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ESDU DATA ITEMS

Data Items provide validated information in engineering design and analysis for use by, or under the supervision
of, professionally qualified engineers. The data are founded on an evaluation of all the relevant information, both
published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.
The whole process is subject to independent review for which crucial support is provided by industrial companies,
government research laboratories, universities and others from around the world through the participation of some
of their leading experts on ESDU Technical Committees. This process ensures that the results of much valuable
work (theoretical, experimental and operational), which may not be widely available or in a readily usable form, can
be communicated concisely and accurately to the engineering community.

We are constantly striving to develop new work and review data already issued. Any comments arising out of your
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provide a better service.
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FRICTIONAL AND RETARDING FORCESON AIRCRAFT TYRES

PART V: ESTIMATION OF FLUID DRAG FORCES
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FRICTIONAL AND RETARDING FORCESON AIRCRAFT TYRES
PART V: ESTIMATION OF FLUID DRAG FORCES

ESDU Copyright material. For current status contact ESDU.

1. NOTATION AND UNITS'
S British
bg width of tyre-ground contact area, see Sketch 1.1 m in
bS width of deflected tyre at intersection with fluid surface, m in
see Sketch 1.1
CD1 ) drag coeffici entzdue to fluid displacement by single tyre,
GFL l/(chsV b.d/2), see Sketch 2.2
C, coefficient in expression for tyre deflection under normal (to
runway surface) load, see Section 2.3
D diameter of undeflected, inflated tyre m in
d depth of fluid contaminant on runway (water or slush) m in
f. factor defining impingement drag of dual-tandem
undercarriage relative to impingement drag at V/Vp =10
f factor defining di_spl acement drag of leading tyre(s) at
V/Vp> 1.0, relative to displacement drag at V/VID =10
fi 5 factor defining drag of single-tandem undercarriage relative to
' displacement drag of single tyre undercarriage
f211 factqr defini'ng displacement drag of twin-tyre under(;arriage
relative to displacement drag of single tyre undercarriage
G fluid drag force on undercarriage (excluding leg) N | bf
N number of tyresin each lateral row of undercarriage
p inflation pressure (gauge) of undeflected tyre N/m? bffin?
P, tyre“rated” inflation pressure N/m? bf/in?
R number of lateral rows of tyresin undercarriage
\% aircraft ground speed kn kn
Vp reference speed defined in Section 2.1 kn kn

" Most equations in this Item are expressed in non-dimensional form so that any consistent set of units can be used. However, the units
guoted are not coherent setsin sofar asthe knot is used throughout for speed and, for British Units, theinchisused for al linear dimensions.
These anomalies are taken into account by the inclusion of appropriate factorsin equations.
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w width of undeflected, inflated tyre section m in

Yw lateral spacing of tyres, see Sketch 1.1 m in

Z normal (to runway surface) load on wheel N | bf

d tyre deflection under normal (to runway surface) load, see m in
Equations (2.2) and (2.3)

Pw density of water (taken as 10° kg/m? , 1.94 slug/ft®) kg/m?® slug/ft®

c density of fluid contaminant relative to that of water

(specific gravity)

Viyre tyre yaw angle; angle between plane of rotation and projection deg deg
of V on to ground plane

Subscripts

i denotes force due to fluid impingement

N,R denotes tyre arrangement in single undercarriage, N = number of tyres per lateral row,

R = number of lateral rows, see Table 7.1 for illustrations

ESDU Copyright material. For current status contact ESDU.
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Sketch 1.1 Tyre Geometry
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2. INTRODUCTION

This Data Item provides methods for estimating the drag force experienced by aircraft tyres running in a
layer of water or slush on arunway. Single- and multiple-tyre undercarriage configurations are considered.
In al cases the calculated values exclude the drag of the upper leg. i.e. that part above the axle or
undercarriage chassis. Where appropriate, estimates can be made for the drag due to spray impingement
ontrailingtyres, brakes, undercarriage structure, etc. Themethods do not include forces dueto impingement
of spray with any other undercarriage or with other parts of the airframe”.

Sketch 2.1 shows a typical set of full-scale measurements for an isolated aircraft-type tyre. Where a
multiple-tyre undercarriage is used, the drag force is affected by the proximity of the leading tyresto one
another and, wheretrailing tyres are present, by impingement of spray from the leading tyreson thetrailing
tyres, the undercarriage structure and brake units. The drag force actsin adirection opposite to the aircraft .
ground speed and is present whether the wheel is braked or unbraked, yawed or unyawed. :

Section 3 presents the calculation methods. Table 7.1 summarises the methods and includes the
nomenclature used to identify the various undercarriage configurations. :

Section 4 describesthe derivation of the methods and providesan indication of the accuracy to be expected.
More details of the derivation are given in Reference 33 to 35.

Section 6 gives examples of drag calculations for typical twin-tyre and dual-tandem undercarriages.

Appendix A compares the performance of the methods for twin-tyre and dual-tandem undercarriages with
the relevant parts of awidely-quoted set of test measurements (Convair 880).

ESDU Copyright material. For current status contact ESDU.
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Sketch 2.1 Example of measured fluid displacement drag developed by singletyrerolling
unbraked in water

(Datafrom Reference 11; D = 32in,w=8.81in, Z = 10 500 Ibf, p =90 Ibf/in?,d=1.0 in)

" The drag force due to tyre spray impingement of the airframe can be a significant part of the total. The magnitude of such forces is
dependent ontheoverall aircraft configuration but can be particularly large where undercarriagelegsare short and/or large flap deflections
are used. The subject of tyre spray impingement forces will be dealt with in a separate Data Item.
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2.1 The Reference Speed, V,

The reference speed, V., is used throughout the methods in the Data Item as a convenient means of
correlating and presentlng the avallable measured data for fluid drag forces. Values of V are derived,
customarily, from the expression”

0.5
V= 9@ kn for p in Ibf/in?. 2.1

This speed is aso of significance in the method of Reference 30 for predicting tyre-spray trgjectories.
22 Runway Contaminants

For present purposesarunway contaminantisany fluid on arunway in sufficient depth and extent to produce
significant drag forces on tyres passing through it. Water is the most common, true fluid contaminant.
However the methods in this Data Item have been found to be equally applicable to slush —which isnot a
single-phase fluid — to the extent that data were available (0.78 < ¢ < 1.0) . The methods are not suitable
for use with snow but, since the distinction between wet snow and slush is indistinct, caution should be
exercised if the methods are used for slush with 6 <0.8.

2.3 Values of Tyre Widths Used in Calculating Fluid Drag Forces

Tousethemethodspresented inthisDataltem, valuesarerequired for thewidths bg and b, of the deflected
tyre at the runway surface, and at the surface of the fluid layer, respectively. Both parameters are functions
of thetyre vertical deflection,  , which, inturn, isafunction of the normal load, Z, on thetyre and inflation
pressure p. The load itself is dependent on aircraft weight, speed and centre-of-gravity position, although
moments due to engine thrust, braking and control deflection can also influence it significantly.

Tyre vertical deflection, §, can be expressed’, for consistent units of normal load and undeflected tyre
width, diameter and inflation pressure, as

ESDU Copyright material. For current status contact ESDU.

£ . 2.4[§ - cz} for 2> 2c,, 2.2)
(p + 0.08p, ) w(wD)” w w
d ) ?
0.216 6 10
= — — — < —
0.96[\,& e [W} for 2 < 2c,. 2.3)

Typical values of the coefficient C, are:
C, = 0.03 for modern cross-ply tyres, C, = 0.02 for older cross-ply tyres.

In practice, Equation (2.3) islikely to be used only for such lightly-loaded tyres as may occur in the fina
stages of take-off rotation. Note also that &/w has an upper limit corresponding to the deflection at which
the tyre “bottoms’ — typical values of thislimit to /w arein the range 0.55 to 0.6.

" The derivation of Equation (2.1) is given in Reference 24 together with a description of the physical significance of the speed V
For other combinations of units the measured constant becomes
0.1084 (V in knots, p in N/m?), 55.76 (Vin m/s, pin MN/m?), 34.28 (Vin knots, pin bar).
T These expressions apply to cross-ply tyresonly and are given here for convenience; their originis given in ESDU 86005 (Reference 31).
For radial-ply tyresit is necessary to consult the tyre manufacturer on a case-by-case basis.
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Tyrewidth, b, at therunway surface (footprint width) can be expressed (see Reference 31) asafunction
of the vertical deflection parameter, 8/w, as

4 6 0.5
b
- 1.7[§—2.5[§} +1.5[§} ] . (2.4)
wW W '\ '

Equation (2.4) can be applied to most aircraft-typetyres (for exampletypesl, 11, VII, VIII in Reference 38)
but for “type H” tyres the following expression should be used

04

b—v\? = 1.55[%—1.1(3)2} . (2.5)

Tyrewidth, bg, at thefluid surfaceis given by the following expressions.

For (29 <05, 2= o[(22) _(8;0)10'5. @9

For (6 ;—vd) > 0.5 caculate b using Equation (2.6) with (S%j) = 05.

Equation (2.6) is based on the geometric representation of the deflected tyre shown in Sketch 2.2 and isthe
basis of values of b/w for those tyres used in developing the methods of this Data Item.

ESDU Copyright material. For current status contact ESDU.
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Sketch 2.2 Tyre cross-section assumed in Equation (2.6)
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3. ESTIMATION OF FLUID DRAG FORCESON AIRCRAFT TYRES

Sections 3.1 to 3.5 give estimation methods for fluid drag forces acting on different types of undercarriage
based on the analysis of measured data from full-scale and model-scal e tests. Sections 3.6 and 3.7 consider
briefly the likely effects on drag of tyre yaw and of the use of spray alleviators.
The method for asingle isolated tyre is given in Section 3.1 and forms the basis for drag calculations for
“leading” tyresin multiple-tyre undercarriages. The subscripts denoting the different tyre arrangements are
explained in Table 7.1.

31 Drag of Single Tyre Undercarriage

The drag force, G,: due to fluid displacement by a single tyre running in a fluid layer of depth, d, and
specific gravity, o, |s estimated in two parts, as follows.

For speedswhere V/Vp <10

For V inknots, b, d ininchesand p,,, in slug/ft,

pWG 2 *
Gp,, = 001978(—°V’Cp bd) . (3.14)

For V inknots, by, d in metresand p,,, in kg/md,

_ pWO' 2 *
Ge,, = 0.2647( 2oVCy, b d) N. (3.1b)

Dy s
For any consistent set of units,

P
= oPc, b, (3.1c)

Fi1 2 Dyi°s

Values of the tyre displacement drag coefficient, Cp,,, are given in Figure 1 as functions of V/VID and
bS/b Figure 1 is applicable to aircraft-type tyres for WhICh 3<D/w<4. For tyreswith D/w> 4, there
%eareductlon (of order 10 to 15 per cent) in Cp,,. see Section 4.1.1.

ESDU Copyright material. For current status contact ESDU.

For speedswhere V/Vp > 1.0 the drag force due to fluid displacement by asingle tyreis given by

x[Gp ] (3.2)

G
[Gr 1°VIV, = 10

]
11 v/vp > 1.0

Values of the factor f are given in Figure 2 while the datum value, [G|:l 1]\//V —10’ is obtained from
Equation (3.1). o=

" The numerical constants are made up as follows.
For Equation (3.18) 0.01978 = 1.6878%/12% [(ft/s)/kn]X[in/ft]2.
For Equation (3.1b) 0.2647 = 1852°/3600° [m/n.mile]%/[s/hour]2.
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32 Drag of Twin-Tyre Undercarriage

For speedswhere V/VID < 1.0 thedragforceduetofluid displacement by atwin-tyreundercarriage(i.e. two
tyres side-by-side) is given by

|:(3':2,1:|V/Vp <10 - f2:1 X |:GF1,1:|V/Vp <10 (3-3)

Values of the factor f, ; are givenin Figure 3 while values of [G;:Ll] , i.e. the drag of asingle

tyre, are obtained from Equations (3.1). VIVp=10

For speedswhere V/Vp > 1.0 thedragforcedueto fluid displacement by atwin-tyreundercarriageisgiven

by

[GF2,1]V/Vp ~10 fLx [GF2,1]V/Vp =10 (3.4)
Values of the factor f, are given in Figure 2 while the datum value, [GF, 1]\//V _10’ is obtained from
Equation (3.3). ’ P

33 Drag of Dual-Tandem Undercarriage

The fluid drag force, Gg_ _, acting on a dual-tandem undercarriage (and others involving leading and
trailing tyres, see Section é.?5) is estimated as the sum of two components,

Ge,,=Gr,, * Gr,- (35)

Thefirst component in Equation (3.5), GF2 L representsthe drag of theleading pair of tyresand isestimated
in exactly the same way as for atwin-tyre'undercarriage in Section 3.2.

The second component, G , in Equation (3.5) represents the drag due to spray from the leading tyres
impinging on the trailing tyres, brake units and undercarriage structure (excluding leg).

The drag force due to fluid impingement is given by

ESDU Copyright material. For current status contact ESDU.

GF = f x

i ' [GFJV/vp =10 (36)

Values of the factor f; are givenin Figure 4 while the datum value, [Gg ]

Jve=10° isgiven by

— 2 . .
[GFJV/V _10 " [pwcsv bsdJV/v _ 10 for any set of consistent units. (3.79)
p p

Equation (3.7a) is a particular form of Equation (4.3) but, when combined with the definition of Vp in
Section 2.1, it may be expressed as follows,

for V inknots, by, d ininches, pinlbf/in® and p,,, inslug/ft3,

[Gpi]V/Vp _ o = 16024p,pb.d Ibf, (3.7b)
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for V inknots, bg, d inmetres, pinN/m? and p,, inkg/m®,

[Gpjva 10 0.01175p,,pb.d N. (3.7¢)

The derivations of Equations (3.6) and (3.7) are discussed in Section 4.2.
34 Drag of Single-Tandem Undercarriage

There are relatively few data for this configuration. While the trends shown by those data are similar, the
spread of valuesislarge (see Section 4.3). In the absence of better information it is suggested that values
of fluid drag be estimated from

Ge. = f,xG (3.9)

F1,2

Values of the factor f; 1,2 ae given in Figure 5 (which includes upper and lower limits to reflect the
uncertainty in the data) while the datum value, GF , is obtained from Equations (3.1).

35 Drag of Other Undercarriage Configurations

There are no measured drag data available for practical undercarriage configurations other than those
consideredin Sections 3.1 to 3.4. However, it isbelieved that those methods can be used to deduce estimates
for other configurations. Sections 3.5.1 and 3.5.2 present results which have been derived after making the
following assumptions,

() there are N identical tyresin each lateral row of the undercarriage,
(i) each tyre carries an identical normal load, Z,
(i) dl tyresare at the same lateral spacing, y,, -

3.5.1 Singlelateral row of N tyres

For speedswhere V/Vps 1.0, the drag force, GFN L due to fluid displacement is given by

ESDU Copyright material. For current status contact ESDU.

|:GFN,1:|V/Vp <10 = [GFl,JV/Vp <10 x[1+(N- 1)(f2,1 -1)]. (3.9

Values of the factor, f2 1, aregivenin Figure 3 while values of [GF ] i.e. thedrag of asingle

tyre, are obtained from Equation (3.1). LUVIVp=10°
In Equation (3.9), in addition to assumptions (i) to (iii) in Section 3.5, the flow is assumed to be symmetric
about each tyre so that the drag of alateral row of N tyresisequal to the drag of asingletyre plus (N —1)
times the differences between the drags of atwin- and of a single-tyre undercarriage.

For speedswhere V/VID >1.0,

|:GFN,1:|V/Vp ~10 fLx |:GFN,1:|V/VP =10 (3.10)
Values of the factor f are given in Figure 2 while the datum value, [Gg ] , is obtained from
N17VIVp =
Equation (3.9).
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3.5.2 Multiplelateral rowsof N tyreseach

Each of the undercarriage configurations considered hereis presumed to consist of aleading lateral row of
N tyres followed by one or more trailing lateral rows of N tyres arranged in-line with those in front — see
Table7.1.

For theleading lateral row of N tyres, the drag due to fluid displacement is calculated using the method
of Section 3.5.1.

For asingletrailing lateral row of N tyres, thedrag force, [Gg. ], dueto fluidimpingement, is given by

[GFJN = f,x (N- 1)[GFJVNp s (3.12)

Values of the factor f; are given in Figure 4 while the datum value, [Gg ] _ ., is obtained from
) i"VIVp=1.0
Equations (3.7).

For multiple trailing lateral rows of tyres, it is unlikely that the impingement drag force will follow
exactly the same trends as are defined for asingle trailing row by Equations (3.11) and Figure 4.

In analysing data for the dual-tandem configuration in Section 4.3, the decrease in values of f; shown at
the higher speeds in Figure 4 is associated with a reduction in elevation angle of spray generated by the
leading tyres (see Reference 34). However, this reduction in spray elevation angle will have a less
pronounced effect the greater the number of rows of tyres. Thus, one conservative method of allowing for
the drag dueto fluid impinging on trailing tyres, etc, where there is alarge number of lateral rows of tyres,
is to assume that, for the particular value of tyre pressure, the value of f; to be used in Equation (3.11)
follows the trend with speed given by Figure 4 until it reaches its maximum value and thereafter remains
at that value.

3.6 Effect of Yaw on Tyre Drag
There are few measured data available for the effect of yaw on the fluid drag force on tyres. For small

angles of tyre yaw angle, Viyre: it is suggested that the dimension b, be replaced by [b// coswtyre] in
Equations (3.1) and (3.7).

ESDU Copyright material. For current status contact ESDU.

3.7 Effect of Tyre-Spray Alleviators on Drag

Most spray alleviators and deflectors are installed with the aim of preventing fluid ingestion into engine
intakes, but a limited amount of information is available on associated drag forces (Reference 12) and
pressures (Reference 26). Further information has been obtained indirectly from aircraft tests reported in
Reference 25.

Sketch 3.1 shows two views of a device tested with a dual-tandem undercarriage in Reference 12. When
only the vertical “ splitter” plate was installed, there was no significant change in the measured drag (even
when the “splitter” plate was extended almost to the runway surface). When both the “ splitter” plate and
curved “capping” plate were installed, the drag was reduced by a significant amount. Thisisillustrated in
Sketch 3.2 astheratio of theimpingement drag forces experienced with and without the alleviator installed.
Given the size and extent of this device, it seems likely that further reductions in drag using this kind of
alleviator would be small.

Sketch 3.2 also includes results deduced from aircraft testsin which the main (dual -tandem) undercarriages
were fitted with spray suppressors. These tests are reported in Reference 25 and the method of analysis
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