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SUMMARY 

Early preliminary design studles are presented which consider the 
important parameters in providing 200 knot test velocities at the Landing 
Loads and Traction Facility. Two major components of this facility, the 
hydraullc jet catapult and the test carriage structure, are considered. 

Suitable factors are determined to correlate analytical data for 
characteristics of the hydraulic jet catapult with data measured from the 
eXlsting catapult system. The resulting equations are used to calculate test 
veloclties for a range of jet nozzle diameters and carriage weights with both 
the current 122m (400 feet) and an increased 183m (600 foot) catapult stroke. 

USlng the catapult characteristics, a target design point is selected and 
a carrlage structure is sized to meet the target pOlnt strength requirements. 
These preliminary design results lndicate that to attain 200 knot test 
velocities a nozzle diameter of .356m (14 inches) is required with a carriage 
weight of approximately 39 000 kg (85 000 lbm~. Hlgh strength steel having 
an allowable stress of 393 MPa (57 000 lbf/in-) is needed for the structure 
to withstand the maximum acceleration of 13-14 gls. 

Suggestlons for additions and refinements to this preliminary study are 
given that would be needed in working toward a detailed, final carriage 
design. 

INTRODUCTION 

The Landing Loads and Traction Facility is the only facility in the 
world capable of testing full-size aircraft landing gear systems under closely 
controlled conditions which simulate the take-off and landing operatlons of 
an alrplane. To accomplish a test, the landlng gear specimen is attached to 
either one of the two carriages plctured ln figure 1, the carriage is propelled 
down the track shown in figure 2 by means of a hlgh-speed water jet catapult 
system, and the test is conducted as the carriage coasts through the 1200-foot 
test section which contains the prepared landing surface. The carriage is 
brought to a stop following the test by engaging steel cables which span the 
track and are interconnected to 20 aircraft carrier arresting gear engines. 
Reference 1 describes the facility ln some detail. 

It has become increasingly obvious in recent years that the current speed 
capability of the facillty, 110 knots, is no longer adequate to study the 
ground operational problems assoclated with the higher landing and take-off 
speeds of modern and proposed aircraft designs. As a first step in an effort 
to upgrade the facllity to meet current and projected aircraft landing gear 
research needs, a study was undertaken to examine the requirements of a 
catapult system and a carriage capable of providing test speeds to 200 knots. 
The purpose of this paper ~s to present the results of that study. The results 
include the rationale and assumptions employed in scaling up the existing 
catapult system and considerations for various jet sizes, carriage masses, and 
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catapult strokes. The results also include carriage design requirements and a dlScussion of the process used to define the material sizes necessary to provide the needed structural strength. A description of the finite element analysis model is given in the Appendix. Finally, suggested refinements are presented which might contribute to a detailed design of an upgraded catapult/ carriage system. 

SYMBOLS 

Values are given in both SI and U.S. Customary Units. The measurements and calculatlons were made in U.S. Customary Units. Factors relating the two systems are given ln reference 2. 

A 

a 

Co 

d 

E 

g 

m 

n 

t 

cross-sectional area of jet, m2 (ft2) 
carriage frontal area, m2 (ft2) 

carriage acceleration or deceleration, m/sec2 (ft/sec2) 
aerodynamlc drag coefficient . 

distance of carriage from nozzle, m (ft) 

water jet/turning bucket efficiency 

aerodynamlc drag force on carriage, N (lbf) 

force on carriage, N (lbf) 

drag force on carriage due to air drag and rolling resistance, N (lbf) 

force on water vessel foundation support in horizontal plane, N (lbf) 

acceleration due to gravitation force, m/sec2 (ft/sec2) 

carriage mass, kg (slug) 

exponent for polytropic change in volume taken equal to 1.2 (pvn = constant) 

initial pressure of compressed air, N/m2 (lb/ft2) 

time, sec 

delay time for water leaving the nozzle at Vj to reach carriage, sec 
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v. 
1 

v· J 

v 

x 

y 

ex 

B 

~d 

lit 

e 

p 

carriage velocity, m/sec (ft/sec) 

instantaneous jet velocity, m/sec (ft/sec) 

instantaneous velocity of efflux, m/sec (ft/sec) 

carriage velocity at beginning of each computation step, 
m/ sec (ft/ sec) 

volume of compressed air, m3 (ft3) 

initial volume of compressed air, m3 (ft3) 

horizontal distance of jet from nozzle, m (ft) 

height of water jet with respect to nozzle, m (ft) 

angle of nozzle above horizontal plane, deg 

angle through which water is turned, deg 

distance carriage moves during each time increment, m (ft) 

increment of time, sec 

angle through which jet is turned by bucket, deg 

mass density of air, kg/m3 (slugs/ft3) 

mass denslty of water, kg/m3 (slugs/ft3) 

HYDRAULIC JET CATAPULT SYSTEM 

The hydraulic catapult system currently in use is described in reference 
3. Components of the system are identified in figure 2 and consist of storage 
tanks where air is pressurized to 20 MPa (2950 psi), an L-shaped vessel which 
is filled with 37.9 m3 (10,000 gallons) of water prior to a test, and a timed, 
quick-acting valve at the front of the vessel. During catapult the water is 
pressurized with the al~ and the valve is opened to release a high velocity 
jet of water through a .182 m (7.16 inch) diameter nozzle to impinge on a 
U-shaped IIturning bucket" at the rear of the test carriage. This bucket 
turns the jet almost 1800 with the returnlng jet being issued just below the 
lncomlng stream. The force on the bucket resulting from this large rate of 
change of momentum in the jet is the force that accelerates the carrlage to 
the deslred velocity. The accelerating distance, or the maximum length of 
jet travel, is considered to be in the neighborhood of 122 meters (400 feet). 
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The approach taken to scale up the existing catapult system to provide a 200 knot capability was, first, to develop the equations necessary to match the acceleration pulse produced by the existing catapult system and then, using these equations, to calculate the acceleration pulse for other carriage masses, nozzle sizes, etc. 

Development of Catapult Mathematical Model 
A falred history of an acceleration pulse obtained during a recent catapult of the test carriage is identified as trace CI) in figure ~ which also lncludes other traces defined by mathematlcal expressions developed to describe this actual experimental pulse. For this pulse, the carriage mass was approximately 48 000 kg (106 000 lbm) and only two of the three available air storage tanks were employed providing a total air volume of 90.6 m3 (3200 ft3). Theoretical equations from reference 3 were used to attempt correlatlons with the experimental acceleration trace. The equation for instantaneous jet velocity of efflux in terms of the initial condltions and the instantaneous volume of air charge is: 

v· J 
= 

(1) 

This equatlon does not include the pressure due to the head of water in the vertlcal portion of the IILII vessel nor the atmospheric pressure term in the more basic pressure equation since these terms are quite small relative to the 20 MPa (2950 psi) initial pressure in the storage tanks. 

The jet velocity was computed for the initial conditions and was applied to the following equation 

v = (2) 

which was used to determine the change in air volume during the time period 6t due to the volume of water expelled. In equation (2) the area A was held constant which assumes an instantaneous valve opening. The new air volume v at the end of each time step 6t was then substituted back into equation (1) and this step-by-step computation was continued for a total time of 3 seconds and the resulting water jet velQcity was plotted in figure 4 for a 6t of 0.1 sec and a nozzle area of .026 mL (.2796 ft 2). 

The followlng third order polynominal was derived for the jet velocity curve of figure 4 using a least squares fit of the data: 
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Vj (m/sec) = 201.80601 - 6.8662 + .32784t2 

Vj (ft/sec)= 662.0932 - 22.5269t + 1.0756t2 (3) 

This equation was used later in the computation to determine the velocity of 
the water hitting the turning bucket of the carriage as it moved away from the 
jet nozzle. 

Another equation from refprence 1: 

Fc = Pw A (Vi - Vc)2 (I-cos e) (4) 

was used to compute the theoretical instantaneous force accelerating the 
carriage, where Vi is the velocity of the water stream at the instant of 
impact upon the bucket. The turning angle of the bucket e was measured to 
be 1770 and was assumed to be constant. If the force is known, the accelera­
tion can be determined at any instant by 

Fc = m a (5) 

The carriage velocity Vc due to the instantaneous acceleration was also 
computed using 

(6) 

where Vo is considered to be the carriage velocity at the end of the previous 
time step. Carriage position was computed by summing ~d from 

V V 
~d = 0 + c ~t (7) 

2 

Time was also summed and Vi was determined from Vi = Vj at t - td where td 
(the delay time for water leaving the nozzle at Vj to reach the carriage 
bucket) was approximated by 

V. was computed from 
1 

Vi (m/sec) = 201.80601 - 6.8662 (t - t d) + .32784 (t - t o)2 

(8) 

Vi (ft/sec)= 662.0932 - 22.5269 (t - td) + 1.0756 (t - td)2 (9) 

All of these values were computed in a step-by-step iteration and the 
resulting theoretical carriage accelerati~time history for the existing 
catapult system is plotted gS the number ~ trace in figure 3. 
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Aerodynamics and rolling friction.- The effects on the acceleration pulse 
attributed to aerodynamic drag and rolling friction were next applied to the 
theoretical equations. 

The drag force on the carriage was calculated from the speed decay of the 
carriage uS1ng 

(10) 

where Fd was considered to be the total drag force on a free-rolling carriage 
and composed of rolling friction, estimated to be a constant 900 N (200 lbf), 
and aerodynamic drag which was obtained from the following equation 

p 
Fa = Co Ac Vc2 (11) 

2 

In equation (11) carriage frontal area Ac was estimated to be 42 m2 (450 ft2) 
as determined from a front view drawing of the carriage. Equations (10) and 
(11) were solved in a step-by-step iteration for several assumed drag 
coefficients CD until agreement was obtained with data from several experi­
mental test runs of the existing carriage velocity decay over a 305 m (1000 
ft) distance. It was found that a CD of .9 gave good agreement with experi­
mental carriage velocity decay. 

Carriage acceleration during the catapult stroke was then recalculated 
lncorporating the effects of air drag and rolling friction and the result is 
plotted as shown by the number ~ trace in figure 3. 

Valve opening effect.- It was readily apparent that to obtain good 
agreement wlth the experimental data, the math model would have to be modified 
to include the effect of the valve opening transient. To this end, a llnear 
force ramp expressed by 

Fc (N) = 6,101,327 t 

Fc (lbf)= 1,371,633 t (12) 

was used to approximate the force change during valve opening over the time 
period between t = 0 and t = 0.23 sec. Using this valve opening for~ramp 
the carria0e acceleration was recomputed and is shown by the number ~ trace 
1n flgure 3. 

Effect of water jet/turnin bucket efficiency.- It was assumed that 
trace 4 of figure 3 was the best theoretlcal representation of the 
acceleration time history wlth all major force variables considered. The 
failure of this trace to agree with the experimental acceleration pulse was 
attributed to inefficiencies both in the water jet, due to jet dispersion, 
and in the turning bucket since all of the water was not turned through 
1770 • Several efflciency curves were tried before arriving at the one 
presented in figure 5 which, when applied to the math model for trace ~, 
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provided good agreement between the mathematical and experimental acceleration pulses (compare traces (!) and ~ in figure 3). The equation for the effic1ency curve presented in figure 5 as a function of catapult distance is 
E = .718539 + 4.48337 x 10-3 d - 1.36344 x 10-4 d2 + 1.34365 x 10-6 d3 - 6.35038 x 10-9 d4 where distance d is in meters 
E = .718539 + 1.36653 x 10-3 d - 1.26668 x 10-5 d2 + 3.8048 x 10-8 d3 - 5.481 x 10_11 d4 where distance (d) is in feet (13) 

Increased Velocity System 
Key to the application of the catapult mathematical model to describe a system which would provide increased carriage test speeds is a knowledge of the maximum available water jet velocity. This velocity was computed as a funct10n of time using equations (1) and (2) and assuming an initial air volume of 136 m3 (4800 ft3), as provided by the three existing air bottles, and an 1nit1al air pressure of 22 MPa (3200 psi). Figure 6 presents the results of these computat1ons for various nozzle sizes estimated to cover the range needed for carr1age operations at speeds to 200 knots. The valve opening for this exercise was considered a step funct1on. The figure shows a decay in jet veloclty w1th t1me due to the reduction in the air pressure as the air expands to fill the void created by the d1scharged water. For example, the jet velocity from the .36m (14 in.) diameter nozzle decreases from 210 m/sec (690 ft/sec) to 170 m/sec (560 ft/sec) in three seconds. 

Carriage acceleration time histories.- Using the catapult mathematical model, acceleration t1me h1stories were computed for carriages of various mass as they were propelled by water issued from five different jet nozzles. For these calculations the aerodynamic drag coeffic1ent, frontal area (Ac) and rolling friction characteristics of the carriages were assumed to be identical to those of the existing carriage. It was also assumed that the jet valve would open in 0.23 seconds to correspond with existing experimental data (see figure 3) and that the force on the carriage during that period would 1ncrease linearly to a maximum value. Two generalized condit1ons were cons1dered. In one condition the catapult stroke was held to 122 m (400 ft), which 1S the stroking distance of the existing system, and in the other the stroke was extended to 183 m (600 ft). The results from both sets of calculations are d1scussed separately in the paragraphs which follow. 
Catapult stroke = 122 m (400 ft): The computed acceleration time histor1es for this condition are presented in figure 7. The assumption was made in these computations that the efficiency of a larger diameter jet and a correspondingly larger turning bucket would be identical to that estimated for ~ the existing configuration and presented in figure 5. It was further assumed that the Jet angle w1th respect to the horizontal would rema1n at the existing 0.90• Identified on figure 7 are the carriage speeds at the end of the 122 m (400 ft) stroke. Note that for the carriage masses considered, speeds in the 200 knot range are not realized at small nozzle diameters nor with the heavier carriages. Unfortunately, the larger the nozzle, the greater the maximum accelerat10n exper1enced by the test carriage. 

7 



Catapult stroke = 183 m (600 ft): This condition was considered because 
increas1ng the catapult stroke is one method for reducing the maximum carriage 
accelerat10ns. For the purposes of these calculations a new jet/bucket 
efficiency curve was estimated by extending the curve of figure 5 over a 183 m 
(600 ft) distance as shown in figure 8. It is recognized that this estimation 
1S no doubt in some error but no other data are available to descr1be the 
efficiency of such a system. The acceleration-time histories for the six 
carriage masses be1ng examined over this extended catapult stroke are presented 
1n figure 9. Agaln, the carriage speed at the end of the stroke is identified 
on the figure. As expected, these speeds are higher than those generated over 
the shorter stroke for the same carriage mass and jet nozzle size. 

To aid in the design of new carriage structures, the maximum acceleration 
data from figures 7 and 9 are replotted in figure 10 to show more clearly the 
effect of carriage mass and test velocity on the maximum force exerted on the 
carriage during catapult. 

Other system features.- The purpose of this sect10n is to comment on the 
influence that 1ncreasing the carriage test veloc1ty would have on water 
consumption, turning bucket design and the water vessel foundation load. 

Water consumption: To obtain some idea of the quantity of water needed 
to conduct high speed carriage tests, a computation was performed using the 
jet velocity equations (1) and (2). The results of that computation are 
presented in figure 11 which is a t1me history of the volume of water 
expelled from five nozzle sizes. As 1n all computations, the water is 
cons1dered to be pressurized in1tially to 22 t1Pa (3200 psi) by air in the 
three ava1lable storage bottles. Knowing the duration of the acceleration 
pulse, the time of jet cutoff necessary to produce a given carr1age velocity 
at the end of the catapult stroke was computed by a trial and error method 
with the a1d of figure 6. With this information, the volume of water consumed 
was readlly calculated for certaln test condltlons. Two potential 200-knot 
conditions were examined and the1r results ldentified on figure 11. For a 
122 m (400 ft) catapult stroke with a 0.36 m (14 in.) d1ameter nozzle, it is 
estimated that 23.85 m3 (6300 gal) of water would be consumed. To obta1n a 
carriag~ speed of approx1mately 200 knots with a 600-foot catapult stroke 
requ1res only a 0.28 m (11 in.) diameter nozzle and the water consumed for 
that condition was estimated at 22.33 m3 (5900 gal). Also identified on the 
f1gure 1S the water consumption for a 109 knot test of the present carriage 
(48 100 kg (106 000 lbm)) with the existing catapult system. 

Turning bucket design: The height y of the Jet stream at any 
horizontal distance x from the nozzle during the catapult stroke can be 
computed from the expression 

y = x sin a - ..9. (~) 2 
( 14 ) 

2 Vj 

Where Q is the angle of the nozzle (lnitial jet angle) above the horizontal 
(0.90 in the case of the eXisting configuration). Using th1S expression and 
assuming no effect of wind or air drag, the ang1e of the water jet relative 
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to the horizontal and the position of the jet wlth respect to the existing carriage bucket design were computed at the start of the catapult, at the time of maximum jet trajectory, and at the end of the catapult stroke. Figure 12 graphically illustrates these angles and posltions for three catapult con­ditions. Shown in figure 12(a) are those for the existing catapult with two air bottles pressurized to 20 MPa (2950 psi) and a nozzle diameter of 0.182 m (7.16 in.). Note that at the end of the 122 m (400 ft) stroke the angle of the jet is - 1.050 • Flgure 12(b) describes the jet positions for the follow­ing condition: 0.36 m (14 in.) diameter nozzle, 122 m (400 ft) catapult stroke and three air bottles pressurized to 22 MPa (3200 psi) a combination which has been shown to theoretically propel a 38 600 kg (85 000 lbm) carriage to a speed of approximately 200 knots. The figure shows that at the maximum Jet height, where the trajectory angle is zero, the jet would rise above the eXlsting bucket and a larger bucket opening would be needed to accept the enlarged jet. Figure 12(c) describes the Jet position for the other 200 knot example wherein the catapult stroke was extended to 183 m (600 ft) and the nozzle dlameter was enlarged to only 0.28 m (11 in.). For this condltlon lt was necessary to tilt the nozzle from the current 0.90 to 1.3450 to keep the water jet from dropping below the lower edge of the existing bucket at the end of the longer stroke. The assumption is made here that the current bucket cannot be lowered due to potential test surface clearance problems. The figure shows that at its maximum height, the jet would clearly mlSS the existing bucket and to accommodate such a condition would requlre a bucket deslgn with a vertical opening approximately twice as large as the eXlsting bucket. 

Foundation load: The horizontal load Fx on the water vessel foundation was computed from the expreSSlon 

(15) 

where S, the angle of the water jet with respect to the horizontal, was assumed to be zero. Applying this expression to the two nozzles considered in the previous examples, the maXlmum horizontal foundation loads are 4370 kN (983 000 lbf) and 2700 kN (607 000 lbf) for the 0.36 m (14 in.) and 0.28 m (11 In.) dlameter nozzles, respectively. The maximum foundatlon load produced by the current nozzle is 1060 kN (238 000 lbf). 

These features and other pertlnent characteristics of the existing catapult system and the two 200 knot example systems are summarized in Table 1. 

TEST CARRIAGE STRUCTURE 

A study was undertaken to arrive at a structural configuration for a new test carrlage of mlnimum weight capable of meeting desired performance requirements. The design variables which were considered for such a conflguration were the general layout or topology of the structure, types of material, and the sizes of each structural member. Several structural configurations were considered. The initial conflgurations resembled the 
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existing large carriage which, although unacceptable, provided useful informa­
tion to guide the design of subsequent configurations which showed promise of 
meeting the specified requirements. The purpose of this section of the paper 
is to review the carriage requirements and to discuss in some detail the 
results of the configuration study. It should be pointed out that the design 
effort described herein consisted of sizing carriage structural members to 
provide adequate strength during all anticipated test operations. Hence, the 
results presented should be considered as preliminary design information to 
guide further work needed to arrive at a flnal design • 

Carriage Requirements 

Listed below are the basic carriage design requirements. The first two 
are constraints imposed to assure that the new system will be compatible with 
the existing facllity. The remainder describe desired performance 
characteristics. 

1. The overall dimensions of the new carriage must comply with the 
following: 

Length - up to 21.8 meters (71.7 feet) 
Height - up to 9.1 meters (30 feet) (could go higher if needed) 
IJidth - 9.1 meters (30 feet) between centers of two rails (can 

overhang ralls lf needed) 

2. The vertical and horizontal location and general arrangement of the 
bucket at the rear of the carriage which is implnged by the hydraulic jet must 
be approximately the same as on eXlsting carriages. This specification is 
necessary so that both the new and existing carriages can operate with the 
same catapult system. 

3. The principal performance requirement is that of high speed. The 
desired speed is speclfied for two different test article masses. 

200 knots with 9072 kg (20 000 lbm) test article 
170 knots with 22 680 kg (50 000 lbm) test article 

4. The carriage must have a large open test bay to accommodate large test 
articles. Desired dimensions of thlS bay are a width of 8.5 meters (28 feet) 
and length of 12.2 meters (40 feet). This bay could accommodate bulky 
conventional landing gear on a vertical rail system and also have a single 
support point in the center for attaching large test articles such as an air 
cushion landing gear. 

5. A~ implied requirement is that the carriage have a low structural 
mass to meet the performance given in iten 3 above. It was initially 
estimated that the desired speed performance could be achieved with a total 
carriage mass (excluding test article) of 29 483 kg (65 000 lbm). The catapult 
analysls descrlbed in the previous section indicated that the high speed 
performance could be achieved at this mass with reasonable values of 
propulslon system parameters, such as the nozzle diameter. The subsequent 
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objective in the design process was to generate a structural configuration whose mass could be held to this 29 483 kg (65 000 lbm) target. 
6. The carrlage must withstand the inertia loading during catapult and arrestment and: 

(a) Applied model forces of up to 222.4 kN (50 000 lbm) each in the vertical drag, and lateral directions during test. 

(b) A 66.7 kN (15 000 lbm) side preload on each set of wheels to follow rail deviations as the carriage travels along the track. 
No upper limit was specified for the g loading during catapult of the carriage, however this value should be kept as low as possible to minlmize possible adverse effects to onboard instrumentation and equipment. Other deslgn specificatlons were identifled but they related to such thlngs as hydraulic systems and roll-back brake systems and were not directly relevant to the design of the basic carriage structure. 

The above specificatlons allow considerable freedom for the design variables in the general layout or topology of the carriage structure, as well as for selection of the types of material and sizes of the structural members. Five dlfferent structural configurations were analyzed and all five were of welded tubular steel frame construction. These configurations are described in detail ln the following two sectlons: the first section discusses the results from the preliminary configuration studies and the second dlscusses a candldate carrlage structural configuration which emanated from the earlier studies. 

Preliminary Conflgurations 

The first three configurations analyzed had a high test bay surrounded by structural members with vertical side ralls to guide the drop of the test article and a separately located low test bay. The first configuration considered, shown in figure 13(a), had the high bay located near the rear of the carriage where the thrust force would enter the carrlage. The low test bay was located ahead of the high bay and was spanned by overhead structural members. This configuratlon resulted ln a center of gravity location a substantial height (approximately 4.6 meters (15 ft)) above the top of the track rall. Since the helght of the bucket at the rear of the carriage where the catapult thrust force enters the structure was fixed at approximately 1.2 meters (4 ft) above the rail, this large separation of thrust force and carrlage center of gravity produced a sizable moment which would cause the front of the carriage to lift from the rails durlng catapult. The prevention or alleviatlon of thlS lift-off problem during catapult became a major consideration in the carriage deslgn. 

The carrlage center of gravity was moved forward in the second and third configurations by locating the hlgh bay at the front of the carriage as shown in figures 13(b) and 13(c). The third configuratlon evolved from the second 
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wherein the structure over the low bay was removed. The arrangement of the 
hlgh test bay of thlS third confiquratlon was then modified to serve as a 
high "back-stop" structure shown in figure 13(d). In this fourth 
configuration, conventional landing gear units would be attached to a fixture 
which is dropped into the open bay area during test. This fixture would be 
guided by ralls attached to the rear of the back-stop structure. The large 
open bay of this layout could accommodate large bulky gear configurations. 
Further, a cantilever boom arrangement could be readily attached to the 
back-stop and extended to the center of the bay to provide an attachment 
point for testing of large single or multi-gear landing systems. 

, 
The large mass of the test article support structure and the test articles 

would be located near the front of the carriage in the fourth configurat1on. 
This arrangement would alleviate the moment which tended to 11ft the carriage 
durlng catapult, however, lt would not altogether eliminate it. Thus, it 
would be necessary to provlde a set of hold-down rails in the catapult section 
of the track and attach additional wheels to the front carriage frame to react 
to this moment. In this fourth layout, the large open test bay would be located 
between the large mass qf the test article support structure and the thrust 
bucket thereby requiring heavy side beams to transmit the thrust force along 
the ent1re length of the carriage. Since hold-down rails were found to be 
necessary durlng the catapult phase of all four prel1minary carr1age 
configurations examined, it was declded that the candidate carriage design 
would be configured wlth the model support structure at the rear of the 
carrlage next to the thrust bucket to take advantage of the potential savings 
in mass from not havlng to employ these heavy side beams. 

Candidate Carriage Structural Configuration 

Configuration description.- The flfth structural layout, shown in 
figure 14, was the final model used in this study and will be considered 
herein as a candidate carriage structural configuration. Characteristics 
of this conflguratlon wlll be discussed ln thlS section and details of the 
finite element structural model used for the analysis and des1gn are given 
in the Appendix. 

The sides and front of the carriage are constructed from bU1lt-up 
beams WhlCh transmlt the inertia loads durlng arrestment to the front corners 
of the structure where the arresting cables are impacted. Also, reactlon 
forces from the tie-down system are carrled by these beams dur1ng catapult. 
A truss structure at the rear of the carriage transmlts the thrust load from 
the bucket at the rear center to the back-stop structure and side beams. A 
platform could be built on top of the truss structure to support an lnstrument 
room and any mechanical equipment such as hydraulic pumps, tankages, or an 
auxiliary power unit required to operate the gear drop system. 

Sizing procedure.- The structural members of the carriage were sized to 
meet strength requlrements for five different applied loading condltlons: 

(1) Inertia of carrlage and small test article at catapult. 
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(2) Inertia of carriage and small test article at arrest. 

(3) Maximum forces generated by test article during test. 

(4) Inertia of carriage and large test article at catapult. 

(5) Inertia of carriage and large test article at arrest. 

The small test article mass was 9072 kg (20 000 lbm) and the large test article 
was 22 680 kg (50 000 lbm). The structural members were all considered to be 
tubes and were modeled with extensional elements which neglect any bending 
stlffness. Thus, the structural sizing process involved selecting a set of 
tube cross-sectional areas that would produce stress levels below a specified 
material allowable under all loading conditions. A set of discrete member 
sizes, which correspond to standard tubing was used. In the sizing procedure, 
the elements were first dlvided lnto groups whose members were specified to 
have the same cross-sectional area. The structure was then analyzed and 
member sizes adjusted manually in an iterative manner until the highest 
element stress within each group was below the specified material allowable. 

The material used in the early phases of this study was 4130 steel 
which has a yield strength of 414 MPa (60 ksi) and an allowable of 207 MPa 
(30 ksi) for a typical slenderness ratio (length/radius of gyration) of 40. 
It became obvious that a material with a hiqher allowable was needed to 
produce a carriage whose mass was close to the target value of 38 555 kg 
(85 000 lbm). Therefore, 4140 steel with a yield of 621 MPa (90 ksi) and 
allowable of 296 MPa (43 ksi) was used for the first sizing of the candidate 
carrlage configuration. 

First sizing.- The first sizing of the candidate configuration was 
performed for a maximum thrust force of 4.45 MN (1.0 million pounds) which 
resulted in a carriage mass of approximately the target value of 38 ODD-kg 
(85 000 lbm). A mass statement for this first sizing is presented in 
Table II. The carriage mass is the total of the payload, (which was 
specified) non-structural mass, (estimated) and the structural mass 
(whlch was calculated at the completion of the sizing process). Only gross 
estimates were made for the non-structural masses. Values for these systems 
will need updating when detail design of the wheel trucks, instrumentation, 
propulsion bucket, arrest system, and test article support produces more 
accurate information. 

This flrst sizing design point is shown in flgure 15 in relation to data 
from the jet catapult system first presented in figure 10. Figure 15 indicates 
that with the first slzlng a 194 knot test veloclty can be achieved with a 
122 meter (400 ft) catapult stroke and a 212 knot test velocity for a 183 
meter (600 ft) stroke. 

The mass of the first sizing was mathematically scaled to give a 
reasonable approximation of the carriage mass needed for a range of thrust 
forces and for three material allowables. ThlS scaling produced the dashed 
curves shown on figure 15 for 4130, 4140, and HY 130 steel. 
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The curve for the 4130 steel is included to indicate that the carriage performance lS only marginally acceptable even for a 183 meter (600 ft) jet catapult stroke. Acceptable performance is shown to be achievable with a 122 meter (400 ft) stroke using the HY 130 steel, which has a 393 MPa (57 ksi) allowable and yield strength of 896 MPa (130 ksi). 

A description follows of observations and assumptions which permitted use of the scaling procedure. The maximum thrust force produced during catapult was found to be the loading condition which governed the size of all but a few structural members. The stress levels in the members are directly proportional to the maximum thrust force. Carriage mass depends on member sizes which are directly proportional to the stress levels and inversely proportional to the material allowable. Use of these relationships results in a carriage mass which is directly proportional to the thrust force and inversely proportional to the material allowable. This scaling neglects the effect of discrete member sizes, therefore the curves of flgure 15 for each of the three materlals should be consldered as suggestive of the carriage mass that would result from the complete carrlage sizing process. 

Second slzing.- A second complete sizing process was performed using the HY 130 steel and a maximum thrust force of 4.89 MN (1.1 million pounds). A carrlage mass of 35 600 kg (78 500 lbm) resulted. This design point is shown in figure 15 and the corresponding mass statement is glven in Table II. This mass is approximately 2 percent greater than predicted by the scaling process. 

The carriage resulting from the second sizing was selected for use in the candidate catapult/carriage system. The carriage appears to have adequate strength but addltional structural mass may be required to provide adequate stlffness to prevent buckling or other adverse dynamic behavlor. The system would require a catapult nozzle diameter close to 0.343 meters (14 lnches) and, durlng launch. the carriage would experience a maximum acceleration of about 14 g's. The gross parameters of this candidate system are presented in the following sectlon and the details of the final finite element model, includlng member locations and sizes, are given in the appendix. 
Candidate structure.- A summary of the characteristics of the second sizing, referred to as the candidate carrlage, is presented in Table III. The total mass of the carriage is the sum of 17 463 kg (38 500 lbm) structural, 9072 kg (20 000 lbm) non-structural I and either 9072 kg (20 000 lbm) or 22 680 kg (50 000 lbm) test article. Use of a high strength steel, namely, HY 130 is required to obtain a structure of t~is mass. The longitudinal and verti­cal location of the carriage center of gravlty is glven both with and without a model positioned for either catapult or arrestment. The maximum g-loading during catapult was computed at 14 g's for the 9072 kg (20 000 lbm) test article and 10 g's for the 22 680 kg (50 000 lbm) test article. The maximum g-loading during carriage arrestment is assumed to be 5 g's for the 9072 kg (20 000 lbm) test article and 4 g's for the 22 680 kg (50 000 lbm) test artlcle. Arrestment loads are actually dependent on the arrestlng gear system employed and that had not been established prior to this study. The hold-down rail system forces and the de­flection of the test article support were determined and are given in Table IV. 
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A description of the steel tubing used for the carriage structure is 
presented in Table V. This tubing is a subset of the standard pipe sizes 
given in reference 4 and was selected for a range of cross-sectional areas. 
The section number used in the SPAR analvs1s contained the first two diqits 
of the tube area. The total length and resulting mass of each type tube is 
given in the last two columns of the table. Limited use is made of type 17 
and type 61 tubes because of fabrication problems and possible high costs; it 
may be more beneficial to change these members to types 22 and 84, respective­
ly. Such considerations were beyond the scope of this study and are 
representative of add1tional refinements needed in subsequent studies. 

SUGGESTED ADDITIONS AND REFINEMENTS 

A list of suggestions for add1tional studies to refine the design of an 
upgraded (to 200 knots) catapult/carriage system is given in this section. 
The list 1S not complete but does indicate some important aspects of design 
which were considered beyond the scope of the present study. 

General 

1. Reassess the carriage requ1rements which were originally specified 
to determ1ne whether some could be relaxed or new ones added based on the 
results of this study. 

2. Perform the preliminary design of all other maJor components needed 
to upgrade the facility, such as the arresting gear system and the extended 
track. 

3. Determine a cost breakdown requ1red for the candidate system and 
assess the technical risks associated with th1S proposed design. 

Hydraulic Jet Catapult 

1. Perform tests to measure characteristics of the jet produced by 
the existing nozzle. This is especially important if a 183 m (600 ft) 
catapult stroke is desired. The trends from such tests are needed to 
substantiate the performance est1mates for the increased thrust system. 

2. Determine the modifications to the water vessel foundation needed to 
react the 1ncreased thrust force. 

Carriage Structure 

1. Examine layout of the structure and try to simplify the design. 
Reduce the number of Joints if poss1ble and el1minate any unnecessary members. 
Members may need to be relocated to prov1de Joint arrangements which better 
lend themselves to fabrication. 
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2. Explore alternate depths and widths of carriage side beams, including tapering the distance between the upper and lower set of stringers. 
3. Explore alternate locatlons for the carriage wheels. 

4. Calculate a more accurate representation of the actual carriage mass, one that includes all major items such as propulsion bucket, hydraulic systems, model supports, instrumentation, and material needed to fabrlcate JOlnts ln addition to the idealized structural mass. 

5. Conslder the slenderness ratio (length/radius of gyration) ln establishing strength allowables for each member. Local buckling of the indlvidual members is accounted for ln this manner. 

6. Assess the stiffness characteristics of the structure by calculating vibration modes and frequencies and by calculating static deflections under speclfled loads on selected portlons of the structure. 

7. Calculate overall buckling load for the structure for both catapult and arrestment condltlons. 

8. Carry out the design of the hold-down rails. 

9. Determine the detalls of the test article support fixture. 

CONCLUSIONS 

The followlng conclusions reached during this study can be used to guide additional design studies which are needed to arrive at the details of a catapult system and a flnal carriage deslgn. 

1. Based on assumptlons that appear reasonable, it would require a water jet .356 m (14 in.) in diameter to propel a 39 000 kg (85 000 lbm) carriage to 200 knots ln 122 m (400 ft) with a maXlmum acceleratlon of approxlmately 13.5 g units. 

2. A water Jet .279 m (11 In.) diameter would propel the same carrlage mass to 200 knots ln 183 m (600 ft) at a reduced maximum acceleration of 9 g units but there might be problems wlth jet efficiency, initial jet angle, and turnlng bucket dimensions. 

3. The SPAR finlte element computer program provided the capability to model the structure and represent the lnertla forces on the carriage. 
4. Automated structural sizing programs at LaRC were not directly applicable ln this study Slnce a set of discrete member sizes corresponding to cross-sectlonal areas of standard tublng was used. 

5. A tie-down rail system is needed durlng catapult to prevent the front of the carriage from liftlng off the existing rails. 
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6. Use of a material having an allowable of 393 MPa (57 000 psi) is 
required to achieve a carrlage structural mass of approximately 20 406 kg (45 000 lbm). 

7. Additional design studies are needed to substantiate or further 
quantify the preliminary deslgn lnformation given in this report. 
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APPENDIX A - FINITE ELEMENT MODEL OF CARRIAGE STRUCTURE 

A listing of input data to the SPAR computer program, reference 5, 
which was used for analysis of the carriage structure is given in this 
appendlx. Comments to explain the various sections of data are given 
throughout the listing and start with the $ character. Each comment 
describes the data which immediately follows it. 
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Table I.- Pertinent Parameters for Three Catapult Cases 

Catapult Stroke 

Volume of compressed air, m3 (ft3) 

Initial pressure of compressed air, 
MPa (ps i) 

Existing 
SYstem 
122m (400 ft) 

90.6 (3200) 

22 (3200) 

Initial jet velocity, m/sec (ft/sec) 201 (662) 

Initial jet angle (water vessel 
angle), deg 

Jet velocity of end of catapult 
stroke, m/sec (ft/sec) 

0.9 

187 (615) 

• 182 (7. 16) 

200 Knot Systems 

122m (400 ft) 

136 (4800) 

22 (3200) 

210 (689) 

0.9 

191 (626) 

.356 (14) 

183m (600 ft) 

136 (4800) 

22 (3200) 

210 (689) 

1.345 

192 (630) 

.279 (11) Nozzle diameter, m (in.) 

Carriage mass, kg (lbm) 48 000 (106 OOC) 39 oon (85 OnO) 39 000 (85 000 

Maximum acceleration of carriage, 3 
g units 

Maximum force on carriage, kN (lbf) 1414 (318 000) 

Carriage velocity at end of catapult 112 
stroke, knots 

Maximum jet trajectory height above .475 (18.7) 
nozzle, m (in.) 

Estimated vertical opening of turning 1.02 (40) 
bucket, m (in.) 

Water volume expelled, m3 (gal) 11.7 (3100) 

Horizontal foundation load on water 1054 (237 000) 
vessel, kN (lbf) 

13.5 9 

5104 (1 147 000' 3403 (765 000) 

203 197 

.505 (19.9) 1.14 (44.7) 

1. 17 (46) 1. 78 (70) 

23.8 (6300) 22.33(5900) 

4373 (983 000) 2700 (607 000) 



Table 11.- Mass Statement for Candidate Configuration 

Payload 

Small Test Article & Test Fixture 

Non-Structural 
Wheels & Trucks (4 @ 1134kg (2500 lbm)) 
Instrument Cab 
Propulsion Bucket 
Arrest Nose Blocks (2 @ 340kg (750 lbm)) 

Structure 
Idealized structural mass 

for first sizing 
Miscellaneous structural mass 

(10% of idealized) 

Total 

9072kg 

4536kg 
1815kg 
2041kg 

680kg 
"9012kg 

First 
Sizing 

(20 000 lbm) 

(10 000 lbm) 
( 4 000 lbm) 
( 4 500 lbm) 
t 1 500 lbm) 
20 000 16m) 

9072kg 

9072kg 

Second 
Sizing 

(20 000 lbm) 

(20 000 lbm) 

18 551kg (40 900 lbm) 15 875kg (35 000 lbm) 

1855kg (4 090 lbm) 1588kg (3 500 lbm) 
20 406kg (44 990 lbm) 17 463kg (38 500 16m) 

38 550kg (84 990 lbm) 35 607kg (78 500 lbm) 



I Table 111.- Character!stics of Candidate Ca~riage Structure 

TOTAL MASS For 9072kg (20 000 lbm) test article 35 607kg (78 500 lbm) 

(Mass Statement given in For 22 680kg (50 000 lbm) test article 49' 2l5kg (108 500 lbm) 
Table II) 

MATERIAL 

C. G. LOCATION 

Type 
Yield Strength 
Allowable 

HY 130 
869 f'Pa (130 ksi) 
393 MPa ( 57 ksi) 

(X measured horizontally from wheel trucks) 

(l measured vertically from rail surface) 

\HTHOUT TEST ARTICLE 

With 9072kg (20 000 lbm) test ~rticle XCG 
in raised position at catapult lCG 

With 9072kg (20 000 lbm)test article XCG 
in lowered position during test lCG 
and arrest 

With 22 680kg (50 000 lbm) test article: XCG 
in raised position at catapult - lCG 

-

With 22 680kg (50 000 lbm)test article XCG 
in lowered position during test lCG 
and arrest 

12.90m (508 in.) 
1.91m ( 75 in.) 

12.95m (510 in.) 
2.95m (116 in.) 

12.95m (510 in.) 
1.75m ( 69 in.) 

10.46m (412 in.) 
3.23m (127 in.) 

10.46m (412 in.) 
1.52m ( 60 in.) 



Table IV.- Characteristics of Candidate Carriage Structure 

Maximum g-loading during catapu1t (calculated) 

For 9072kg (20 000 lbm) test article 
For 22 680kg (50 000 lbm}test article 

Maximum g-loading during arrest (assumed) 

For 9072kg (20 000 lbm) test article 
For 22 680kg (50 000 lbm) test article 

Maximum total holddown force during catapult 

For 9072kg (20 000 lbm) test article 
For 22 680kg (50 000 lbmJtest article 

Deflection of support for 9072kg (20 000 lbm) 
test article during test 

For Fdrag = 222.4 kN (50 000 lbf) and 

Fside = 222.4 kN (50 000 lbf) 

14 gls 
10 gls 

5 gls 
4 gls 

357.6 kN (80 400 lbf) 
306.9 kN (69 000 lbf) 

Longitudinal Deflection= 
0.74 cm (.29 in.) 

Side Deflection = 2.08 cm 
(.82 in.) 



Sectional 
Number 
Used in 
SPAR 
Analysis 

10 

14 

17 

22 

26 

31 

36 

40 

43 

55 

61 

84 

Nominal 
Diameter 

cm (i n) 

5.08 (2) 

5.08 (2*) 

6.35 (2 ~) 

7.62 (3) 

8.89 (3 !2) 

10.16 (4) 

8.89 (3 ~*) 

6.35 (2 ~**) 

12.70 (5) 

15.24 (6) 

12.70 (5) 

15.24 (6*) 

* Extra Strong 

** Double-Extra Strong 

Table V.- Tubes Used for Carriage Structure Design 

Outside 
Diameter 

em (in) 

6.033 (2.375) 

6.033 (2.375) 

7.303 (2.875) 

8.890 (3.500) 

10.160 (4.000) 

11.430 (4.500) 

10.160 (4.000) 

7.303 (2.875) 

14. 130 (5. 563 ) 

16.828 (6.625) 

14.130 (5.563) 

16.828 (6.625) 

Inside 
Diameter 

em (in) 

5.250 (2.067) 

4.925 (1. 939) 

6.271 (2.469) 

7.793 (3.068) 

9.012 (3.548) 

10.226{4.026) 

8.545 (3.364) 

4.498 (1.771) 

12.819{5.047) 

15.405{6.065) 

12.225{4.813) 

14.633{5.761) 

Area 
em2 (in2) 

Total Length Total 
Inertia Used in Carriage Mass 

cm4 (i n4) m (ft) kg - (l b) 

6.936 (1.075) 127.721(.666) ~62. 1 (1516) 2661 (5867) 

9.529 (1.477) 36.129(.868) 48.5 (159) 383 (845) 

10.994(1.704) 63.683(1.530) 11.6 (3£) 106 (233) 

14.374(2.228) 125.577(3.017) 179.8 (590) 2146 (4732) 

17.290(2.680) 199.292(4.788) 88. 1 (289) 1265 (2788) 

20.477(3.174) 301.060(7.233) 281.0 (922) 4779 (10535 ) 

23.729(3.678) 261.393{6.280) - -
25.987{4.028) 119.500(2.871) - -
27.742{4.300) 631.007{15.16) - -, 
36.006{5.581) 1171.275{ 28. 14 78.6 (258) 2351 (5184)' 

39.432(6.112) 860.350 (20.67 8.5 (28) 279 (616) 

54.226{8.405) 1685.321 {40.49 42.7 (140 ) 1921 (4236 ) 

15892 (35036) 
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F1gure 3.- Actual and calculated carrlage acceleratlon tlme h1storles used 1n the development 
of equatlons to descr1hp the eX1st1ng catapult stroke. 



Jet velocity, 
m/sec 

210 

200 

190 

V. (m/sec) 
J 

Vj (ft/sec) 

= 201.80601 - 6.8662t + .32784t2 

= 662.0932 - 22.5269t + 1.0756t2 

700 
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L---------------______ ~ ____________________ _L ____________________ ~600 

a 2 
Time, sec 

Flgure 4.- Calculated water jet velocity for 2 existing air bottles 
pressurlzed to 20 MPa (2950 pSl) assuming an lnstantaneous 
valve openlng and a nozzle dlameter of 0.182 m (7.16 in.). 
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Jet veloclty. 
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Jet/bucket efficlency .6 
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Catapult distance, ft 

100 200 

Efficlency when distance 3s in meters = 
.7185~9 + 4.48337 x 10- d - 1.36344 
x 10-9d4

2 + 1.34365 x 10-6d3 - 6.35038 
x 10- d 

Efficiency when distance 1S in feet = 
.718539 + 1.36653 x 10-J d - 1.26668 
x 10-5d2 + 3.8048 x 10-8d3 - 5.481 
x 1O-11d4 

20 40 60 80 

Catapult dlstance, m 

300 400 

100 120 

Figure 5.- Estlmated efflclency for comblnatlon of wat'r 2et and turning hucket during catapult stroke. 



Jet veloclty, 
m/sec 

190 

Equatlon for jet velocity in ft/sec 

Curve 
180 -a--Vj = 689.314093 - 31.406460t + 1.887693t2 

b VJ = 689.285784 - 37.592542t + 2.553396t2 
c Vj = 689.278799 - 44.237447t + 3.329394t2 
d Vj = 688.966299 - '1.117384t + 4.251138t2 
e VJ = 688.732353 - 58.386975t + 5.309874t2 

170 

o 1 
Time, sec 

Nozzle dia. 
m (in.) 

(10) 

2 

600 

550 
3 

Jet velocity, 
ft/sec 

rlgure 6.- Calculated water jet velocity (maximum) for three (3) existing air bottles pressurized to 
22 MPa (3200 pSl) assumlng an lnstantaneous opening of the valve. 
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Flgure 7.- Carrlage acceleratlon and maximum velocity for a 122 m (400 ft) catapult stroke using three (3) 
alr bottles pressurized to 22 mPa (3200 pSl) and a carrlage frontal area of 41.8 m2 (450 ft2). 
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3.01670 x 10-3d - 6.13586 x 10-5d2 + 4.06542 x 
10-7d3 - 1.28143 x 10-9d4 

Eff1ciency when distance 1S in feet = .719229 + 
9.1949 x 10-4d - 5.7004 x 10-6d2 + 1.1512 x 
10-8d3 - 1.106 x 10-llj4 
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Catapult distance, m 
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Figure 8.- Hypothesized efficiency for combination of water jet and turning bucket during 183 m (600 ft) 
catapult stroke (Estimated efficiency curve of figure 5 stretched to 183 m (600 ft). 
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alr bottles pressurlzed to 22 mPa (3200 pSl) and a carrlage frontal area of 41.8 m2 (450 ft2). 
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Turning bucket 

• Jet at max. trajectory 

Jet at start of catapult 

Jet at 122 m (400 ft) catapult stroke 

-1.050 

1.0 m (40 in.) 

(a) Current catapult design using 2 air bottles pressurized to 20 mPa (2950 psi) 
{Nozzle diameter 0.182 m (7.16 in.)) 

Figure 12.- Theoretical position of water jet with respect to existing carriage bucket size and location. 
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.. Jet at max. trajectory. 

Jet at start of catapult 
----< ........ ---.. Jet at 122 m (400 ft) catapult stroke t------__ .l.l 

(b) Trajectory using 3 air bottles pressurized to 22 mPa (3200 psi) 
for a catapult stroke of 122 m (400 ft) 
(Nozzle diameter 0.36 m (14 in.)} 

Figure 12.- Continued. 
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(c) Trajectory using 3 air bottles pressurized to 22 mPa (3200 psi) 

for a catapult stroke of 183 m (600 ft) 

(Nozzle diameter 0.28 m (11 in.» 

Figure 12.- Concluded. 
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(a) Configuration 1. 

(b) Configuration 2. 

Figure 13.- Computer aided design of preliminary carriage structural 

configurations. 
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(c) Configuration 3. 
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(d) Configuration 4. 

Figure 13.- Conc1uded. 

• I 



Direction of ... 
motion during 

Figure 14.- Candidate carriage structural configuration. 
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Flgure 15.- Effect of material selection on carrlage structural deslgn welght. 
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(b) 183 m (600 ft) catapult stroke 

Figure 15.- Concluded. 
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