, consequently, the
values of rolling-friction coefficient are possibly slightly
higher relative to the values for the other tires than
would be the case had the temperature conditions been
comparable. The speed range for the tests on the
concrete runway was from 5 to 45 miles per hour,
whereas on the turf surface the range was from 5 to
30 miles per hour. The two groups of tests, never-
theless, are sufficiently comparable in view of the
probable small effect of speed.

The results of the take-off calculations are shown
in figure 8. Values of the take-off ground run were
calculated for two hypothetical airplanes, one of
moderate loading and the other of high loading. Sev-
eral values of rolling-friction coefficient covering the
range encountered in the tests were assumed for each
case. Figure 8 shows the increase in ground run for
given rolling-friction coefficients as a percentage of
the distance required with no friction plotted against
the corresponding coefficients.

DISCUSSION

Rolling-friction coefficients,—On the concrete run-
way the rolling-friction coefficients obtained ranged
from 0.009 to 0.035. The coefficients increased some-
what with increasing load for all wheels and tires,
the variation being approximately linear and of similar
magnitude for all cases. Likewise, the coefficients
increased almost linearly with decreasing inflation
pressure, although in this case there were appreciable
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differences in the magnitude of the variation for the
different tires.

The effect of replacing the roller bearings in the
8.50-10 wheels with plain bearings was to increase
the over-all rolling-friction coefficient by about 0.007,
the increase being sensibly independent of load and
representing more than 50 percent of the original values.

Of the three types of wheels and tires tested, the
extra low-pressure type gave the highest values of
rolling-friction coefficient and the low-pressure type
with roller bearings provided the lowest values. The
coefficients for the standard wheels and tires were
slightly higher than those for the low-pressure type.
Increasing the values for the low-pressure tires by
the difference in coefficients observed between the
values for the plain and roller bearings in order to
obtain a fairer comparison would, however, raise the
values for these tires somewhat above those for the
standard tires. For different sizes of wheels and tires
of a given type, the results do not show any consistent
relation between tire size and rolling-friction coefficient.

For the tests on the turf surface, there were, of
course, factors contributing to the over-all resistance
that were not present on the smooth hard surface, such
as the energy loss incurred by depressing the grass and
earth and also the energy loss to the shock absorbers
and tires associated with the unevenness or roughness
of the surface.

In general, the values of rolling-friction coefficient
derived from the tests oun the firm turf surface averaged
about twice those obtained on the concrete runway for
corresponding conditions, the range of coefficients
found being from 0.023 to 0.064. The coeflicients
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decreased slightly with increasing load for the low-
pressure wheels and fires and for the 30X13-6 extra
low-pressure wheels and tires. The 22104 extra
low-pressure size showed a considerably greater varia-
tion in the same sense. The effect of varying load was
not determined for the standard-type wheels and tires
on the firm turf surface.

Decreasing the inflation pressure resulted in a small
reduction in the friction coefficient in the case of the
standard and low-pressure tires. The values for the
307<13-6 tires appeared to be very nearly independent
of inflation pressure, whereas the 22X10-4 tires
showed a fairly large increase in the coefficient with
docreasing inflation pressure.

The different types of wheels and tires were in the
same order of merit, as regards rolling-friction coeffi-
cient, for the firm turf condition as for the concrete run-
way. In general, the larger tires of each type offered
greater resistance to rolling than the smaller size for
comparable conditions.

Only the 265 and the 36X8 standard-type wheels
and tires were tested on the soft turf surface and these
only for various loading conditions. The values for
this condition were about twice those obtained with the
36<8 wheels and tires on the firm turf surface and
wore of approximately the same general magnitude for
both sets of tires, the coefficients ranging from 0.064
to 0.077. The larger size showed decreasing rolling-
friction coeflicients with increasing load whereas the
values for the smaller &ires increased slightly with
increasing load.

Effects on take-off—Some indication of the effects
on the take-off ground run that would result from the
differences observed in the rolling-frictiou coefficients
corresponding to the various conditions may readily
be obtained by cross reference between figure 8 and
figures 4 through 7. It may be seen from figure 8 that
the effect of rolling friction on the take-off will be much
greater for a heavily loaded airplane than for one of
moderate loading even when considered, as in the figure,
on o percentage basis. - For convenience, only the heavily
loaded airplane will be considered in this discussion.

Obviously the ground-surface condition is the vari-
able having the greatest effect on the rolling-friction
coefficient, and hence on the take-off distance. The
distance required to take off on the firm turf would
average about 9 percent longer than on the concrete
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runway, while on the soft turf surface it might be as
much as 35 percent longer.

The variation in rolling-friction coefficient on "the
concrete surface between the highest and lowest loads
tested would result in a difference of only 1 or 2 percent
in the take-off distance. On the turf surfaces, the effect
of varying load on the take-off would likewise be very
small in most cases although, for the 36X8 tires on
the soft turf surface, the variation in friction coefficient
with load is sufficient to cause about 11 percent differ-
ence in take-off distance. Inasmuch as the load on the
wheels of an airplane is continually decreasing during the
take-off ground run, the rolling-friction coefficient will
likewise be changing. In most cases, however, this
variation can be neglected in take-off calculations
without serious error or can be allowed for satisfactorily
in any case by assuming a constant value of rolling-
friction coefficient corresponding to the load inter-
mediate between the static load and the load at the
end of the run prior to the pull-off.

The effect on the take-off of moderate differences in
the inflation pressure of & given set of tires would
obviously be very small in most cases, probably result-
ing in & difference of only 1 or 2 percent for as much
as 35 or 40 percent underinflation. For the cases show-
ing an unusually large variation of friction coefficient
with inflation pressure, the effect might be as high as 6
percent. '

Under similar conditions on the concrete runway the
take-off distance that would be required with the extra
low-pressure tires would be between 4 and 6 percent
longer than that with the standard tires. For the
low-pressure tires equipped with roller bearings, the
take-off distances would be slightly less than with the
standard tires, within 2 percent, and with plain bear-
ings about 1 percent greater. The same conclusions
apply approximately to the firm turf condition.

In view of the generally small effect on take-off of
all the variables with the exception of the ground-surface
condition, the assumption of an average rolling-friction
coefficient corresponding to a given surface condition
should be satisfactory for ordinary routine calculations.
Where the greatest possible accuracy is desired in cal-
culating take-off performance, the other factors—type
and size of the wheels and tires, wheel load, inflation
pressure, and wheel-bearing type—should also be con-
sidered.
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CONCLUSIONS

1. The values of rolling-friction coefficient obtained
on the concrete runway varied from 0.009 to 0.035;
on the firm turf surface, from 0.023 to 0.054; and on
the soft turf, where only the high-pressure tires were
tested, from 0.064 to 0.077.

2. The most important factor affecting the rolling-
friction coefficient was the character of the ground
surface. 3

3. For comparable conditions, either on a concrete
runway or on firm turf, the standard-type wheels and
tires had the lowest values of rolling-friction coefficient;
the values for the low-pressure tires were only slightly
higher. The highest coefficients were obtained with
the extra low-pressure wheels and tires.

4. In general, the variation in rolling-friction coeffi-
cient with either wheel load or tire inflation pressure
was fairly small.

5. The rolling-friction coefficient was appreciably
greater for wheels equipped with plain bearings than
for the same wheels having roller bearings.

6. The effect on take-off of all the variables, with the
exception of the ground-surface condition, wasgenerally
quite small; so that, for ordinary calculations of take-
off performance, the assumption of an average value of
rolling-friction coefficient corresponding to a given
ground-surface condition would probably be satis-
factory., Where greater accuracy is desired, however,
the other factors, although of less consequence, should
nevertheless be considered.

LaNGLEY MEMORIAL AERONAUTICAL LLABORATORY,
NaTIoNAL ADvisory COMMITTEE FOR AERONAUTICS,
Lanerey FieLp, Va., September 19, 1936.
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TABLE I.—ROLLING-FRICTION COEFFICIENTS

Stat- Rolling-friotion
Load | pugagon | o [ 0004 #
W on
heols Bearings wl;:gel pressure | de-
tion Con-| Firm| Soft
creto| turf | turf
Pounds | lb.2g.in. |Inches
Extra low pressure 1,340 12,5 | 2.55 |0.029 [0.035
940 12,6 2.08 | .030 | .041
22X104_ ... Plain_____ 640 12,6 | 1.58 | .025 | .054 |}.......
040 10 2,50 | .028 | .047
040 8 2.921.033 | .060
1,740 1256 | 2.82].027 | .040
1,340 126 | 229 ( .024 { .046
30X13-6.- do N 640 1251 174 | .03 | .047 Pyoeaaae
940 10 1.901.029 | .049
O 8 2,19 | .035 | .047
Low pressure:
1, 540 20 2.26|.013 | .025
1,240 20 1.90 ] .010 ] .023
T50-10_.____. —-| Roller_..._.|y ™40 20 1.62(.000 1 .020 | ...
940 16 1781 .010 | .028
00 12 2.18 | .012 | .028
1,740 20 2.52|.013 | .030
1,340 20 1,93 ].014 | .031
l _do____._K 90 20 1.66 | .010 | 034 |focuca.n
0 16 1.83].013 | .029
8.60-10__... 1 l;{i:g g %g 8%5) .030
Plain .1 19 20 |1.58|.018 } -------------
Standard:
1,240 50 . ].018 0. 070
28X56. .--do 840 50 .76 ] .016 |fo_.. { 071
640 50 .88 .013 008
1,740 60 .80 | .017 . 064
vl 4| e
368-- do 940 80 | 253 [mmooo- .037
940 50 62).020|.033 froaeacan
910 40 .69 |.025].033




