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Summary.—The kinematics of an arresting-hook umit are studied in order to determine, within the limits of the -
assumption of a perfectly rigid hook unit, the damper force necessary to control hook bounce. The necessity for a
smooth deck and the desirability of small trail angle for the hook unit are demonstrated from several aspects. The
design requirements for a hook damper unit are discussed in all their functional aspects and methods are given for
determining the up-swing motion of an arresting hook unit immediately following engagement of an arresting wire.
The behaviour of arresting wires after being depressed by the passage of aircraft wheels is also outlined. '

1. Introduction.—The operation of deck landing depends to a large degree on the ability of
the aircraft arresting hook to engage a cross-deck centre-span.of an arresting gear. It is most
desirable, for many reasons that the hook upon coming within reach of the deck shall engage
the first centre-span which crosses it path ; or expressed another way, the hook on reaching the
deck shall not bounce, or if this ideal is unobtainable then the bounce (in terms of clearance
between the deck surface and the underside of the hook) shall be measurable only in fractions of
an inch. If this objective is achieved then the arresting wire will be engaged by the hook before
the aircraft wheels touch down and disturb the arresting wires, since a hook installation is usually
designed so that the hook lies some 2% ft or more below a line which is tangent to the underside
of the main wheels and parallel to the deck or ground, when the aircraft is in its approach attitude.
If, however, the hook, having failed to engage an arresting wire before the main wheels touch
down, is then confronted by a wire which has been disturbed by the aircraft wheels, then the
chances of the hook engaging such a wire may be greater or less than that of engaging an un-
disturbed wire (see Appendix V). In the case of a nose-wheel aircraft with its main wheels on
the ground or deck, the chances of engaging a wire are greater when in a nose-up attitude than
when in a nose-down attitude, because in the nose-up attitude the hook suspension is trailing
at a smaller angle with respect to the deck, than when in a nose-down attitude, with a result
that the hook is in a more favourable attitude for engagement with the wire, since the small
trail angle is less conducive to hook bounce. This condition is one of first importance when
considering arresting gears as an overshoot safety measure on land runways.

*R.A.E. Tech. Note N.A.283, received 12th August, 1954,
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One has only to witness a few deck landings of aircraft fitted with hook installations having,
alternatively, good and poor anti-bounce properties, in order to appreciate the existence of a
problem having a fundamental bearing on the safety of deck landing operations. However, the
factors which contribute to this bounce phenomena are not at all obvious, and realistic theoretical
treatment becomes most intractable.

The problem has been shirked in the past to some degree by employing a large number of
cross-deck centre spans, on the supposition that the hook must surely engage one of many, if
not the first. '

However with the steadily increasing landing speeds of successive generations of deck-landing
aircraft, without a corresponding increase in the landing area (particularly lengthwise), but
rather with a reduction in the area of deck across which arresting wires can be stretched, it is
considered imperative that the hook bounce problem should be faced with determination.

The advent of the angled (or canted) flight deck might be regarded as a possible reason for
relaxing the attack on the bounce problem but it is considered that nothing but good would
result if engagement of the hook with a wire could be guaranteed with a high degree of certainty,
and regarding the angled deck property of the ability to fly round again, as a safety precaution
to be used only rarely.

‘Some years ago, following a period when hook bounce in the opinion of many left much to be
desired, a recommendation was made that hook damper units should provide a holding down
moment equal to three to four times the gravity moment—the gravity moment being equal to
the moment produced by gravity on the hook installation when its axis was horizontal, This
recommendation led to a general improvement, many installations being provided with more
moment effort than that proposed, but nevertheless such a recommendation had little funda-
mental backing and was more in the nature of an empirical rule to be replaced as understanding
of the problem developed. The increase of landing speeds, without an increase in landing area,
demands better bounce control than is now being accepted—the increase in speed makes a hook
more prone to bounce yet if it does bounce the time to return to the deck should be inversely
proportional to the engaging speed.

Fig. 1 illustrates a typical layout of a hook installation and shows the parts with their names
as will be used in the subsequent text. The element known by common usage as the hook damper,
is not necessarily a damper in the strict mathematical sense, and in the U.S. Navy is known
by the more lengthy but more exact title of : Arresting-hook shock absorber and hold-down
device.

2. The Nature of Hook Bounce.—The popular conception of bounce, or the ability to rebound,
is probably well illustrated by the releasing of, say, a golf or tennis ball from a height of three or
four feet above a hard surface, when it will rebound to a height of some 80 per cent of that from
which it was released. If this experiment is repeated using a 2-in. diameter solid steel ball
(1 1b), dropped on to a concrete or steel slab, the rebound will be negligible—a few inches
rebound might be obtained with a steel slab four or six inches thick. However, rebound will be
more evident as the size of the steel ball is reduced compared with the thickness of the steel slab.
It is evident that the conditions controlling the degree of bounce are complex and depend,
amongst other things, upon the hardness, resilience and rigidity of the two elements. Dropping
an aircraft arresting hook* from several feet on to a concrete runway or steel decking is not
followed by any rebound. :

Next consider a hook unit mounted on a hinge as shewn in Fig. 2a. Following free fall
through an angle of 90 deg on to a hard horizontal surface, there is unlikely to be any
rebound of the hook—the force of gravity appearing to have little difficulty in resisting any
tendency to rebound. Next consider, as shown in Fig. 2b, a hook unit falling freely through
an angle of 180 deg and the hook striking a hard vertical surface. In this case, if rebound

*By ‘hook ' is meant that part which in current British practice is removable from the hook suspension,
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Is small, gravity forces will have relatively little effect on the rebound and a test shows that
the hook wunit does in fact only rebound some 10 deg or so. It will be noted that follow-
ing impact, the suspension is set vibrating, this being clearly visible if the suspension is slender
and flexible.

It is clear therefore that the bounce properties of an arresting hook during landing cannot be
explained in terms of the simple percussion examples described above, these effects, if any,
making only a small contribution to the hook bounce behaviour. The next section shows that
the initial hook bounce is caused by a wedge action between the hook suspension and the deck,
the “ wedge * being the angle between the deck and the descent path of the aircraft.

3. The Kinematics of Arvesting-Hook Bounce.—3.1. Touch-down on a Smooth Landing Surface.—
In Fig. 3 let AB represent the arresting-hook unit of an aircraft descending along a straight path,
at an angle o, on to a carrier deck, such that the hook hinge point A successively occupies the
positions A, A,, A; and A, after approximately equal intervals of time. The hook moves parallel
to the aircraft until it reaches the position B,, when it strikes the deck. If now the hook stays
in contact with the deck, the hook positions corresponding to the hinge point positions A, and
A, will be B, and B,. ‘

The sudden arrestment of the vertical motion of the hook,imparts a sudden rotational motion
to the hook suspension—the hinge point still continuing in its straight inclined path at a uniform
velocity. :

The determination of the duration and value of the reaction between the hook and the deck
has not been possible by theoretical analysis. If this were possible then one could determine
the angular velocity of the hook suspension and hence determine the bounce trajectory. An
alternative approach to the problem is to assume that the hook, following impact with the deck,
maintains contact with the deck, and then determine what conditions are required to satisfy
this prescribed motion. : :

If it is assumed that the hook suspension is rigid, ¢.e., that AB remains a straight line, and that
the hook- B remains continuously in contact with the deck then it can be shown (see Appendix I)
that

v sin «

. v,
= — - = — = §In ¢ SeC
b a cosp a 4

:—(ﬁsinoc)tanﬁ .. . .. . - . (1)
and . B= (g sin oc) sin |

cos® B

2
= (\:—;sin oc) tan® g

= f*tang .. . .. .. e . .. . .. (2)
is the speed of approach

the angle of approach

the length of the hook unit

the trail angle of the hook suspension, z.e., the angle between the deck
line and the line joining the hook hinge point and point of contact
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o
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g = %ﬁ , the angular velocity of the hook unit
and g = R the angular acceleration of the hook unit



From equation (1) (and Fig. 3) it follows that immediately on contact of the hook with the
deck, the hook unit is subjected to an angular velocity as a result of the impulsive blow it receives
from the deck, and that thereafter, if contact is maintained with the deck, this angular velocity
diminishes. Unless, therefore, the hook suspension is subjected to an angular acceleration of a
value not less than that given by equation (1), the hook will leave the deck. Examination of
equations (1) and (2) shows that both fand § decrease with a decrease in g, and that when B
approaches = (i.e., the hook hanging vertically) both f and § approach infinity, 4.e., bounce is
inevitable. It should be noted that g is directly proportional to the sinking speed (v sin «) and
that § is directly proportional to the square of the sinking speed. -Here then, it is considered,
lies the main cause of the bounce characteristics of an arresting hook when landing ; 7.e., on the
instant that the hook reaches the deck, the angular velocity to be generated by the hook
suspension to satisfy the condition that the hook does not pass below the plane of the deck, is
greater than the angular velocity required at any subsequent instant if continuous contact is
to be maintained : in fact for continuous contact the angular velocity at any instant (except the
instant of first contact) is less than that at the preceding instant, and such a condition can only
be maintained by subjecting the hook suspension to an angular acceleration, the force for the
required accelerating couple being provided by the damper unit.

The length of an arresting-hook unit is generally established such that the vertical distance
of the hook below the hinge point shall be not less than some value established from certain
geometrical properties of the aircraft, hence, in equations (1) and (2) this vertical distance 4 is
used as an alternative to the hook length a. Thus, in order to prevent hook bounce following
first contact on a smooth deck from a sinking approach, the hook unit must be subjected to a
‘holding down ~ moment which will impart an angular acceleration of (v/d sin «)® tan® 8. The
factors v, 4 and « are to a large extent fixed for a given aircraft and g is the only variable. Thus
tan® g is a measure of the holding down effort to be provided by the hook damper unit. Whilst
for reasons of stowage space and weight consideration it is desirable to make g, approach i«
as nearly as possible (so that the hook would hang down vertically), it follows from the above
reasoning that the problem of ensuring no bounce on first contact becomes increasingly difficult
and tends to an impossibility as the value of g, approaches ix. The following table illustrates

the increase in effort required as g is increased, since the effort required is directly proportional
to tan® g :

B(deg) 45 50 55 60 65 70 75 80 8 90
tan® § 1 1-7 29 52 9.9 21 52 180 1500

Fig. 4 shows the variation of tan # and tan®§ with g and thus indicates the variation of — g
and f with 3.

For values of g between 50 and 80 deg an increase of only 5 deg requires roughly twice the
damper effort required to resist hook bounce, whilst for values of g above, say, 75 or 80 deg
the bending strength of the average hook suspension would probably prohibit the use of a damper
effort capable of resisting hook bounce. It is of interest to note that as g is reduced the length
of the hook unit a is increased (for a fixed value of 4) and the moment of inertia of the hook
suspension will therefore increase. Then if the holding down moment is T we have :

T=4§ g , where [ is the moment of inertia of the hook unit about its hinge point

2
— (Zf sin oc> tan® § x C(dcosec )%, where C is a constant,

= Cd(vsin a)® sec® .

Therefore, despite the increase of the moment of inertia of the hook unit W1th a reduction in
B, the damper effort to resist bounce is reduced, since sec® ,3 diminishes as 8 is reduced. The
increase in weight of the hook unit, by virtue of an increasé in length, will be offset to some
degree by the reduction in weight of the correspondingly less powerful damper unit,
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The following table shows the values of — § and § in relation to practical values of the sinking
speed v sin « and the trail angle g, for a hook unit of such a length that the hook is 5 ft below
the hinge point.

TABLE 1

Variation of — B, B and hook length “ a’ with trail angle p for different sinking speeds
hanging 5 ft below the hinge point and for a hook

vsin f 14 ft/sec | 16 ft/sec 18 ft/sec 20 ft/sec
p a | - - — —

(deg) (ft) (radn/sec) | (radn/sec?)! (radnfsec) | (radn/sec?)| (radn/sec) | (radn/sec?) | (radn/sec) |(radn/sec?)
45 7-07 2-80 7-84 3-20 10-2 3-60 13-0 4-00 16-0
50 6-53 3-34 13-3 3-81 17-3 4-29 21-9 4-77 27-1
55 6-10 4-00 22-8 4-57 29-8 5-14 37-8 5-71 46-6
60 5-77 4-85 40-8 5-54 53-3 6-23 67-5 6-93 83-2
65 5-52 6-00 77-3 6-87 101 7-72 128 8-58 158
70 5-32 7-70 163 8-78 212 9:90 269 1140 332
75 5-18 ©10-4 408 11-9 533 13-4 675 14-9 832
80 5:08 15-9 1430 18-1 1870 20-4 2360 227 2920

The rate of sink (v sin «) of the hook hinge point at the instant of first contact with the deck
will, in general, be at least equal to the rate of sink of the undercarriage, and therefore the value
used in the design of the latter mlght well be used in the design of the hook damper unit. If,
however, a pilot is attempting to ‘ check ’ his rate of sink at touchdown by increasing the attitude
of the alrcraft then the rate of sink of the hook hinge point is likely to be slightly greater than
that of the undercarriage. Most deck-landing techniques do not require a ‘checking ’ action
by the pilot, but this seems an almost involuntary action and has a tendency to increase the
chances of hook bounce.

It is of interest to compare the damper effort required as now proposed in terms of 3, and the
old recommendation in terms of # times the gravity moment. We have :

" 3 1-5
—Ig nMéXM?g —-%g (3)
(assuming for simplicity of illustration that the hook unit is equivalent to a umform rod of mass
M. With a prac‘acal installation the coefficient 1-5 will be rather less). ~

To compare a particular example, assume a hook unit five {t long with a trail angle of 65 deg
and a sinking velocity of 14 ft/sec. From the table above, the value of B required is 2-4g and
" to equal this value, » must equal 8 according to the srmphﬁed expression above (or probably
about 6% in a pract1ca1 installation). If however, the hook unit were only three ft long # would
have to be 5 instead of 8 to achieve the same value of g.

3.2. Touch-down on an Irregulay Landing Surface—So far the surface which is struck by the
hook has been assumed to be flat. Consider now an irregularity in the smooth surface, which
presents an inclination of ¢ relative to the general surface, at the point of impact (see Fig. 5).
Equations (1) and (2) are therefore modified as follows :

g vsin(ato)
 acos (f — )

DRy —{—é — d tan ﬂ> approx.

acos f
< ) more approx.

v Sin «
acosﬁ




or ——i)sinoctanﬂ<l—f—é> .. . .. ce .. (4)
d ) » |

and j— (vsina ztanﬁ 1+(§ 2a rox
~ \acosp x) APPRO%.

or (BSinoc> tansﬁ<1+§>. : .. .. . .. .. (5)
a «/ :

Note.—The above approximations are valid only when § and « are small (say, up to eight deg)
and ¢ tan g is small (say for example 6 = 5 deg and § = 70 deg).

Therefore, the ratio of the impulsive angular velocities and the angular accelerations required
to ensure continuing contact, for the two cases of a smooth deck and with a local excrescence of

2
inclination ¢, are ( 1+ Ci) and ( 1+ é) respectively. It is to be emphasised, however, that the
o o ,

value for § in the case of excrescence is that value required to ensure continuous contact with
the excrescence with a slope of 6—it does not ensure continuous contact with the deck after the
hook has passed the excrescence. For instance in Fig. 5a, assuming that the hook has traversed
the rearward slope of the symmetrical excrescence whose sides each have an inclination of &

with respect to the flat plane of deck ; then as it passes over the crest the angular velocity must
(if continuous contact is to be made) change from

v sin (x - 4)
_acos(ﬁ—é)

v sin (« — 4)
 acos 8+ 9)

This change in angular velocity, which equals approximately v/a. sin 28 [cos B, must take place
during the period in which the hook is traversing the crest of the excrescence, so that if the
crest is sharp, .., the change of slope is instantaneous, the change in angular velocity must be
instantaneous if continuing contact is to be maintained. Thus an impulsive force is required to
thrust the hook down to the profile of the forward side of the excrescence.

to

‘To summarise therefore, if the hook is to maintain contact with sudden changes in slope of the
deck, the hook unit is subjected inevitably to sudden changes in angular velocity which are
generated as a result of impulsive forces. When the hook meets an upward slope the impulsive
force is the positive reaction between the deck and hook, but when the hook meets a downward
slope there cannot exist a negative impulsive reaction between the hook and deck, and hence

contact is lost since the damper is quite inadequate for providing the necessary impulsive down-
ward force.

Therefore in specifying the touch-down area it is essential to emphasize that any changes in
slope must be very gradual and if changes are unavoidable, such as with deck lights and arresting
wire supports, then these should be ramped to as fine a degree as possible—preferably with a

transition curve. Nevertheless, in spite of this qualification every effort should be made to provide
a perfectly flat surface in the touch-down area.

3.8. Trajectory of a Hook Bounce—With the design of hook installations and damper units
now in general use it is probably impractical to provide restoring moments to the hook unit,
sufficient to provide values of § as indicated to the right-hand side and lower part of Table 1,
and it is of interest to examine the trajectory of the hook bounce following the first impact
with the deck. In Fig. 6 assume that a hook unit of length a is approaching with a velocity »
at an angle « with respect to the deck, and on contact acquires an impulsive angular velocity

6



of — g, and thereafter is subjected to a uniform angular acceleration of f. Assume that — 8,
and # are of such values that hook bounce occurs. Then the height y of the hook trajectory
at any time ¢ after the instant of impact is given by

» y = asin f, — visin « — asin {B, —(Bo t — 1)} .. .. .. (6)
This as a maximum when dy/dt = 0, ¢.e., when :
vsinae VT
——“(/3.0_1.3.,t)—(:os{ﬁ0 (Bt — EB10)}. | e .. .. .. .. (7)
The hook will contact the deck again when :
sin f, = Ztsin atsin {fo — (Bt — B} .. .. . . .. (8)

t in equations (7) and (8) is probably determinable only by trial-and-error, and hence it is most
convenient to plot the trajectory of the hook using equation (6) and then measure off the required
maximum height and length of bounce—the latter on either a time or a space scale.

Fig. 7 illustrates a family of bounce trajectories following various rates of descent of a hook
unit on to a flat surface, when the initial trail angle is 80 deg and the impulsive angular velocity
is resisted at 50 radians per second?. Fig. 8 shows the variation of height and time of the bounce
trajectory with sinking speed. From this figure it is seen that for sinking speeds up to 2-6 ft/sec
there is no hook bounce, whilst at 5-0 ft/sec the height of the bounce is only 1 in., but as the
value of the sinking speed increases further the height of the hook trajectory increases rapidly,
being 30 in. for a sinking speed of 10 ft/sec. The trail angle of 80 deg used in this example is for
reasons already given, excessive, and if it were reduced to 70 deg sinking speeds of up to 7-3
ft/sec would not produce any bounce, and if it is permissible to assume proportionately* with
the 80-deg case, then sinking speeds of up to 14 ft/sec might be possible whilst limiting the height
of the hook trajectory to 1 in. It seems likely therefore that if in specifying that some small
increment of bounce, say 1 in., is permitted instead of zero bounce, then it is very likely that the
design problem is considerably eased.

3.4. Arvesting Hook Meeting an Obstruction whilst Trailing Along the Deck.—Until now,
attention has been directed mainly to the period between the hook first contacting the deck
and the main wheels contacting the deck. During this time, the hook will, assuming no bounce,
have had the opportunity of engaging at least one arresting wire—possibly more—and the object
of the study has been to see what must be done to ensure engagement in this period. Until
such time that successful engagement during this period can be guaranteed with certainty—
which is unlikely—then consideration must be given to the bounce problem during the subsequent
period. ‘

When the wheels of an aircraft, in contact with the deck, pass over arresting wires, the latter
take a fraction of a second** before they recover from the deck with a sufficient clearance to
facilitate the beak of the arresting hook passing beneath them and so making engagement.
With the wire lying on the deck there is a chance, especially so if the trail angle is large, such
as with a nose-wheeled aircraft with all three wheels on the deck, that the rope will strike the
underside of the hook beak. Thus, instead of engagement being made the hook is ‘ kicked up’
and may not, unless adequate hook damping is provided, be returned to the deck in. time to
have an opportunity of engagement with the subsequent wire. In addition the arresting wires
are supported clear of the deck by elements which even in the best of designs present a small

*The mathematical expression for maximum height of hook trajectory is too complex to establish the truth of this
assumption and one should rework Figs. 7 and 8 for the new value (70 deg) of f§,.

**#The time of recovery depends on the disposition of the rope supports with respect to aircraft wheels, the tension
in the rope, and the line density of the rope. This increment of time must be judged in relation to the time taken by
the hook to redch the wire after the depression of the latter by the aircraft wheels. Appendix V gives information on
the behaviour of arresting wires after being depressed by the passage of aircraft wheels.
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ramp in the path of an aircraft hook, if this happens to be in line with one of these supports.
Here a conflict arises in that the time of recovery of a depressed wire is shortened (which is
desirable), the greater the number of supports, but then the greater is the number of possible
excrescences to give interference with an arresting hook. However, with an aircraft rolling along
the deck in a tail-down attitude the trail angle g is smaller than on first contact with the deck,
and this smaller angle can be of material benefit in negotiating irregularities on the deck.

Equation (1) can be used, bearing in mind that « and g are measured with respect to the
common tangent at the point of contact between hook and obstruction, to determine the angular
velocity imparted to the hook unit if the hook strikes a ramp-like obstruction. Then knowing
the damper effort, the time and length of bounce can be determined. This aspect is well illustrated
by a typical example : assume an aircraft rolling along the deck with a velocity v in an attitude
such that the trail angle of the hook (with the hook in contact with the deck) with respect to the
deck is 45 deg, and that the hook strikes an obstruction with a ramp angle of 6 = tan~! (1/7)
Then the angular velocity imparted to the hook unit is given by :

v sin 6
a cos (45 — §)

.
= — 2

ﬁ:

tan §
14 tané

— Z v/2tané approx. if é is small

_vy/2

a v

.lI

If the damper unit imparts a uniform angular acceleration § then the time taken for the hook

.2 ) ) .. } 2
to return to the deck is ﬁ 2 1/7’—2 and the distance covered in this time 15—% v %2 )

b a ,
Assume now that v = 150 ft/sec (90 knots), § = 50 radn per sec? and that @ = 5 ft, then the
~ length of the bounce trajectory is 250/» ft. Thus for a ramp angle of tan~* 1, which is a moderate
angle for a deck obstruction, the length of the resulting bounce is 50 ft, a value which to serious
standards, is unacceptable. The time of bounce would be 0-33 sec and the hook would be thrown

to a maximum height of about 15 in. The palliative here is to increase the damper effect (.e.,
increase §) and/or reduce the ramp angle.

4. Deck Reaction and Deck Friction.—Following the impact with the deck of the hook from a
descending approach, the direction of the deck friction force on the hook is generally backwards
1in most practical cases, but under certain conditions it may be forwards in which case it conflicts
with the kinematics of the hook motion. Assuming that the hook remains in contact with the
deck, we have from Fig. 3 and Appendix I, that the velocity of the hook with respect to the point
C on the deck, i.e., the intersection of the path of the hinge point with the deck, is given by :

sin y

" Usin(y + &) where {yzg—-(wﬂs)} . .. .. (9)

where the negative sign indicates that the motion is towards C : i.e., forwards.

2 =

Then, assuming that « is always positive, the sign of # changes according to the value of y
with respect to o :
If y is greater than 0, then 7 is negative,
if y is between 0 and — «, then # is positive,
and if y is less than — «, then # is negative.
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Thus when y lies between 0 and — « (i.e., f# lies between 3z — « and $=) the hook is tending
to slide backwards, see Fig. 9. Therefore, providing tan—! u is greater than « + y (where x is
the coefficient of friction between hook and deck), then the deck reaction and its accompanying
friction force wants to rotate the hook unit in the opposite sense to that prescribed by the kine-
matical equation (1). The phy51ca1 interpretation of this is that under these conditions the hook
will tend to jam, as opposed to swinging backwards, between the deck and the tail of the aircraft,
putting the hook unit in compression and giving an upward impulsive thrust on the aircraft
through the hinge point.

Similarly when y is less than — «, then if tan=* u is greater than « 4+ y, jamming of the hook
unit will occur as before. The configuration of y less than — « would apply if a forward-facing
scoop was employed instead of the more conventional trailing hook—a proposal as is sometimes
made. Insuch a case g would have to be greater than (y= - tan~' ), and in view of the possibility
of large values of u, to ensure exceeding this value would involve a very large value of §# —
certainly exceeding $=. ‘

Summing up, therefore, for conventional hook installations the trail angle gshould be less than
im — «, which is in the same sense as the results of the previous section which indicated that
p should be less than }= by as large a margin as design considerations will permit.

Consider now the impulsive deck reaction R which is responsible for giving the initial angular
velocity to the hook unit, the minimum value of which is given by equation (1). In conjunction
with Fig. 10 let T be the impulsive moment imparted by the deck to the hook unit, and R the
impulsive normal reaction between hook and deck ; then :

g =8
=5 f T dt
ag : -1
=7cos(ﬁ—A)seclfRdt,whereit=tan © . . .. (10)
. vsin « .
also —f = 2cos B (equation (1))
therefore j Rdt = Tosin« cos 4 | | (11)
i @ cosfoos(f—7) . . . . ..
Noting that 4 can only lie between 0 and 4= it follows that :
f R dt has a maximum value of Iv szo; when 2 = 0
b) J R dt has a minimum value of 0 when 4 = g
(¢) Although % can theoretically approach 5 @ more realistic maximum value is - 4 , in
which case :
Iysina 1

J R' dt has a value ofg oS f1 T tang

If then £ is the duration of the impact, the average value of the deck reaction is given by :

M /KN vsin « 1 1
T g \a t cos*B - usinpcosp’ h o o - (e

where M /g is the mass of the hook unit and K its radius of gyration about its hinge point.

Until the value of #is known it is not possible to determine even the average value of R.
However it is of interest to find the effect on R of the trail angle g and the coefficient of
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friction between the hook and the deck. Fig. 11 shows the change in value of the quantity
1/(cos®* B + wsin p cos p) with § and p. It is clear from this figure that the average value of R
diminishes with increasing values of 4 and with diminishingvalues of the trail angle §. Here again,
therefore is yet another reason for using as small a trail angle as conditions will permit.

It is felt that the duration of the impact is probably related to the period of vibration of the
hook unit, although this has yet to be proved either analytically or by experiment. It is thought
for instance that the duration might reasonably be expected to be about one-half of the period
of vibration. For hook suspensions of identical cross-section the period is inversely proportional
to the square of the length and thus the reaction R will diminish with increasing length, .e., a
reduction in the trail angle 8.

The period of the fundamental mode of vibration of a steel tube 5 ft long and 2 in. in diameter
is about 0-01* sec but will vary according to the end conditions. Thus the time of contact with
the deck would be about 0-005 sec.

Having estimated the time of contact by inductive reason rather than by fundamental analysis,
" it is then possible to determine the average value of the deck reaction. It is then a matter of
further speculation to determine the maximum value of the deck reaction which might well be
twice, or more, the average reaction.

This brief study of deck reaction follows as a logical sequence to the previous section on the
kinematics of the hook motion. It must be emphasized however that the results must be only
regarded as very approximate since the problem is extremely complex and a solution based
upon more rigorous principles is, up to the time of writing without a solution.

5. Validity of Theoretical Assumptions.—An examination of high-speed ciné films (about 100
frames per second) of hook impact, indicates that there may be considerable flexing of the
hook suspension, as might well be expected as a result of impulse loadings of an order indicated
by the previous section. Theoretical analysis of the problem taking account of the flexibility
of the hook suspension has so far not been successful. If a solution can be obtained it is felt
that it might point to the desirability or otherwise, of flexibility ; or how, under certain conditions,
flexibility is desirable and under others undesirable.

It is tacitly assumed in the section on the kinematics of hook bounce, that in Fig. 3, the line
AB joining the hinge point and the point of contact with the deck remains at a constant length,
~and fixed with the respect to the hook unit (in the static state, 7.e., not vibrating). Neither of
these two assumptions is strictly true since during flexing this length changes and the point of
contact on the hook may change due to the fact that contact is made on the radiused profile
comprising the back of the hook. This point is illustrated in Fig. 12 where this radiusing has
been exaggerated for clarity of illustration. From this diagram it is evident that the value of a
used in equation (1) should be the distance between the suspension hinge point and the centre of
curvature of that part of the hook profile which contacts the deck (and not the contact point
itself). The trail angle § is then measured from the deck line to this prescribed line on the hook
suspension. The centre of curvature invariably lies a little aft of the geometrical axis of the
hook suspension and more aft still of the hinge-deck contact point line. This results in a slight
reduction of the trail angle . Thus the reduction in 4 and § are to some extent compensating
since the controlling factor in the equations (1) and (2) is a cos §.

6. Hook Damper Design Conditions.—The principle function of the hook damper is to resist
hook bounce as much as possible and when this is physically impossible it is an additional
requirement that the damper unit shall apply a force to the hook unit such that it will return
the hook into contact with the deck as quickly as possible. Whilst designating a damper unit to
satisfy these principal features it is important to consider other features, some depending upon
the principle chosen for the primary function. It is of interest to note that early damper units

*Provided the tube wall is thin, the period is independent of the wall thickness.
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(excluding rubber cord) provided resistance to upswing, but return to the deck depended upon
gravity alone. The force exerted by a damper can be developed in several ways or by a com-
bination of more than one.

The operation of lowering and raising the hook is almost invariably now done by a jack unit.
This unit is often combined with the bounce control unit which then has three functions to
perform, any one of which must not prejudice the other two. Again, following engagement of an
arresting wire by a hook, the hook unit may very likely swing up into a near horizontal attitude,
at a more rapid rate* than the upswing resulting from striking the deck. Under such circum-
stances, if the damper forces are generated as a function of the speed of upswing, there may be a
danger of excessive resistance in the damper which may result in over-stressing the hook suspen-
sion in bending or in bursting the damper unit.

The speed of upswing of a hook following engagement with an arresting wire depends upon :
(@) the moment of inertia of the hook unit

(b) the physical properties of the rope—line density and elasticity

(c) speed of engagement

(@) the trail angle of the hook.

To a reasonable approximation, the upswing is that of near critically damped pendulum
oscillation. A study of this motion is made in Appendices ITT and IV where it is shewn that
the maximum velocity during upswing depends upon the trail angle when the wire is engaged.
Here the requirement for trail angle is similar to that to reduce bounce tendencies, i.e., aiming
at a value not exceeding some 60 deg.

If it were possible to disengage automatically the damper forces when the arresting rope was
picked up, then this would be advantageous but it is doubtful whether this could be realised in
practice without undue complications.

It should be unnecessary to emphasize that there should be no slack, either mechanical or
fluid, in a hook-damper system and that resistance to bounce should be instantaneously responsive
to any tendency to bounce. It will often assist in this respect if the moment arm of the damper
unit is not made too small, aiming at a value of say not less than 8 to 10 per cent of the length
of the hook suspension. The greater the moment arm the greater becomes the stroke of the
damper jack, but the force required becomes less, which in turn benefits the structure attach-
ments. It is appreciated however that space limitations are often a controlling feature.

A condition which is difficult to satisfy, particularly in certain designs, without adversely
effecting other important functions, is that where a hook having been thrown up, is out of range
of the deck on its return and its downward motion is stopped by the end limits of the damper
jack. A similar condition can arise if due design care is not exercised, when lowering the hook
in preparation to land. It is only rarely that circumstances during landing are such as to give
rise to the former condition and it is thus difficult to insist that such an event should be catered
for. Nevertheless it should be satisfied to as high a degree as possible without prejudice to other
functions. However, with the advent of the ‘ angled ’ deck carrier layout, this condition cannot
be overlooked even though it presents design difficulties. An aircraft, having failed to engage
an arresting wire will often roll off the forward end of the deck in a tail-down attitude, with the
hook trailing on the deck at a relatively small trail angle. As the hook leaves the deck it will, or
should be, vigorously thrust down by the damper forces, and its downward motion will be arrested
not by the deck but by the end fixings of the damper unit. Here again is a good reason for
keeping the moment arm of the damper as large as is reasonably possible. '

*As an example : A 5-ft long hook unit with a moment of inertia of 330 Ib ft2 hanging at a trail angle of 60 deg to
the path of its hinge point, will, when engaging a 13-in. diameter arresting wire at 85 knots, generate a maximum
angular velocity of about 25 radians per second compared with an impulsive angular velocity of 8§ radians per second
when striking the deck with a sinking speed of 20 ft/sec.
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When the damper holding down force is wholly or in part independent of hook motion (e.g., a
pneumatic spring or oleo-pneumatic unit) then after engagement has been made and the hook
suspension' is transmitting the arresting gear forces to the aircraft, in direction tension, these
damper loads also subject the hook suspension to bending loads. Without such bending
loads the unit may be designed lighter in weight and hence of reduced moments of inertia, thus
requiring a reduced damper load. It is on the lines of this argument that it is visualised that
there may be conditions under which it is impossible to design an installation having the necessary
damper force to resist bounce completely ; the strength/weight ratio being the controlling feature.

It follows from the above that of the design principles tried in practice, the oleo-pneumatic
type potentially is the best. Here the air pressure provides a steady downward effort whether
the hook is rising or falling, and when rising, the air load is supplemented by hydraulic pressure
which is generated by virtue of hook upswing motion but ceases on the downswing. Care must
be taken however, that during the downswing there is little or no hydraulic drag. The hydraulic
resistance may be generated by displacing fluid through an orifice or through-a relief valve.
It should be noted that rarely can an orifice alone be used, but should be protected by a relief
valve, which in turn is capable of taking the flow with little rise in pressure above the static
cracking value. Again, when fluid is displaced into, say, a reservoir such as an air loaded accumu-
lator wia a pipe, the bore must be selected in conjunction with the length and maximum speed
of flow, otherwise such a pipe line may well act, unintentionally as a restrictor.

The checking of the fall of a hook under the effect of gravity and the down thrust of the
damper unit, when this is not done by the hook striking the deck, usually presents a difficult
design problem. This action should occupy as short a final increment of the damper stroke as
possible, consistent with acceptable end loads on the damper. Where this is done by choking
the displacement of hydraulic fluid, as is generally the practice, this should preferably be done
through a metered orifice but usually this is impracticable due to the smallness of the dimensions
involved. Again this buffering action should be as dead-beat as possible, 7.e., there should be
no bounce action on the end stops. Difficulties that have been encountered suggest that it may
be preferable to incorporate this buffer action outside the damper unit by yielding attachments
between either the damper unit and the hook suspension or between the damper unit and its
attachment to the aircraft structure.

There is yet another condition which should be examined in damper and hook installation
design. If an aircraft makes a low approach, so low that the hook suspension (not the hook)
strikes the combing of the round-down then the hook unit is subjected to an impulsive blow
which will generate high angular velocities, a formula for which is developed in Appendix II.
It 1s not a necessity that the hook shall not bounce under these conditions but it is obviously
essential that the rapid closure of the damper, as under conditions immediately following engage-
ment of a wire, shall not damage the damper and so prejudice the chances of engaging an arresting
wire when these are reached about one second of time later.

The geometry of the damper attachment to the hook suspension should be such that the
moment arm is of as uniform a value as possible throughout the full travel of the hook suspension,

or more precisely, the moment of damper force about the suspension hinge point should be as
uniform as possible.

Finally, a plea is made for simplicity of design with due regard for ease of servicing, main-
tenance and inspection, bearing in mind that with the aircraft in a static attitude, whether it
be a nose-wheel or a tail-wheel layout, the hook in the ‘ down ’ position is not at the limit of its
travel, particularly with a tail-wheel aircraft.

7. Testing of de;bers.—The testing of a damper’s ability to control bounce cannot be
regarded as being particularly well-developed at present. This is due mainly to the difficulty

of producing a rig which will reproduce the several principal conditions with which a damper
has to cope. :
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Manual manipulation of the hook unit, in the * down ’ position, can under certain circumstances
give an indication of the damper’s effectiveness, but where resistance is a function of speed of
upswing it is not possible to reproduce (manually) representative upswing speeds.

During arresting proof strength testing, when the aircraft is taxied at speed into an arresting
gear (on a land installation), an indication of the effectiveness of the damper can be seen during
the taxying run with the hook down. However, under these conditions it is usually not possible
to get the hook into its fully down position, since the wheels must be clear of the deck or ground
to achieve this. :

Visual observation during deck landings, if necessary supplemented by high-speed ciné records,
is useful but can only indicate roughly the order of effectiveness. It must be appreciated, too,
that an assessment of the damper performance is required before this stage is reached.

A more rational test has been in use for some time now, but even from this, the interpretation
of the results must be made with caution pending a more complete understanding of the problem.
In this test the aircraft is supported in an approach attitude with its arresting hook just clear of
the ground, the hook being either in its fully down position or at some reduced trail angle (see
Fig. 13). An aircraft catapult towing shuttle is provided with a ramp plate about 15 in. long and
inclined at 1 in 5 which is launched to strike the arresting hook at representative landing speeds.
Then, by means of a high-speed ciné camera, it is possible to determine the height to which the
hook is thrown, and perhaps more important, to determine the time of return of the hook to its
pre-impact position. By present standards a hook installation which gives a time of return
of 0-16 seconds following impact at a representative approach speed, is considered good. Such a
test cannot, however, be considered representative of the initial touch-down conditions since a
ramp of 1in 5 is much to steep and even at a more representative angle of say, 1 in 20 (3 deg)
the ramp as used is too short. At best, therefore, it may be regarded as a test bump, representa-
tive to some degree of an excrescence on a flight deck. The score mark produced by impact of
the hook on the ramp plate may be continuous from first contact until it leaves the edge of the
plate and it is a matter of speculation as to how the hook would have behaved had the ramp
been longer. Sometimes the score mark ceases before the ramp edge is reached and sometimes
the score mark is a broken line. '

Tests to check the lowering and raising of the hook from and into the stowed position are
simple to carry out, particularly with the aircraft in position for the impact test described above.

A detail test to reproduce the upswing of the hook on engagement with the arresting wire is
well-nigh impossible to make. The force causing the upswing on engaging a 13-in. diameter
arresting wire at a speed of 85 knots is about 8,000 1b. Its direction on first contact is backwards
and parallel to the line of motion of the hinge point, but its direction changes with the upswing
of the hook, and whilst it is conceivably possible to reproduce such a force in a test rig it does
not seem possible to control its direction in a manner representative of engaging conditions.

8. Examples of Damper Installation Principles—Damper installations in present types of deck-
landing aircraft are exclusively hydraulic, pneumatic or combinations of the two. Friction
dampers have been tried but without promising results, but it is not unreasonable to assume
that there may be other, but perhaps, less obvious ways of effecting hook bounce control.

The essential elements will now be described of some of the damper units of the hydraulic,
pneumatic, and hydro-pneumatic type. They will be described as compression units although
some can be reversed with little modification, to function as tension units. All are described as
occupying a vertical position although this is not necessarily so in all cases.

Types of dampers can be classified in one of several ways and the following classification is
convenient for the purpose of this description :

A Units designed solely to control bounce. Here the hook is held in'the ‘ up ’ position by a
latch which can be released by the pilot. Once dropped the hook can only be stowed
manually by deck (ground) personnel.
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B Units designed solely to control bounce together with facilities whereby the aircraft
hydraulic system is used to raise the hook (when airborne or on the ground) under the
control of the pilot.

C  Units which employ the main aircraft hydraulic system for providing the hook bounce
resisting effort and the same source of power for raising the hook under the control of
the pilot.

It is preferred that the hook can be raised by a pilot-operated control without the need of
manual assistance by deck personnel, since this can speed up the landing cycle time of deck-
landing aircraft.

Units in class A and B will continue to function in their control of bounce if the aircraft
hydraulic supply has failed, whereas with class C units bounce control may be lost with loss of

main hydraulic pressure, or at best some damping may be obtained but diminishing with each
succeeding bounce.

Fig. 14a shows a simple hydraulic type of damper where resistance is developed during upward
motion of the piston by displacing fluid from the upper to the lower side of the piston through
a restrictor orifice, with free-return flow in the reverse direction, the fluid returning mainly
through the large flap valve. The spring-loaded glanded piston serves to eliminate hydraulic
slack and accommodates the volume of fluid displaced by the piston rod. The spring would
provide only a little holding down force. With such a unit the hook would be stowed after
landing, by a member of the deck crew. The coil spring shown could be replaced by compressed
air and lowering and stowing of the hook could be controlled from the cockpit by a separate jack.

Fig. 14b shows a simple pneumatic spring for a hook unit designed to be stowed from the deck.
The small amount of fluid shown, in conjunction with the orifice through the piston, is designed
to check the fall of the hook, when it is released by the pilot through a cockpit control, pre-
paratory to landing. Strictly speaking the orifice should be metered, and there is difficulty in
ensuring that the correct amount of oil is present and that it always finds its way back to the
underside of the piston after a buffering operation. Manual stowing becomes difficult on all but
small and conveniently accessible hook installations.

Fig. 15a shows a pneumatic-spring unit with hydraulic pressure to control the raising and
lowering of the hook. Lowering of the hook is controlled by bleeding the jacking fluid through
a restrictor. If then the hook is thrown up a small amount of fluid is drawn back into the annulus
to form an end cushion if this is required at the end of the downward movement of the hook.
Unless there is a latch on the hook installation which is operated in conjunction with the selector
valve, then the hook may droop when the hydraulic pump is not running, due to leakage across
the selector valve. Failure of the main hydraulic system does not prevent the hook being lowered
or the damper unit resisting bounce but hook retraction would not be possible.

Fig. 15b shows an oleo-type of unit. When functioning as a bounce damper, the unit is isolated
from the main hydraulic supply and both sides of the piston are pressurised with hydraulic
fluid from the same air-loaded accumulator—the holding down effort being the accumulator
pressure times the gland area. If the hook kicks up then cavitation takes place on the underside
of the piston as fluid on the upper side is displaced into the accumulator, with relief through
the relief valve in the piston if the pressure becomes excessive. Thus a moderate static holding
down force is obtained with a much greater resistance when the hook kicks up. Stowage is
effected by venting the upper side of the piston and pressurising the lower side of the piston and
the accumulator from the main hydraulic supply.

Figs. 15c and 15d show two arrangements of oleo-pneumatic types of units in which the main
hydraulic supply is used only for stowing the hook and is not used to produce bounce control
forces, these being obtained from self-contained independent oleo-pneumatic units. The arrange-
ments shown lead to complete self-contained units, with one pipe connection, Not having a
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separate accumulator leads to a more bulky unit, but nevertheless the arrangement has good
potential practical advantages, such as the fact that the unit can be removed for servicing or
replacement by the removal of the two main fixing pins. Also, pipe runs to a separate accumu-
lator, with the extra pressure joints and fixing arrangements, are avoided.

Fig. 16a shows a purely hydraulic unit where either the upper or lower side of the jack piston
is pressurised, from aircraft hydraulics via a selector valve, to give resistance to bounce or stowage
of the hook respectively. If the hook kicks up then the fluid is displaced from the upper to the
lower side of the piston through a relief valve mounted externally. on the unit body. By this
means the need to force the displaced fluid back along a long pipe, which would act as a restrictor,
to the main hydraulic accumulator.is avoided. Adjustable restrictors on the two hydraulic
lines can be adjusted to give various characteristics (within limits) ; the one in the line to the
underside, in particular, giving a measure of buffer control. Failure of the main hydraulic supply
will put this damper unit out of action apart from an ability to lower the hook.

Fig. 16b shows another arrangement in which the main aircraft hydraulic supply is used to
provide bounce control and provide the hook stowage effort. Both sides of the piston are
pressurised with hydraulic fluid for bounce control. When the hook kicks up, the fluid displaced
by the piston is accommodated in a small air-loaded accumulator and due to the restricted flow
to the underside of the jack piston there is a tendency to cavitation with a result that the bounce
- control force is that on the upper side of the piston without any relief due to pressure loads on the
underside of the piston. A relief valve might well be fitted (but not shown in Fig. 16b) across
the two piston faces.

Hook stowage is effected by maintaining hydraulic pressure on the lower piston face and
venting the upper side to the main header tank.

9. Effect of Pipe Line and Orifice Size in Hydraulic Damper Units.—Reference has been made
previously to the critical influence of the size of orifice and relief valves, and the pipe sizes where
the latter are employed to carry hydraulic fluid, displaced during bounce control, to a separate
accumulator. '

Considering the case of the pressure drop along a pipe run :
Let £ be the angular velocity of the hook suspension

L the moment arm of the damper unit

D the effective bore of the damper unit
l the length of the pipe run

d the bore of the pipe run

o the density of the hydraulic fluid

f coefficient of fluid friction.

If the closing velocity of damper unit = g,, then the velocity of fluid in pipe = (D/d)%*, and
the pressure drop along pipe (using the well-known formula*

2 12 4327 2
4/ (inthe form——4ﬂv ): A SIDEL

%¢d d @
—4f (g) é(ﬂL)z. S (13)

Geometrical details may modify the above simple argument but does not alter the generalisation.

*The familiar form 4f/%/2 gd for loss of head is fundamentally 4flv?[pd (it being a convenient coincident that
25 aPProximatel_y equals 0 in the case of water). Hence the pressure drop is-4 ﬂ’uﬁd,

15



From equation (13) it is clear that the pressure required to drive the fluid along the pipe varies
as the fifth power of the pipe bore, e.g., changing the bore from 0-25 in. to 0-1 in. will increase
the pressure one hundredfold. ' '

Again, using the example given as a footnote in section 6 if the pipe is just adequate for bounce
control at, say, 8 radn per second, then if on engagement of the arresting wire the hook suspension
generates 25 radn per second, the pressure to drive the fluid along the pipe will increase tenfold.

. A similar simple argument can be used in respect of hydraulic fluid flow through the
damping orifice. With the same nomenclature as before, except that d is now the diameter of the
orifice, and assuming that v is the velocity of hydraulic fluid through the orifice, we have :
2
Change of pressure (p) across the orifice = ;—z .
Then we have the fact that the disPIacemént of fluid by the damper equals the displacement
through the orifice, 1.e., '

& sy % oy ] 28D
ZDﬁL—z;d‘/{ }

p
Therefore .PZ(MV(%)&%;' L (14) -

Thus the pressure developed is very sensitive to the orifice size, i.e., the fourth power of its
diameter. ‘

From equation (14) it follows that :

(2) = g

If the orifice is adequate to control bounce of 8 radn per second, then if 25 radn per second is
generated as a result of engaging an arresting wire, the pressure will increase tenfold unless the
orifice is supplemented with a relief value. Such a relief valve in addition to cracking at the
designed pressure, must (together with the orifice area) provide a portage area of at least three
times the orifice area.

These two simplified studies illustrate the special need for care in the design of orifices, relief
valves and pipe connections. Any particular design will require careful consideration of the
details around these particular points. The actual size of an orifice will depend upon its location
and formation, i.c., whether it is approached through a passage and whether it is shaped to give
a coefficient of contraction approaching unity or some lesser value. Likewise the portage area
of a relief valve must be designed with due consideration for hydraulic losses which in turn will
depend upon design details. In the case of a pipe connection, in addition to friction losses already
mentioned where will be losses at entry' to the pipe, particularly if this is not bell-mouthed,
losses at elbows, and on discharge into the accumulator.

10. Fuwther Investigation.—The present study of the hook bounce problem is by no means
complete and the following investigations are necessary in order to extend present knowledge
of the subject : '

() An examination of existing hook installations should be made in the light of the present
kinematical theory. ) '

(b) An investigation should be made to establish how far it is practical to apply fully the
implications of the kinematical theory. It may, for instance, be impractical, on account of
strength/weight ratio limitations, to apply the necessary damper forces to resist bounce com-
pletely ; especially at high sinking speeds. If this is so, then what is the least bounce obtainable
within reasonable strength limits ? To this end a study should be made of the choice of section
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of the hook suspension : e.g., solid circular, .circular tube, or some other section. A cautioning
note is included here to the effect that the contribution (if any) of flexibility may influence any
findings on this account. . '

¢) An analytical investigation is required of the problem taking due account of the flexibility
of the hook suspension. Attempts on these lines have so far not been very fruitful.

(d) As anaid to (c) above it is recommended that very-high-speed ciné records (say 1,000
frames per second) be taken of tests employing the “ catapulted ramp ’ technique. Such tests
should be commenced using only the hook suspension (without hook), using various materials
and sections, using various trail angles, and with and without a damper unit. Finally, such
tests as these should be carried out with the hook attached to the suspension. -

(¢) An investigation of the ‘ catapulted ramp’ technique should be carried out to establish the
effect of changes of ramp angle and ramp length, and to establish more precisely what information
such a test gives, and the interpretation of this information in the assessment of a hook installa-
tion for deck landing.

(f) An investigation is required into high-speed flow of hydraulic fluid through pipes and
orifices such as are employed in present damper units. ’

(g) Design studies should be made with the object of satisfying as completely as possible all
the essential requirements of a hook installation—particularly the damper unit—and the most
promising schemes manufactured and tested on representative high-landing-speed aircraft.

On the question of design it is for consideration, for instance, whether the conventional rigid
vee or shaft-type hook suspension can be improved upon, although in this respect the present
simplicity has much in its favour. There may be advantages in bounce control if the conventional
suspension had a traverse joint part way down (with suitable limit stops and damper) the upper
portion lying at large trail angle and the lower portion at small-angle. Such a scheme presents
difficulties in the case of landing in a tail-down attitude but has attractive features if engagement
with an arresting wire were delayed until the aircraft was rolling on all three wheels (assuming
a nose-wheel layout) as is envisaged in operation on runways.

(k) Since hook bounce depends both on the hook installation and the nature, particularly
the profile, of the landing surface ; adequate consideration should be given to both features.
Whilst recognising that deck landing lights and arresting-wire rope supports are necessary, no
effort should be spared to ensure that such potential obstructions are both a minimum in number
and in the ramp angle that they present to the hook. No minimum ramp angle can be stated
and satisfaction cannot be assured until this is zero. Therefore the design and the case for the
necessity of any potential obstructions in the landing area should be kept under constant review.

11. Conclusions.—With the ever increasing approach speeds of successive generations of deck
landing aircraft and in consequence of this, the reduced area of touch-down following on which
satisfactory arrested landing can be made, it is imperative that arresting hook bounce shall be
reduced to an absolute minimum in order to insure engagement with an arresting wire within
this limited area. A critical and searching examination of the hook bounce problem shews gaps
~ in the knowledge of the fundamentals of the problem.

The probable use of arresting gears on airfields again makes it essential that the understanding
of the hook bounce problem shall be developed to as high a standard as possible.

Two clear-cut conclusions emerge from the present study, namely, that the trail angle of the
hook should be as small as is reasonably possible, certainly not more than 65 deg if possible,
and that the surface of the touch-down area shall be free from obstructions. Both these factors
have become self evident in a qualitative manner, particularly the latter, from experience during
the past years, and the present study, it is considered, enables quantitative values to be estab-
lished for the purpose of design and general assessment. The study also demonstrates that even
though the above two conditions are met to a high degree, the absence of bounce can only be
assured if high damper loads are employed. ‘

No conclusions are submitted here concerning the effect of the flexibility of the hook suspension.
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LIST OF SYMBOLS

Angle of the approach path of the arresting hook unit hinge point with
respect to the surface of the landing deck—the latter is assumed to
be horizontal. -

Trail angle of the hook suspension with respect to the landing deck

{g — (o 4 ﬂ)}, the angle between the axis of the hook suspension and

the normal to the path of the hinge point

Inclination of an excrescence on the deck surface

Direction, relative to the path of the hinge point, of the backward force
components of the arrestlng cable when engaged with the hook

< — 'y> the angle between the path of the hinge pomt and the axis

of the hook suspensmn
tan~* 4, the friction angle
Coefficient of friction
3-1416
Density of damper hydraulic fluid

Constants in the solution of the equation of motion of the hook unit,
following engagement of an arresting wire

The length of the hook suspension—hinge point to point of contact of
hook with deck

A constant

a sin g, the vertical distance between hinge point and point of contact
with deck

Bore of hydraulic pipe in damper unit
Diameter of restrictor orifice in hydraulic damper unit
Effective bore of the damper unit

Constants in the solution of the differential equation for hook motion
following engagement of an arresting wire

Coefficient of fluid friction

" Acceleration due to gravity

Normal distance below the path of the hinge point at which the hook
suspension is struck by an obstruction

A constant in second-order differential equation
Moment of inertia of hook unit about its hinge point
Velocity of sound in arresting gear cable

Radius of gyration of hook unit about its hinge point

A constant in the differential equation for hook motion following engage-
ment of an arresting wire
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Note.—In Appendix V

LIST OF SYMBOLS——continued
Length of hydraulic pipe in a damper unit

Distance of the c.g. of a hook unit from its hinge point

Distance between axis of main aircraft wheels and the arresting hook
Length of the hook suspension—hinge point to hook throat

Moment arm of the damper unit with respect to the hook unit hiﬁge point
Length of cable between a pair of arresting gear centre-span supports
Line density of arresting gear cable

Mass of the hook unit

Moment of damper force about hinge point in terms of gravity moment
of hook unit about hinge point with hook unit horizontal

A constant in the differential equation for hook motion following engage-
ment of an arresting wire

Constants in the solution of the differential equation for hook motion
following engagement of an arresting wire

tan~' &, the slope of an excrescence on the deck surface

Reaction between hook and deck surface

Distance from the hinge point at which the arresting wire strikes the
hook suspension

Time
Track width of wheels of main undercarriage
Moment of damper force about hook unit hinge point

Tension in arresting gear cable

Speed of approach to the landing deck of the arrestmg—hook unit hinge
point, z.e., the closing speed of the aircraft

Velocity of fluid in damper unit pipe or orifice

v/ (Tg[m), the velocity of propagation of transverse waves in arresting
cable

Distance between the intersection of the path of the hinge point with
the deck and the hinge point

Height of any point of the trajectory of a hook bounce
Distance between the intersection of the path of the hinge point with
the deck and the point of contact between hook and deck

wm s g3 . " . . o
= E} T a non-dimensional parameter involving a combination of

hook unit and arresting-wire physical characteristics

where the expression e’ arises it is generally written exp (b) when b is g

complicated expression,

Bl
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APPENDIX I

Kinematics of Hook Motion Following Touch-down From a Sinking Approach

In Fig. 3 let AC represent the line along which the hook suspension hinge point is moving at
a uniform velocity v, at the instant that the hook strikes the deck. If the attitude of the aircraft
is not changing at this instant then this line is parallel to the approach path of the aircraft.
C then is a fixed point on the deck. ,

Let BC represent the plane of the landing surface on which the hook impacts and let AB
represent the hook unit, A being the hinge point and B the point of impact of the hook with the
deck, AB approximating closely to the axis of the hook unit. Let:

(@) the sinking angle ACB equal «

(b) the trail angle of the hook ABC equal § (measured positively in a clockwise direction
from BC)

(c) the angle between the normal to the approach path and the hook unit, DAB equal y
(measured positively in an anti-clockwise direction from AD)
d) AC=x
() BC=z
(f) AB = a, the length of the hook unit.
Then in the triangle ABC : |
a x

sinae sing’
" sin B

Therefore X=a .
sin «

Differentiating with respect to time we have :
dx _ ,cosBdp

at = Ysinadt

Now — % = 9, the closing speed of the aircraft.

2 sIn « .
Therefore ﬁ__c—zcosﬁ__y’ .. .. .. .. .. .- (15)
Therefore, on contact of the hook with the deck, an angular velocity is suddenly imparted to
the hook unit, and if contact with the deck is to be maintained, then this angular velocity must
diminish on account of the factor cos # in equation (15). Hence, to insure continuous contact
of the hook with the deck, the hook unit must be subjected (by the damper unit and gravity
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forces) to an angular acceleration. This acceleration is obtained by differentiating equation (15)
with respect to time : s.e.,

B = —?éinocsecﬁtanﬁ.ﬂ

a
2
v, .
= o—lsmoc sec® § tan

= p¥tang. .. .. .. .. .. .. .. .. (16)

It follows therefore that with the reduction in trail angle g which follows the initial impact of
the hook with the deck, the values of — § and § diminish, as shown by the two curves above
the line AC in Fig. 3, approaching zero as the trail angle approaches zero.

Again, in the triangle ABC :

a 2
sing |, /=@ '
Sin 2 —+— ¥
cos
Therefore 2=a ——y .
sin a

Differentiating with respect to time we have :
dz siny .
— = — a7
dt sin o
sin y v sin «
@ —— ——
Sin o CoS f

sin y
cos

sin y
vsin(y—[—oc)' . .. . . .. . (17)
Now — # equals the velocity with which the hook impacting point is approaching the fixed
point C on the deck, so that if — 2 is positive the motion of the hook is towards C and if negative
it is away from C, 7.e. backwards. Thus for values of y between 0 and — « the motion of the
hook is backwards with respect to the deck, whilst for all other values of y, the motion is forwards.
This direction of motion of hook relative to the deck determines the direction of the friction
forces between hook and deck (see Fig. 9). Thus in the case where y has values between 0 and
— «, the friction forces tend to swing the hook forward and the kinematical equations prescribe
backward motion. The physical interpretation of this conflict is that the hook suspension is
subjected to a jamming action between the deck and the hinge pin on the aircraft, if « 4 (— )
is less than the friction angle tan™* u.

APPENDIX II
Kinematics of Hook Motion Following Impact on the Hook Suspension

The conditions to be investigated here are those which occur when an aircraft makes a too
low approach and the hook suspension strikes the ‘ round-down ’ of the flight deck.

In Fig. 17 let AB represent the hook unit approaching the deck along a line AC at a velocity v.
Assume that impact occurs at a point E which is a normal distance % from the approach line of
the hinge point, and that the suspension lies at an angle 6 with respect to the approach line,
ie., 6 = By + @, ’
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Then, in the triangle A,ED
AD = x = hcot6.
Differentiating with respect to time we have :

ax
= — h cosec? 6. 0.
Now dx/dt = v, the closing speed of the aircraft.
Therefore 6:—%sin20. . - .. . . . o L (18)

Differentiating again with respect to time :

EJ———ZSmGCOSG ]

——2(>sm 6cosf. .. . .. o . .. . (19)

§ is therefore, by differentiating sin® 8 cos 8 with respect to 6 and equating to zero, a maximum
when 6 equals =/3 (60 deg), a value likely to be used in practice.

Fortunately there is no requirement that the hook suspension shall not bounce following impact
on the round-down, otherwise the angular acceleration to be produced by the damper forces,
as given by equation (19), would be excessive. It is however a requirement that the striking of
the round-down and the consequent angular velocity, given by equation (18), shall not damage
the damper unit. The angular velocity generated under these conditions is far in excess of those
given by equation (1) and are of an order, assuming that %4 is a large fraction of the length of the
hook suspension, similar to those generated following engagement with an arresting wire.

APPENDIX III
The Motion of an Aryesting Hook Immediately After Engaging an Arvesting Wive

The motion on the hook unit following engagement of an arresting wire is required for design
purposes for two main reasons. First to determine the maximum rate of closure of the hook
damper unit, and to establish the uppermost position in order to avoid the hook striking the
aircraft structure or where this is permitted, to determine the impacting velocity.

When a point on a straight flexible elastic cable (which is initially free of tension) is suddenly
moved at a uniform speed in a straight line normal to the cable, it is possible to determine the

tension in the cable and the angle that the cable takes up on either side of the point of impact
(see Fig. 18) :

2/3
(@) Cable tension 13 (@) m
2/ ¢

(b) Cable angle with respect to original line 25\ /3
of cable, adjacent to the point of impact = sin™! < >
and therefore

1/3
(c) Backward force at point of impact L= 20°3 <g> "



where v is the velocity of the impact point with respect to original condition of the cable

k is the velocity of sound in the cable

m is the line density of the cable.

" Note.—* Backward ’ is interpreted literally, 4.e., in the opposite direction to which the point
of impact is moving at any particular instant.

It is to be further noted that the tension, angle and force formula above assume that the
cable is initially free of tension. This is not so in an arresting gear but the initial tension is so
small in terms of the impact tension that the former can be neglected for the purpose of this
analysis of ‘ upswing " ' -

It is considered that the theory on which this is based is sufficiently flexible to be applicable
without serious error even if the impact velocity is not constant and not in a straight line (but
in a plane which is normal to the original line of the cable). When a point in the arresting wire
is impulsively carried forward by an engaging arresting hook, the backward force component
of the cable fension swings the hook unit up into a near horizontal position. Under conventional
arresting conditions the time of upswing is a fraction of a second (of the order of 0-1 sec) during
which time the impact tension and the angle of the cable at the hook will not change significantly.
A fraction of a second later the cable tension and the cable angle at the hook will increase rapidly
to develop the maximum arresting effort, by which time the upswing of the hook is completed.

Consider first the case where the hook throat engages directly with the arresting wire, i.e., the
rope does not first strike the hook suspension a little way above the hook and then slide down

‘into the hook throat.

In Fig. 19 let AB represent a hook unit, the hinge point A of which is moving with a uniform
velocity in straight line. '

Let L be the length from the hinge point to the hook throat

ol the distance of the c.g. of the hook unit from the hinge point

Mg the mass of the hook unit
1 moment of inertia of the hook unit about the hinge point
T the moment of the damper force about the hinge point, resisting upswing
m the line density of the arresting wire
R the velocity of sound in the arresting wire
v the uniform velocity of the hinge‘point .
6 the trail angle of the hook suspension with respect to the path of the

hinge point
® “angle of path of hinge point with respect to the horizontal.
It should be noted that initially, both 6 and 6 are negative.
Then the velocity of the hook parallel to the line of motion of the hinge point
=9+ Lsin6.6 , ‘
and the velocity of the hook normal to the line of motion of the hinge point
= L cos 0. 6.
Therefore the absolute velocity of the hook
= [(v + Lsin 6. 8)® -+ (L cos 6. 6)?]*
= [v® + 2vL sin 6. § + L**)'/?,
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in a direction relative to the path of the hinge point of :

— Lcost.6
&€ = T T .
v-+Lsing.é
— Lcost .6
therefore sin ¢ = . — -
e (v* + 2vL sin 0 . § 4 L**)1*
and oS & — v+ Lsing .6

(v* 4+ 2vL sin 6 . 6 + L2%*v2"

We know therefore the absolute velocity of the hook and its direction
on the hook due to impact with the cable is :

1/3
2(v* + 2vL sin 6 . § 4 L*2)5/° <§> %L

, &. Therefore the force

Resolving this into components normal to, and parallel to the path of the hinge point, and
then taking moments about the hinge point, we obtain the equation of motion of the hook unit :

1/3
2(v* + 20L sin 6 . § 4 L%#)5/s (g) g [L cos e sin 6 — L sin ¢ cos 6]

— Mlcos (6 —a) — T = —é@.
. . . BN 4, _ _
Therefore 2(v* + 2vL sin 6 . § 4 L*2)ve <2> — (vL sin 6 4 L*)
g
I, '
—Mlcos(G—oc)—T:—é;G. . . . . . (20)

The solution of this equation is most conveniently obtained by a step-by-step process. When

¢ = 0 (the instant of engagement of hook with the wire) § = 0 and 6 = 6,, the {rail angle prior
to impact. Hence § is determined, i.e.,

1/3
21)5/3({3) ®Lsino — Micos 6 —a)—T=— ‘—76
2 g - &

Assuming that this value of § is constant for a small increment of time, then the value of 6
and 6 at the end of the time increment can be determined. With these values of § and 6 a new
value for § can be computed and will be assumed constant for the subsequent small increment
of time. The process is carried on, using sufficiently small intervals of time, until 6 is again zero,
and the corresponding value for 6 represents the highest position that the hook unit will reach,
providing the hook or arresting wire has not at any stage been stopped by the aircraft structure
(e.g., the tail booms in the case of the Sea Vampire). The highest point reached will be on a line
close to the path of the hinge point. It will be shown in Appendix 1V that by simple approxima-
tions, equations (20) can be reduced to one corresponding to an oscillatory motion with velocity

damping, and how in the case of conventional hook installations and arresting gears the hook
units are roughly critically damped.

Usually the two terms Ml cos (6 — «) and 7 can be neglected except at very low engaging
speeds, without serious effect on the predicted motion. Their ommission will increase slightly
both the maximum angular velocity and in some cases the height of the maximum upswing.

Consider now the case where the arresting wire first strikes the hook suspension before sliding
down it and into the throat of the hook. During this brief period the rope is depressed and
simultaneously the hook unit is given an upward motion. Fig. 20 is an exaggerated diagram

of this condition, the position of the initial impact being shown much higher up the hook suspen-
sion than would normally occur in general practice.
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1f friction between the rope and the hook suspension is neglected then the rope will be depressed
in a direction normal to the hook suspension with a velocity (v sin 6 + S6) and will slide down
the hook suspension with a velocity (v sin 6 4 S6) cot .

Therefore the force causing the hook unit to swing upwards is :

ENY? m
i cggys (2 E
2 (vsin 8 + S8) <2> i

acting in the direction normal to the suspension.

If S, is the distance down the suspension from the hinge point at which the rope first strikes,
then the distance down the suspension at any time ¢ after first impact is :

S=So+[ (vsin 6 + S 6) cot 6 d.

Then, taking moments about the hinge point, the equation of motion of the hook unit is:

. ENY m I, .
2wsinf 4+ S8)(c) ZS—Micos(0 —a) —T=—"-86,
2/ g g
-1 5/3 k 1/3m
ie., 2[1} sin ¢ +9<S,,+ J (vsin 6 + S6) cot()dt>:| <2> .
0
X[So+r(vsin0-{-56)cot6dt]
—MZCOS(B——OC)—-T:—-ge. .. . . .. (21)

As before this equation is solved by a step-by-step process, care being taken to use sufficiently
small increments of time. The initial conditions are: (when {=0,0 = 0,0 = 6,,and S = S

2(v sin 0)*° <1f>1/31—%50 — Mlcos (6 —a) — T = —- 0.
2 g g

The step-by-step process is continued until

4
J (vsin 6 + Sb) cot 6 dt = L — S,

L]

i.e., when the rope engages the hook throat. For this condition there will be correspondmg values
of 6 and 6. After this stage is reached the motion continues according to equation (20) in which
the initial conditions, instead of being ¢ = 0, § = 0, and 6 = 6,, as used when the rope engaged
directly with the thrust, are now the final conditions as established by equation (21).

If account is taken of friction (u) between the rope and the hook suspension the rope will be
carried forward and downwards along a path inclined at an angle A(= tan™ u) to the normal
to the hook suspension (see Fig. 20). The velocity of the point of impact of the rope in this
direction will be (v sin 8 + S8) sec 4 and the velocity with which it slides down the suspension

will be (v sin 6 + Sf)(cot 6 — tan 4).

Then, taking moments about the hinge point, the equation of motion of the hook unit is:

1/3
ZSecz“‘l(vsin‘G—{—56)5/3(?;) %S—Mlcos 0 —a)—T=—2=8, .. .. . (22)
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the solution being obtained by a step-by-step process which is continued untii :
4

JO (vsin 6 -+ Sé)(cot & — tan A) dt = L — S,

When this situation is reached the motion is continued with the ropé engaged in the hook,
as described before.

It should be noted that a condition to be satisfied in equation (22) is that cot 6 is greater than
tan 4. If this is not so then the rope will not slide along the hook suspension and the motion will
be similar to that prescribed by equation (20). However, at each step in the process of the
solution of equation(20)itshould be checked that tan 2 is greater than cot 6 and at the change-over
of this relationship the equation of motion changes to equation (22). ‘

In the case of the rope striking the hook suspension, it should be noted that if at any time

(vsin 6 + S6) becomes negative, then contact will be lost, 7.¢., bounce will occur, and equations
(21) and (22) are then no longer applicable. » ‘

Fig. 21 shows a worked example for the case of a rope engaging directly with the hook. The
case applies to a Sea Vampire arresting-hook installation engaging an }+{-in. diameter arresting
rope. This rope is smaller than that now in general use. The conditions are :

120 ft/sec = 71 knots
0,000 ft/sec

-44 ft

-57 ft

5 1b

0 1b ft*

4 1b ft = 4M1

= 4;5 deg

1 1 |
GO DD G N A

}ﬂ}\(iwh:@‘@.
QU o

<
=]
I
ENE

x=20
m = 0-70 Ib per ft.

The solution has only been worked out up to the position of maximum upswing.

Fig.-22 shows the configuration of the hook unit during its upswing motion and how, although
the hook does not remain on the same inclined plane during this motion, the deviation from the
average plane is not great. This deviation will, it is considered, tend to cause a somewhat greater

forcer on the hook and therefore the resultant calculation for maximum angular velocity is likely
to be a minimum rather than a maximum.

The velocity of sound % in wire rope is usually assumed to be independent of the load and of
the size of rope, and is usually taken at'a value of 10,000 ft/sec. Closer examination indicates,
however, that the value of £ depends upon the load in the rope, within the working load, increasing
with load : and depends upon the condition of the rope, .e., new, old in the sense of having been
in use for some time, and whether or not ‘ snarls * have developed in the rope (as can occur in
the centre-span of an arresting gear). There is some evidence that the value of 2 may be as
low as 60 per cent of the value quoted above. However, since the upswing factors 8,,, and 6,
depend to some degree upon +/Z*, and since Z involves the third root of £, i.e., the result depends
upon %, it is unnecessary to know the value of & to a high degree of accuracy. Accordingly
a value of 10,000 is recommended for general use in the present problem with wire ropes. '

The line density m of the arresting wire, will of course depend upon the size of rope used, and
arresting gears are planned having wire ropes with values of 7 of up to 3 1b per ft.

m fRN\YR L3 ‘
*7 == 5 (ﬂ}) 7. non-dimensional parameter used in Appendix IV.

O max and Omax depend upon a function of Z which does not vary widely over the range of Z corresponding to
conventional arresting conditions. ‘
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APPENDIX IV
Approximate Equation of Motion of an Arresting Hook
Immediately After Engagz'hg an Arresting Wire
The solution of a differential equation such as equation (20) uéing a step-by-step process is

irksome and is particularly inconvenient during the design stage of a hook installation. It is
therefore useful to see if equation (20) :

1/3 '
mw+%umeﬁ+UwW<@ %@me+L%

— Mlcos (60 —a) — T = ——gé

can be approximated to a form which has a known solution.

In the expression (v® + 2vL sin 6.6 -+ L%%Y® the terms (2vL sin 6.0 4 L*%% are small
compared with v*—they are zero at the limits of the motion. Assume also that sin 6 = §. Then
the equation reduces to : .

j _W_L £‘ ’ 2/3 E’ v ﬁL 5/3131/3
6—}—2M<K>v <2> 6+2MK21) 50

:%[MZCOS(G—OC)+T}=T1%, - r - i o (23)

(where K is the radius of gyration of the hook unit about its hinge point).

The terms {M1 cos (8 — «) + T} are small and may be put equal to zero, or since they do
influence the maximum upswing of the hook unit, then if this is required accurately, they can
with a good degree of accuracy, be replaced by (M/ + T) which for convenience may be put
equal to T;;i.e.,the resultant moment resisting upward motion, equivalent to the moment pro-

duced by the hook damper unit (assuming this is independent of angular velocity) and gravity
forces.

Equation (23) is the standard form for a simple harmonic motion with velocity damping and a
superimposed constant force ; ¢.¢., of the form :

a:o ae
2;—}-2]3:{24—%20:}[ .. N . N ‘e . (24)

where &, n» and H are constants.

The complete solution of this equation depends upon whether #* is less than, equal to, or
greater than #® ,

The solutions are :

(a) when %* is less than #°

6=De"’"sin{t\/(n’—k")+¢}+g, - . .. .. (25)

z.e., a damped oscillation about the axis 6§ = H/[n®
(b) when A* equals #?

6 — o (E + Ff) + 2 (28

n’ ,
1.e., a critically damped system towards the axis 6§ = H/»®
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(c) when £* is greater than »* B
6 = e~#[P sinh {f 4/(k* — #®)} -+ Q cosh {t v/(k* — #%)}] + % - (27)

i.e., subsident or over-critically damped motion towards the axis 6§ = H/»®.

Considering now the criterion £* = #* in relation to the constants in equation (23) we have
that : RN L LG
2 (z) M(f{) =1
Also we have :

H  TJL

R .. .. .. .. .. .. - (28)
2v5/3<>
é’

Let the non-dimensional parameter

m<2v>1/3M<K>——< >1/3—Lf—z )

The practical interpretation of the above is that the hook unit will finally* take up a position
6 = v and will, on reaching this position first overshoot it if Z is less than one, and will swing
up to it, but not overshoot it, if Z is greater than one. Examination of conventional hook units -
in practical use indicates that Z may be either greater or less than one and therefore both cases
must be considered.

Let us first consider the controlling factor Z. The term L/K is likely to be of roughly the
same order for all hook installations whereas the term L/M will depend upon whether a vee
frame or shaft-type of hook suspension is employed, the arresting force which the unit is designed
to withstand, and upon design efficiency. v/k is the engaging speed of the hook unit in terms
of the speed of sound in the arresting wire (which is independent of the size of rope) and m is the
line density of the rope. Hence overswing is encouraged with a light rope, a heavy hook unit
and a high engaging speed.

From the complete solutions of the differential equation (24) as given by equations (25), (26)
and (27), it is possible to determine any of the properties of the motion of the hook suspension,
the constants of equations (25), (26) and (27) being obtained from a knowledge of the initial
conditions. It is convenient to re-write equation (23) in the form :

e v v
o+4z29+4<f)ze=:rl§.. O ¢ 1)

which is readily recognised as of the standard form given in equation (24). Hence we can
obtain :

(@) Hook motion for Z less than 1, i.e., overswing conditions

6:(6,,——:,;)-\-/—(11?2_) exp(— Z%Zt> sin{Z%Zt\/(l/Z — 1) 4 tan™* v/(1/Z — 1)} +v (31)

_e=(eo_w)mexp<—2§2t>sin{z%zz\/<1/z_1)} (3

*By ‘ finally * is meant towards the end of a period of not more than approximately 3v/c (where vis the engaging
speed in ft/sec and ¢ is the deck span of the arresting gear) after engagement of hook and wire, ¢.g., 0-3sec at 90 knots
and ¢ equal to 100 ft.
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Ay |
—f=(0,—v) .\/<(§'__—__Z)exp<—— 2%&) sin{— ZEZt AV (1/Z — 1)+ tan="/(1/Z — 1)}. (33)

From these three equations the following points of special interest are obtained readily :

(i) Maximum ‘ up ’ position occurs after a time .

23 ZV/(1/Z = 1)

(1) O e = — (60— 9) exp{ - Wn——l)} + 9. L By
Position, value and time of 6, :

) - 2vZep{ —SOVEEZIL L L
. —1 7 —

@) = (0= 2 vZep{ - BEVIEZDL L g

tan='4/{1/Z — 1)
v
ZZ Z /(112 —1)
_n—tan™'4/(1/Z — 1)

(vi) Time to reach the position (6 = v) = L - - (37)
2% Z \/(1)Z—1)

(v) occurring after a time

(b) Hook motion for Z greater than 1, .e., no overswing conditions

6= (6, —) T/(Zl_—_f) exp(——Z%Zt)sinh{2%Zt\/(1 — 1/Z) + tanh™* (1 — 1/2)} +y  (38)

v
exp

_GZ(HO—W)WZ—_T) —2§Zt>sinh{27}zz’f\/(1“1/2)} .- . - (39)

AW |
= (6, — ) \/gg—zl—)exp<—2%2t>sinh{—2%2t\/(l — 1/Z) + tanh~'y/(1 — 1/2)}. (40)

From these three equations the following points of special interest are obtained readily :

Position, value and time of 6, :

) Oume = (00— ) 29/Z exp{— tan};}ffl};)”z)} fe
(i) — 0oy = (60 — ) 2%\/Zexp{—— tan}i;l(l‘/_(ll/_z)lm}, L 4
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tanh=t 4/ (1 — 1/2)
27z V(1 —1/2)

(¢c) Hook motion for Z equal 1
. v ;
6:(Bo—w)<l+2it>exp(—2zt>-{—w e .. (43).

_f;:(go_zp)(zz”)ztexp(—zi”t).. S T
——é:(Go—w)<2—z>2<l——2%'5>exp<—2%t>. e (4B)

From these three equations the following points of special interest are obtained :
Position, value and time of 6_,, :

(1i1) occurring after a time

(i) Bomes = (60 — ¥) 2€ - 9 = 0-736(6p — )+ v .. .. .. ..  (46)
() — e = (60— 9) 2 1—;” e=1=0-736 (0, — «p)i”, (47)

. . L
(iii) occurring after a time oy

In order to assess the time of upswing, if upswing is considered to be completed when
(6 — 9)/(8, — w) equals 0-04, then :

L
=217,

during which time the hinge point has travelled a distance of 2}L.

1t should be noted that like the period of a free pendulum, to a first approximation, the time
of upswing is independent of the value of 6,.

Irrespective of the value of Z it is convenient to express the value of 04, and 6 max, the latter
being one of the chief points of interest of this study in respect of damper design, in the following
form :

Oomax = (90 - "/’)f(Z) + ’?’,

and — e = (00 — ¥) 7/ (2)
where f (Z) is the function of £ :
Fz) = szexp{— tari;l(lx//z(l/_Zl)— 1)

and F(2) = 24/ Z exp {— tan\/hg 1/(11/

The value of f (Z) for values of Z between 0 and 2—values it is anticipated are most likely to
be met in arresting installations, is shown in Fig. 23.

}for22<1

Z_) UZ)} for 22 > 1.

Comparison of the step-by-step solution of equation (20) with the solution of the approximate
equation (23) is of interest, since in general 6, will be of the order of 60 to 70 deg, when the
approximation (made in obtaining equation (23)), sin 6 = 6, is no longer strictly applicable
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T;Lking the example given in Appendix III and employing the approximate equation of
motion, we have -

m BN\ L?
Z=§<§D =~ =042

Z being less than 1 indicates that equations (31) to (36) should be used in this instance.

First we have the equilibrium position given by vy which incidently is independent of the
value of Z, is 0-043 radn or2-5 deg. This, it should be noted, is obtained using the step-by-step
method, only if the solution is continued until the unit has obviously settled into its equilibrium
position, and would involve a considerable computing effort.

The following results are obtained and are compared, where possible, with results obtained from
the step-by-step solution.

Time to position of 6, = (0-032 (0-036) sec
Time to maximum ‘ up ’ position = 0-118 (0-122) sec
bmax  (neglecting damper and gravity) = 13-2 (12-3) radn per sec
bmx  (including . ., ), = 12-3 (11-5) radn per sec
Osmax  (neglecting ,, , ) = 0-490 (0-470) radn
: = 28-0 (26-9) deg
Ogmax (including , - ,, ) = 0:505 radn
= 29-0 deg
Omax wpr (B€glecting damper and gravity) = — 0-053 (—0-055) radn
= —3-0(— 3-1) deg
Omex up (iRcluding ., . ) = —0-007 (— 0-008) radn
= — 0-4(— 0-5) deg

The comparison between the solutions obtained by the two methods are in sufficient agreement,
it is considered, for design purposes, and as would be expected, the approximate equations yield
slightly shorter times and slightly higher maximum angular velocities.

A similar comparison has been made on another typical combination of hook installation and
arresting wire for values of 8, of 30 deg and 88} deg. In the case of 6, =30 deg the agreement
was better than in the example given above, and in the case of 8, = 881 deg the agreement
was inferior. '

A study of the three examples suggesfs the following relationship between the values of 6,
and 6ym,.0btained by the step-by-step solution and by the solution of the approximate equation :

fmax (from step-by-step solution)
. . 6,2
= 0oy (from approx. equatmn){l — —9"—},
and O5mex (from step-by-step solution)

)

2
= Oymax (from approx. equation){ 1 — 1 }

for values of 6, up to =/2.

If, in the first example quoted above, the line density of the rope had been 1-65 Ib per ft
(corresponding approximately to a 1-in. diameter rope which is a size in common use) the Z
would equal 1, and the relatively simple equations (43) to (47) would be used. If, however,
the line density had been 1-98 1b per ft (corresponding to 1%-in. diameter rope which will be
coming into more general use shortly) the Z would equal 1-2 and equations (38) to (41) would
have to be used. '
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For reasons stated in Appendix III the higher value for §,,, given by the approximate equation:
is probably more nearly representative of practical conditions than the result obtained from
‘the step-by-step solution.

Where a hook unit has to be designed for use with arresting ropes of different sizes, then the
heaviest rope will establish the maximum angular velocity, and the lightest rope will establish
the maximum  up ’ position, if in the latter case Z is less than one. Also as the speed of engage-
ment increases the angular velocity increases, but the effect on maximum upswing is not readily
deducible ; if the damper and gravity forces are neglected then the highest upswing position
will be obtained at the lowest speed, but if the damper and gravity forces are taken into con-

sideration then the effect of speed is not evident in a general form and particular cases must
be worked out.

APPENDIX V

The Behaviour of Arvesting Gear Deck Centre
Spans Following the Passage of Aircraft Wheels

When the wheels of an aircraft run over a deck span the wire is depressed into contact with
the deck and does not recover immediately. It is impossible for an arresting hook to engage an
arresting wire in the depressed state unless the trail angle of the hook is small (see Fig. 24).
If the trail angle is not small, even with the hook body in intimate contact with the deck, the
rope will be struck by the underside of the beak of the hook, thus failing to engage and giving
the hook unit an upward ‘ kick * which the-damper unit must effectively counter if the hook is
to have a chance of engaging the next centre-span—that is if there is one. Under such conditions,
with a closing speed of 90 knots (150 ft/sec) and a wire spacing of 20 ft, the time of return of the

hook to the deck, after being ‘ kicked-up’ due to the rope lying on the deck, should be less
than 0-13 sec.

The depression and recovery of an arresting wire due to tlie passage over it of the wheels of
an aircraft can be predicted with a fair degree of accuracy by relatively simply theory. The
subject is discussed in somewhat more detail in Ref. 2.

Figs. 25, 26, 27 and 28 give successive configurations of the centre-span for four typical cases
of the passage of an aircraft over a centre-span.

(a) Fig. 25 refers to a single wheel, ¢.g.,a nose wheel, passing over the mid-point of a length of
a centre-span supported between two points, ¢.¢., the spring bow supports

(b) Fig. 26 refers to a single wheel passing over a centre-span at a point which is not the mid-
point of the supported length

(c) Fig. 27 refers to the passage of a pair of wheels, e.g., the main undercarriage wheels, over
a supported length of a centre-span, such that the wheels are symmetrically disposed with respect
to the mid-point of the supported length.

(d4) Fig. 28 refers to the passage of a pair of wheels over a supported length of a centre-span
such that the wheels are not symmetrically disposed with respect to the mid-point of the sup-
ported point.

It should be noted that these figures are not drawn to scale, the sag and deck clearance having
been exaggerated for the sake of clarity.

" The subsequent phenomenon following the sudden depression of the cable on to the deck by
the passage of a wheel is that the depression so formed 1s propagated along the cable on either
side of the point of impact. The depression maintains a uniform depth equal to that at the first
instant unless the depression traverses a part of the cable where clearance above the deck is
less than that at the original point of impact—such as a depression which is moving towards
the mid-point of the supported span following impact at a point other than the mid-point,
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When the two outgoing depressions reach the cable supports the depressions are reflected
and return along the cable towards one another and in doing so the cable resumes its original
configuration. When the two reflected depressions meet they do not stop or vanish, but pass
each other with the result that the cable rears up to a height higher than the original con-
figuration by an amount equal to the minimum clearance between the cable and the deck in the
original configuration. The cable is now of course in an excellent attitude for engagement by an
arresting hook if the aircraft arresting hook is passing at this instant, whereas the attitude is
bad if the hook arrives at an instant prior to this sudden rearing up, 7.e., when the cable is lying
on the deck.

The two elevated waves travel towards the cable supports and since these provide only upward
support (and not downward support) the elevated waves pass over the supports and outwards
towards the deck-edge sheaves. ‘

A point to note is that the first point of rearing up of the cable is symmetrically opposite the
point of impact with respect to the mid-point of the supported length of cable.

To a good approximation, the velocities of the impressed transverse wave is /(Tg/m) ft/sec,
where T is the cable tension in pounds and # is the line density of the cable in pounds per ft.
With current types of arresting gears this velocity may vary between 150 and 250 ft/sec according
to the type of gear. -

The fact that the cable supports are not rigid, but can yield, influences the reflection of the
depression wave. Due to deflection on arrival of the cable depression, a small portion of the
depression wave is transmitted past the support and the action of deflection has the effect of
a slightly delaying action which has the apparent effect of increasing the span of the supported
length of the cable. The deflection also produces some attenuation of the wave front as also
does the force of gravity. However, these effects are small and can safely be neglected in studying
cable recovery for the purpose of determining this in relation to passage of the arresting hook.

The most critical circumstances occur when an aircraft passes over the mid-point of a supported
length of centre-span cable. The time of recovery of the cable across the path of the hook, fol-
lowing depression of the cable by the wheels of the main undercarriage, 1s (L — £)/V where :

L is the length of cable between the cable supports
¢ is the track width of the main undercarriage
and V = 4/(Tg/m), the velocity of propagation of the depression (transverse wave).
The time between the initiation of the depression and the arrival of the arresting hook is

-lfv where
[ is the distance between the wheel axis and the arresting hook
and v is the deck speed of the aircraft.
Then in order to enhance the certainty of engagement, the former time should be less than
the latter, 7.c.,
L—% 1

A

L4 !

V(Tglm) = v’
There is a danger with contemporary aircraft and arresting-wire layouts that the time of
recovery of the arresting wire may be longer than the time for the hook to reach the wire after
the passage of the aircraft main wheels. Under such circumstances the hook will only engage

the wire if the hook is in contact with the deck (which demands good anti-bounce characteristics)
and even then only if the trail angle of the hook is small, Fortunately this latter condition is
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fulfilled in a tail-down landing but not so in the case of a nose-wheeled aircraft rolling on all
three wheels. This last point is of importance when considering arresting gears as overshoot
preventers at the ends of runways.

In order to ensure recovery of the cable before the arrival of the hook—ior a given engaging
speed—it is obvious that the cable tension should be as high as possible ; the distance between
rope supports as small as possible ; and the wheel track and wheel axis to hook distance as big
as possible. Practically all these requirements are in conflict- with requirements in respect of
- other considerations. Thus the only recommendation which can be made with certainty, in the
case of a carrier landing, is to ensure engagement with a wire before the wires are disturbed by
the aircraft wheels. The hook suspension is usually of a sufficient length to ensure this happening
providing the hook does not bounce after first contacting the deck. Hence a further emphasis
is placed on the requirement of a ‘no bounce ’ hook installation.

A tail-wheeled aircraft having its arresting hook aft of the tail wheel is a common configuration
of special interest. If the tail wheel is rolling on the deck and depresses the wire then engagement
of hook and wire is only possible if the hook is in such an attitude that the hook beak is able to
“scrape up ’ the cable off the deck. There are contemporary aircraft where this is not possible,
but the occurrence of the tail wheel depressing the wire before hook engagement is considered
to be so rare with conventional layouts during deck landing that it can be neglected ; the after-
most position of the hook installation being most desirable in its ability to prevent excessive
pitching during the subsequent arrested motion. Nevertheless when considering an arresting
gear for runway overshoot conditions the hook position aft of the tail wheel is undesirable and
may be unacceptable unless the hook suspension tail angle is sufficiently small.
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HOQK THRQAT

HOOK BEAK

Fig. 1. Part names of an aircraft arresting-hook installation.

Fics. 2a and 2b. Illustrations of the absence of hook
bounce,

F16. 8. Diagram of hook unit contacting deck without bounce.
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F1e. 12. Effect of curved profile of underside of hook beak on the hinge-contact
line. ’

RAMPED CATAPULT SHUTTLE.

Fic. 13. Diagram of catapulted ramp technique for testing damper units.
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FiGs. 14a and 14b. Examples of self-contained damper units.

39



N2
@ @ ® @ ' cﬁfnaa

—&— CHARGING POINT @ AIRCRAFT HYDRAULIC SUPPLY
—£Or— HYDRAULIC RESTRICTOR &) HYDRAULIC SELECTOR VALVE
Owwy  HYDRAULIC RELIEF VALVE HYDRAULIC FLUID

@ o\

:®: AR
CHARGE

"\

F1cs. 15a to 15d. Examples of damper units with self-contained damping forces,
using aircraft hydraulics for hook control.
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. F16s. 16a and 16b. Examples of damper units using aircraft hydraulics for damper
forces and for hook control (see Fig. 15 for nomenclature)
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F1G. 18. Arresting wire configuration and tension under impact.
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Fic. 24. Tlustration of hook attitude with respect to an arresting wire-
lying on a deck surface.
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F1e. 25. Symmetrical impact with a single wheel. F16. 26. Asymmetrical impact with a single wheel.
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