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FRICTION CHARACTERISTICS O F  20 X 4.4, TYPE VII, AIRCRAFT TIRES 

CONSTRUCTED WITH DIFFERENT TREAD RUBBER COMPOUNDS 

Robert C. Dreher and Thomas J. Yager 
Langley Research Center 

SUMMARY 

A tes t  program was conducted at the Langley aircraf t  landing loads and traction 
facility to evaluate the friction characterist ics of 20 X 4.4, type VII, a i rcraf t  t i res  con- 
structed with experimental cut-resistant, tread rubber conlpounds. These compounds 
consisted of different blends of an alfin catalyzed styrene-butadiene copolymer rubber 
(SBR) and natural rubber (NR). One t i r e  having a blend of 30 SBR and 70 NR and another 
having a blend of 60 SBR and 4 0  NR in the t read were tested together with a standard pro- 
duction t i r e  with no SBR content in the t read rubber. 

The resul ts  of this investigation indicated that the tes t  t i r e s  constructed with the 
special  cut-resistant tread rubber compositions did not suffer any significant degradation 
in tire friction capability when compared with the standard t i re .  With respect to braking 
friction, the tire with the blend of 30 SBR and 70 NR developed the highest values of the 
three t i r e s  tested; the tire with the blend of 60 SBR and 40 NR developed the highest values 
of cornering friction. In general, tire friction capability decreased with increasing speed 
and surface wetness condition. As yaw angle increased, tire braking capability decreased 
while t i re  cornering capability increased. 
cycles, however, suggested that the t i res  with alfin SBR blends experienced significantly 
greater wear than the standard production t ire.  
resistance was also observed to deteriorate with increasing SBR content. 

Tread-wear data based on number of brake 

During this tes t  program, tread-wear 

INTRODUCTION 

Aircraft  tire t read life is an important factor in both the economy and efficiency of 
commercial  and military aircraf t  operations. As pointed out in reference 1, tire replace- 
ment accounts for  approximately half the overall  landing-gear maintenance costs of cur-  
rent  jet airplanes. Generally, the level of t read wear or the extent of t read cuts determines 
when a tire is to  be replaced; however, occasions do arise when tire blowouts and thrown 
treads necessitate ear ly  tire replacement. For many years ,  a i rcraf t  tire manufacturers 
have been trying to  develop t read rubber compounds which resist cutting and improve wear 
life without compromising design Strength or friction capability. (See refs. 2 and 3.) 



However, most new tread rubber compounds have proven to be unsatisfactory, primarily 
because of the tire heat buildup during aircraf t  landing operations. 
can lead to ser ious problems associated with ply- o r  tread-separation, t read throwing o r  
"chunk-out," and even blowout by internal thermal  decomposition. 
exhibited the most resistance to heating of any practical  elastomer examined. Polybuta- 
diene rubber, however, has demonstrated a better abrasion resistance than natural rubber. 
Achieving an optimum blend of these two elastomers has been the objective of most recent 
efforts by manufacturers to improve aircraf t  t i r e  t read life. (See ref. 3.) One such blend, 
identified as an alfin catalyzed styrene-butadiene copolymer rubber (SBR) mixed with 
natural rubber (NR), was used in t i r e s  constructed by a major tire manufacturer under 
contract to the United States Air Force (USAF). Dynamometer qualification tes ts  were 
successfully completed at  the Air Force Materials Laboratory, Wright-Patterson Air 
Force Base, Ohio. 

This tire heat buildup 

Natural rubber has 

i 

Some low-speed truck tes ts  were conducted on a variety of runway debris (ref. 4) 
and demonstrated that the alfin SBR tread rubber material  had cut-resistant qualities 
superior to those of the conventional t i re  tread rubber material. 
of the braking and cornering capability of this new t i re  tread material  was required before 
the material  could be used on operating aircraft .  

However, an evaluation 

This paper presents the resul ts  of a tes t  program conducted at  the Langley aircraft  
landing loads and traction facility to evaluate the friction capability of alfin SBR/NR 
blended aircraf t  t i r e s  in support of a USAF program to improve aircraf t  t i re  tread mate- 
rials. 
SBR/NR composition in the tread, were tested together with a standard production t i re  
(zero SBR) to define their braking and cornering characterist ics.  
three-groove tread pattern. These braking and cornering characterist ics included the 
drag- and cornering-force friction coefficients which were obtained with the t i r e s  oper- 
ating on dry, damp, and flooded surfaces  a t  yaw angles of Oo, 5.4', 10.9', and 16.3' and at  
ground speeds f rom 5 to 106 knots (1 knot = 0.5144 m/s). In addition to evaluating the 
friction capabilities of the tires, the tes t  program monitored t i r e  tread wear. 

Two 20 X 4.4, 12-ply-rating, type VI1 t i res ,  each having different blends of the alfin 

All these t i res  had a 

The tires, wheels, and brake assembly used in the tes ts  were supplied by the U.S. 
Air Force (Alfin SBR T i re  Test,  AF-AM-409). 

4 

SYMBOLS 

Values a r e  given in both SI and U.S. Customary Units. The measurements and cal- 
culations were made in U.S. Customary Units. 
sented in reference 5. 

Factors relating the two systems are pre-  
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P 

V 

'd 

lld,max 

'd, s kid 

' S  

Ps, max 

tire inflation pressure,  kPa (psi) 

ground speed, knots 

drag-force friction coefficient parallel  to direction of motion, Drag force 
Vertical force 

maximum drag-force friction coefficient 

skidding drag-force friction coefficient 

cornering-force friction coefficient perpendicular to direction of motion, 
Side force 

Vertical force 
--- 

maximum cornering-force friction coefficient 

TEST APPARATUS AND PROCEDURE 

Tires  

The tes t  tires for this investigation were three-groove, 20 X 4.4, 12-ply-rating, 
type VII, a i rcraf t  t i r e s  s imilar  to those used on a jet t ra iner  aircraft .  
material  was based on blends of alfin catalyzed styrene-butadiene copolymer rubber (SBR) 
and natural rubber (NR). 
of 30/70 and 60/40 (hereafter re fer red  to as 30/70 SBR/NR and 60/40 SBR/NR) were fab- 
ricated on two se t s  of the 20 X 4.4 aircraf t  t i res .  In addition to these t i res ,  a standard 
production t i re  with an identical tread groove pattern but without any SBR content in i ts  
tread rubber was also evaluated. All tire carcasses  were of identical construction. A 
photograph of one of the tes t  t i r e s  is shown in figure 1 together with a static t i r e  footprint 
obtained at the tes t  vertical  load and t i re  inflation pressure.  No significant difference was 
observed in the footprints obtained from each of the three tes t  t i res .  The friction perfor-  
mances of the three test t i r e s  were evaluated at a vertical  load of 22.4 kN (5000 lbf) with 
an inflation pressure  p of 1551 kPa  (225 psi). 

The tread rubber 

Tread rubber compositions based on rat ios  of alfin SBR to NR 

. 
Test  Surfaces 

For this investigation, approximately equal segments of a 183-m (600-ft) section of 
1 the concrete test runway were maintained in dry, damp, and flooded conditions. For the 
1 

damp condition, the surface was wetted to  a depth of less than 0.03 cm (0.01 in.); the water 
depth for  the flooded surface ranged from 0.5 to 0.8 cm (0.2 to 0.3 in.). Photographs of the 
three segments ready for test are presented in figure 2. Surface texture-depth values (an 

1 

1 

I 
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indication of potential frictional characterist ics) were measured by the grease sample 
technique described in reference 6. The measured values indicated that the dry concrete 
test surface had an average depth of 91 pm (0.0036 in.), the damp concrete section had a.n 
average depth of 114 pm (0.0045 in.), and the flooded test section had an average depth of 
145 pm (0.0057 in.). 

Some rubber was deposited on the pavement in the dry  test area, however, as a 
result  of the tire brake cycles. 
effectively reduced the surface texture depth, and when the entire surface was coated, 
removal of this rubber buildup and cleaning of the surface were necessary before continuing 
the tes t  runs. A chemical agent together with a high pressure  water jet expelled from a 
hand-held hose nozzle removed all the bulk rubber and restored the surface texture depth 
to its original clean surface value. Because of the surface wetness, t i r e  rubber deposits 
did not adhere to the damp and the flooded surfaces  during brake cycles. 

(See dry surface photograph in fig. 2.) These deposits 

Test Facility 

The test program was conducted at the Langley aircraf t  landing loads and traction 
facility described in references 7 and 8. The tes t  t i r e  and the wheel and brake assembly 
were mounted on a dynamometer attached to the front of the smal l  tes t  carr iage as shown 
in figure 3. A closeup view is presented in figure 4. The instrumented dynamometer 
(shown schematically in fig. 5) consisted of load beams to measure drag, vertical, and 
lateral forces  and links to measure brake torque. All measurements were made at the 
wheel axle. Instrumentation was also provided to measure brake pressure,  test wheel 
velocity, and carriage horizontal displacement and forward speed. Continuous t ime his - 
tor ies  of the output of the instrumentation during a run were obtained by tape recorders  
mounted on the tes t  carriage.  

Test  P roc edur e 

The procedure followed for most test runs involved (1) propelling the carr iage to the 
desired ground speed; (2) releasing the drop tes t  fixture to apply the preselected vertical  
load on the tire; and (3) subjecting the tire to brake cycles on first the dry surface and, 
subsequently, on the damp and flooded surfaces. A cycle began when the brake pressure  
valve w a s  actuated, thereby braking the t i re  from a free-rolling condition to a locked- 
wheel skid. An entire cycle took place within each runway test  segment. Immediately 
after wheel lockup, the brake was released to allow t i re  spin-up prior to the next cycle 
on the next segment. 
varied during the tes t  program. 
skids on the dry surface, the point of brake application on that surface was varied 
between runs in an attempt to brake the t i re  in a clean area each time. 

Brake-cycle location on the damp and flooded surfaces  was not 
However, because of the t i r e  rubber deposits from 

For each test 
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tire series, braking runs were conducted at preset  yaw angles of Oo, 5.4', 10.9', and 16.3'; 
the yaw angles were held constant for each test run. Carriage speeds for  these tests 
ranged from 5 to 106 h o t s .  The 5-knot speed was obtained by towing the carr iage with a 
ground vehicle; for the higher speeds, the carr iage was propelled by the hydraulic jet as 
described in reference 7. 

RESULTS AND DISCUSSION 

General 

Figure 6 presents typical time his tor ies  of the significant parameters  obtained dur- 
ing a single brake cycle. These parameters  include the tes t  wheel sl ip ra t io  (ratio of axle 
horizontal velocity minus tire peripheral  velocity to axle horizontal velocity); the tire-to- 
ground forces  (corrected for inertia) in the drag, vertical, and side directions; and the 
brake  pressure  and resulting torque. Time histories of the drag-force friction coefficient 
parallel  to the direction of motion and the cornering-force friction coefficient per-  
pendicular to the direction of motion ps are also presented. Both coefficients are com- 
puted from the measured force data. In the example shown in figure 6, brakes were applied 
at t ime 0.4 s e c  and a complete wheel lockup resulted approximately 0.2 s e c  later.  During 
the wheel spin-down period of less than 0.1 sec,  peaked and then diminished with 
decreasing wheel speed while ps rapidly decreased to zero as the wheel approached 
lockup. 
is more clearly indicated in figure 7. The drag- and side-force friction coefficients mea- 
sured during the dry brake cycle (fig, 6) are replotted in figure 7 as a function of wheel 
s l ip  ratio. These computer plots a lso illustrate how the data were faired for evaluating 
the variation of both drag-force and cornering-force friction coefficients with wheel sl ip 
ratio. 

pd 

pd 

This wide variation in t i r e  braking and cornering friction with brake application 

For  each tes t  condition, the time-history data obtained during a brake cycle were 
faired (see fig. 6) to determine: (a) the maximum drag-force friction coefficient pd," 

encountered during wheel spin-down; (b) the skidding drag-force friction coefficient pd,skid 
measured during wheel lockup; and (c) the maximum cornering-force friction coefficient 

The values thus generated fo r  the three test tires IJ. s, max 
were compiled for  each tes t  surface and are presented in table I. 

before braking was initiated. 

In the following sections, the friction character is t ics  of the three test tires are eval- 
uated on the basis of pd and ps variations with slip ra t io  on dry, damp, and flooded 
surfaces.  (See fig. 8.) The variations of pd,max, pd,skid, and psYmax with ground 
speed and with yaw angle are shown in figures 9 and 10, respectively. It should be pointed 
out that the values for  'd, skid and in figures 9 and 10 were determined from Ps , max 



fairings of a relatively long time duration before braking to obtain ps,maX, and after 
the wheel had locked up, to obtain p (See fig. 6.) Since the corresponding values 
of ps and pd in figure 8 were essentially instantaneous values and were computer 
selected at a constant data sample rate, some differences in the magnitude of these coef- 
ficients do exist between the two sets of data. 

d, skid 

* 

Variation of Friction Characterist ics With Slip Ratio 

The typical variation of the drag-force friction coefficient pd and cornering-force 
friction coefficient ps with slip ratio for  the three test tires on dry, damp, and flooded 
surfaces  is presented in figure 8. The variation extends from a free-roll ing condition 
(slip ratio = 0) to a locked-wheel condition (slip ratio = 1.0) and was obtained at a nominal 
ground speed V of 100 knots and a yaw angle of 10.9'. The curves of these figures are 
based on fairings of computer plots s imilar  to that shown in figure 7. The curves repre-  
sent fractions of a second in real time as illustrated by the brake-cycle time histories of 
figure 6 where approximately one-tenth of a second was required for  the wheel to spin 
down completely. 
classical  variation in drag-force friction coefficient with sl ip ratio: 
brake application from the free-rolling value, reaches a maximum, and then decreases  
to lower levels as the wheel approaches and reaches lockup. 
figure shows that 
of 10.9' whereas the cornering-force friction coefficient 
value during f ree  roll to zero at  o r  appreciably before the wheel locks up. 
of the braking and cornering friction curves obtained with each tes t  t i re  on the dry 
surface reveals that the standard production t i re  developed the highest 
60/40 SBR/NR tire was the only tes t  t i re  to maintain some cornering until the wheel 
locked. 

The data which illustrate the dry tire friction (fig. 8(a)) exhibit the 
pd increases  with 

(See refs. 9 and 10.) The 

pd peaks before a slip ratio of 0.2 for all three tires at  a yaw angle 
ps varies  from a maximum 

A comparison 

pd and that the 

The variation of both pd and ps on the damp and flooded surfaces (figs. 8(b) and 
8(c), respectively) is s imilar  to that observed on the dry surface. However, as might be 
expected, the magnitude of these friction coefficients is considerably reduced and the peak 

pd not nearly as well defined. On both of these wet surfaces, the 30/70 SBR/NR tire con- 
sistently developed significantly higher values of pd. The corresponding ps curves 
indicate that the cornering capability of all three t i res  is greatly reduced or completely 
lost at or  before wheel lockup. It is of interest  to note that in the curves of figure 8, 
the 60/40 SBR/NR tire was the only tes t  t i re  at a yaw angle of 10.9' to maintain some 
cornering capability until the wheel locked up on all tes t  surface conditions. T i r e  friction 
data (see table I) obtained at  other tes t  yaw angles exhibited trends s imilar  to those illus- 
trated in the curves of figure 8. 

ps 

6 



Variation of Friction Characterist ics With Ground Speed 

The effect of ground speed on certain tire braking and cornering characterist ics 
which were developed during operations on dry, damp, and flooded surfaces is shown in 
figure 9 for each test t i r e  at yaw angles of 0' and 16.3'. It should be noted that s imilar  
trends were observed in the tire friction data obtained at yaw angles of 5.4' and 10.9'. 
(See table I.) As a matter of interest, data obtained on areas of the dry surface test sec-  
tion which contained rubber deposits f rom previous braking cycles are also included in 

i 

a figure 9. The rubber contamination greatly reduced the tire friction during braking. 

Maximum drag-force friction coefficient.- The data of figure 9 indicate that the max- 
imum drag-force friction coefficient pG,max decreases  with increasing ground speed for 
all three tires. The decrease was observed under all runway surface conditions although 
it is much less pronounced on the dry than on the two wetted surfaces;  this trend corrobo- 
ra tes  those observed in references 11 to 14. The magnitude of I J . ~ , ~ ~ ~  developed by the 
30/70 SBR/NR t i r e  is generally the highest of the three t i res  tested. 

Values of pd, max were, in general, higher on the flooded tes t  surface than on the 
damp surface for s imilar  speeds and yaw angles. Two factors may contribute to the high 

pd,max 
approximately 2 5  percent greater  than that of the damp surface. 
depth should affect the t i r e  friction a t  speeds a t  least  up to 100 knots since that speed is 
well below the computed dynamic hydroplaning speed of 135 knots for the tes t  t i r e  (ref. 11). 
Second, the flooded surface,  because of i ts  water depth, induces a significant fluid drag  on 
the t i re ,  but such drag  is negligible on the damp surface with no standing water. 

level on the flooded surface. Firs t ,  the texture depth of the flooded surface is 
This greater  texture 

~~~~~ Skidding drag-force friction coefficient. - The skidding drag-force friction coeffi- 
cient 
t i res  in a manner s imilar  to that of I J . ~ , ~ ~ ~  but at  somewhat lower friction levels. 
trend is noted at  all test  yaw angles and on the dry,  damp, and flooded surfaces.  Values of 

on the flooded surface are shown to be equal to o r  slightly higher than those on the IJ.d,skid 
damp surface, particularly a t  the higher ground speeds. This variation apparently resul ts  
from the same reasons identified in the preceding section. Little difference appears to 
exist in the magnitude of pd,skid developed by each of the tes t  t i r e s  at s imilar  speeds 
and yaw angles on all runway surface conditions (see table I); however, the 30/70 SBR/NR 
tire again appears to provide slightly higher values. 

pd, s kid shown in figure 9 decreases  with increasing ground speed for all three 
This 

l 

Maximum cornering-force friction coefficient. - The data in figure 9(a) indicate, as 
expected, that the side-force friction coefficient is zero for  an unyawed t i re  under any su r -  
face condition. At 16.3', the data of figure 9(b) indicate that the t i r e  cornering capability 
on a dry surface is essentially equal to pd,max a t  5 knots and is also insensitive to speed. 
Table I shows this trend to be t rue for the other two tes t  yaw angles. On the damp and 
flooded surfaces,  however, the values of ps,max decrease rapidly with increasing ground 

7 



speed. The comparative low and high speed cornering friction data obtained with the two 
alfin SBR tires at 16.3' yaw indicate that the 60/40 SBR/NR tire developed the highest 
values of ps,max on the three test surfaces. 

Variation of Friction Characterist ics With Yaw Angle 
I 

The data of table I are plotted in figure 10 to show the effect of yaw angle on the 
drag- and cornering-force friction coefficients developed by the test tires a t  various s u r -  
face wetness conditions and at nominal ground speeds of 5 and 100 knots. m 

Maximum drag-force friction coefficient. - The data presented in figure 10 indicate 
that the highest values of 
with increasing yaw angle. 

'd, max 
ticularly on the damp and flooded surfaces. The pd,max data for all three tires for 
flooded conditions are somewhat higher than the respective pd,max 
ditions because of the fluid drag and surface texture effects discussed in the preceding 
sections. 

pd,max occur for  the unyawed t i r e  and generally decrease 
Figure 10 more clearly i l lustrates that a higher level of 

was obtained with the 30/70 SBR/NR tire than with the other two tes t  tires, par-  

data for damp con- 

Skidding drag-force friction coefficient. - Yaw angle appears to have very little effect 
on pd,skid, and at the higher test speeds (fig. lO(b)), the skidding friction coefficient values 
seem to be insensitive to tread rubber compound. The data in  figure 10 show that values 
of pd,skid remain nearly constant throughout the range of yaw angles tested although a 
reduction in pd,skid with increasing ground speed is shown. The values of pd,skid on 
the damp and flooded surfaces are about equal but slightly less than those developed on the 
dry surface because of thin film lubrication provided by the presence of water. 

Maximum cornering-force friction coefficient. - The maximum cornering-force f r ic -  
tion coefficient ps, max developed by the three tires increases  with increasing yaw angle 
up to and including the maximum test  yaw angle on all tes t  surfaces at  the low speed of 
5 knots. At 100 knots, ps,max levels developed by the three tes t  t i res  appear to reach 
a peak before a yaw angle of 16.3O on the damp surface. At low speed (see fig. lO(a)), s u r -  
face wetness conditions do not significantly affect the ps,max values, but at  high speed 
(see fig. 10(b)), Ps,max levels are reduced with increasing surface wetness. In a com- 
parison of the cornering friction developed by the three tes t  tires a t  yaw angles from 0' to 
16.3' (see table I), it was found that the ps,max levels of the 60/40 SBR/NR tire tend to 
be the highest for all tes t  conditions. 

It 

Tread-Wear Considerations 

During the course of this experimental program, t i r e  t read wear was also monitored 
by measuring the depth of each tread groove at several  positions around the t i r e  circum- 
ference after each braking test. When these values were compared with the initial depth 
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reading, the amount of t read wear could be determined. However, it was difficult to u se  
this information to form the basis  for  comparing the wear res is tance of each t i r e  because 
the tires were not exposed to identical tes t  conditions (e.g., ambient temperature, speed, 
length of each brake cycle, yawed rolling distance, and extent of surface contamination). 
However, a reasonably valid comparison of the t read wear experienced by each t i r e  can be 

number of brake cycles for  a given tire. 

With a tread-wear index of 1.0 assigned to this standard t ire-wear per  brake-cycle value, 
s imilar  computations were made for the other two test tires, and comparative tread-wear 
index numbers were determined. 
tire and 3.94 for the 60/40 SBR/NR tire. These tread-wear index values indicate that the 
tires with alfin SBR blends experienced significantly greater wear from brake cycles than 
the standard production tire with no SBR content in the t read rubber. The tread-wear index 
values also suggest that the wear resistance deteriorates with increasing SBR content. 

\ obtained by using a wear index based on the total wear measurement divided by the total 

per  brake-cycle computation resulted in a value of 0.0356 "/cycle (0.0014 in./cycle). 
For the standard production t i re ,  this tread-wear 

a 

The tread-wear index was 2.15 for  the 30/70 SBR/NR 

The phenomena which take place during t i re  tread cutting and tearing and during t i r e  
tread wear (such as that caused by braking under yawed wheel conditions) are not well 
understood. These alfin SBR t i r e s  have proved their  good cut and tear resistance (see 
ref. 4), but it is indeed possible that a tread rubber with good cut and tear  resistance does 
not necessarily possess  good wear resistance. An additional program to investigate and 
define the tread-wear characterist ics of these tires would be of interest and may be con- 
sidered necessary pr ior  to the use of the t i r e s  on operating aircraf t .  

CONCLUDING REMARKS 

A tes t  program was .conducted a t  the Langley aircraf t  landing loads and traction facil- 
i ty  to evaluate the friction character is t ics  of 20 X 4.4, type VII, aircraf t  t i r e s  constructed 
with cut-resistant,  t read rubber compounds. Two tires, each with a different blend of alfin 
catalyzed styrene-butadiene copolymer rubber (SBR) and natural rubber (NR) in i t s  t read 
composition, were  tested together with a standard tire with no SBR content in the tread rub- 
ber.  The investigation consisted of braking tes t s  f rom free ro l l  to  locked-wheel skids on 
dry,  damp, and flooded runway surfaces  at  ground speeds from 5 to 106 knots and at yaw 
angles from 0' to 16.3O. 

1 

? 

The resu l t s  f rom these tests indicated that the tires constructed with the special, 
cut-resistant blends of SBR and NR suffer no degradation in  friction capability in com- 
parison to a standard t i re .  Of the t i r e s  tested, the highest braking friction values were 
obtained with the tire having the 30 to 70 ratio of SBR to NR, and the highest cornering 
friction values were developed by the tire having the 60 to 40 rat io  of SBR to  NR. 
general, the braking capability of all t i r e s  was found to decrease with increased ground 

In 
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speed and surface water depth; further, the maximum available braking coefficient 
decreased with increased yaw angle whereas the somewhat lower skidding coefficient 
appeared to be insensitive to yaw angle changes. The tire steering o r  cornering friction 
was at a maximum when the wheel was freely rolling but decreased rapidly with braking, 
reaching zero  at o r  before wheel lockup. Wetting the surface o r  increasing the ground 
speed generally tended to decrease the t i re  cornering capability. t, 

The total t read loss when related to the number of brake cycles for each t i r e  
throughout the entire tes t  program suggests that the t i r e s  with alfin SBR blends experi- m 

enced significantly greater  wear r a t e s  than the conventional rubber-tread t ire.  
tion, tread-wear resistance appears to deteriorate with increasing SBR content. 

In addi- 

Langley Research Center 
National Aeronautics and Space Administration 
Hampton, Va. 23665 
May 10, 1976 
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TABLE I.- SUMMARY O F  FRICTION COEFFICIENTS OBTAINED FOR VARIOUS T E S T  CONDITIONS 

[Tire inflation p r e s s u r e ,  1551 k P a  (225 ps i ) ;  ver t ica l  load, 22.4 kN (5000 lbf); 
styrene-butadiene rubber  (SBR); na tura l  rubber  (NR)] 

~- 

Dry s u r f a c e  Damp s u r f a c e  
- Yaw Ground Tire Flooded s u r f a c e  

12 

tread angle,  speed, 
S ~ ~ ~ ~ R  d e g r e e s  knots Ild,max ' 'd,skid I 's,max 

Standard 0 5 0.50 0.43 0 
( z e r o  SBR) 0 22 .48 .30 0 

0 67 a.18 a.05 0 
0 76 a.26 a.05 0 
0 103 .40 .15 0 
5.4 5 .50 .40 .19 
5.4 10 6 .34 .12 .21 

10.9 5 .44 .41 .39 
10.9 106 .29 .ll .36 
16.3 5 .41 .41 .45 
16.3 25 .35 .28 .45 
16.3 52 .30 .20 .45 
16.3 72 .30 .16 .45 
16.3 99 .27 .12 .45 
16.3 10 2 - - _  - _ _  .45 

0 43 a.20 a.10 0 

~ -. 

30/70 0 5 0.55 0.49 
0 14 .52 
0 40 .52 .26 i 0 
0 65 ! .47 .21 I 0 

I 

0 87 I .49 .20 I 0 

0.45 0.39 1 0 
.22 0 .30 .24 0 

- _ _  .20 0 .15 0 
.09 .17 .16 0 0 
.07 0 .I4 .10 0 
.06 0 .13 .09 0 
.34 .21 .45 .35 .21 
.09 .12 .10 .10 .06 .13 

.34 .38 .39 
.ll .06 .15 .10 .09 .08 
.35 .35 .40 .39 .39 .39 
.25 .22 .25 .29 .25 .34 
.18 .12 .20 .19 .15 .23 
.14 .14 .20 .15 .13 .19 
.14 .o 9 .15 .15 .12 .12 
.13 .10 .17 . l o  .10 .10 

- _ _  .34 --- 

- .- 
0.52 0.45 0 0.55 0.50 0 

.42 .32 0 .49 .40 0 

.27 .19 0 .29 .24 0 

.20 .12 0 .35 .16 0 
0 .22 .10 0 

5.4 
10.9 
10.9 
16.3 
16.3 

60/40 0 
0 
0 
0 
0 
5.4 
5.4 

10.9 
10.9 
16.3 
16.3 

aValues obtained 

.17 

.34 
.16 .30 I .15 . l l  .14 .15 1 .ll .05 

5 .44 ' .17 ~ .41 .40 .17 
5 .34 ~ .43 .36 .33 

5 .45 .45 .40 1 .41 .36 .40 .47 j .47 .44 
98 ".18 .15 .40 .16 .20 1 .14 .10 

- t  - .  

5 0.55 0.48 0 
20 .45 .30 0 .30 0 
44 .45 .20 0 
63 .38 .17 1 0 .20 .14 0 .32 .16 0 

103 ' .36 .16 , 0 .OB 0 . .15 I .ll 0 
5 .50 .43 ' .25 .33 .33 .23 .40 j .37 .24 

105 .35 .15 .25 .09 .06 .17 .08 j .08 .06 
5 .44 .44 .35 .40 1 .38 .42 

.10 ' .10 .10 
.43 .43 .40 .48 

.ll .12 

105 .22 .14 
5 .44 .44 

100 .25 1 .15 , .48 

on s u r f a c e  rubber  deposits. 



L- 76 - 194 

Figure 1.- Profile and footprint of three- 
groove, 20 x 4.4, type VII, t es t  tire. 
T i r e  inflation pressure  = 1551 kPa  
(225 psi); Vertical load = 22.4 kN 
(5000 lbf). 
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Damp Flooded 

Figure 2. - Runw ay surface conditions maintained for e 

* 

L- 76- 19 5 
ach test run. 



Figure 3 .- Photograph showing dynamometer mounted on test carriage. 
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Figure 5.- Schematic of dynamometer used in tests. 
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Figure 6.- Typical time histories of various parameters  computed for test  run brake 
cycles. Yaw angle, 10.9'; ground speed, 106 knots; dry concrete surface. 
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Wheel s l i p  ratio 

Figure 7. - Variation of computed friction coefficients with wheel sl ip ratio during brake 
cycle on dry concrete. Yaw angle, 10.9’; ground speed, 106 knots. 
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0 1  1 I I I I 

T i r e  
Standard 

--- 30/70 SBR/NR 
- - 60/40 SBR/NR 

0 .2 .4 .6 . a  1.0 

Wheel s l i p  r a t i o  

(a) Dry concrete surface. 

Figure 8. - Variation of drag-force friction coefficient pd and cornering-force friction 
coefficient ps with wheel s l ip  ratio for three tes t  t i r e s  on dry, damp, and flooded 
concrete surfaces. Ground speed, -100 knots; yaw angle, 10.9'. 

20 



o l .  1 .. ..1 1 I I 
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(b) Damp concrete surface. 

Figure 8. - Continued. 
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T i  r e  
S tanda rd  

- - -  30/70 SBR/NR 
-- 60/40 SBR/NR 

\ I 
------- \ 

'--+ - _  I - 

0 .2 .4 .6 . a  1.0 

Wheel s l i p  r a t i o  

(c) Flooded concrete surface. 

Figure 8. - Concluded. 
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Damp Flooded 

. 4  

k, max 
. 2  

- - T i  r e  b -  

h h i  h Ih l h  I 

0 S t a n d a r d  
_ _ _ _  0 3 0 1  70  S B R I  N R  
-- 0 601 40 S B R l  NR 

'0 Al l  t i res 
0 Rubber contaminated surface 

%3 51 ?2 Ih  I h  1 
30 60 90 120 0 30 60 90 120 0 30 60 90 120 0 

Ground speed, knots Ground speed, knots Ground speed, knots 

(a) Yaw angle = 00. 

Figure 9.- Effect of ground speed on maximum drag-force friction coefficient pd,max, skidding drag-force friction 
coefficient pd,skid, and maximum cornering-force friction coefficient pS,max at two yaw angles for three test 
t i res  on dry, damp, and flooded surfaces. 
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(b) Yaw angle = 16.3'. 
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Figure 9. - Concluded. 
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Damp Flooded 

12 18 0 6 12 18 0 6 12 18 0 6 .  
Yaw angle, deg Yaw angle, deg Yaw angle, deg 

(a) Ground speed =: 5 knots. 

Figure 10.- Effect of yaw angle on maximum drag-force friction coefficient pdymaxy skidding drag-force friction 
a t  two ground speeds for three s,max coefficient pdyskidy and maximum cornering-force friction coefficient p 

test tires on dry, damp, and flooded surfaces. 
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(b) Ground speed = 100 knots. 

Figure 10. - Concluded. 
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