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LTA 14

Space Vehicle Hold Down and Release M echanism Design

Background

Space vehicles are expensve to launch. The rockets, which are used to lift avehicle into space, are
only able to lift acertain maximum weight. Since both the vehicle s structure and payload contribute to
the total weight, any decrease in structural weight would increase the payload weight that could be
launched. Asaresult, it isimportant to design avehicle and launch system <o that the vehicle's
sructurd weight is kept to aminimum. [t isaso important, where possible, to keep externd forceson
the vehicle to aminimum. Externd forces include the force of windsin the atmosphere and the jerking
motion encountered when the bolts, which hold the rocket in place before launch, are blown loose. I
the externd forces can be reduced, then the vehicle s structure will not need to be as strong. Thisin
turn will dlow the structural weight to be reduced. In summary, to maximize the payload weight which
istypicdly lessthan 10 percent of thetota vehicle weight at liftoff, it is necessary to minimize the
externa forces encountered during launch and flight.

Just before liftoff, the rocket engines are ignited and they build up thrust to full power in about 4.5
seconds. During the buildup, the enginesignite at different times, so the thrust is uneven. If the vehicle
were just resting on the launch pad, it would tilt and fal over while the engines were building up thrugt.
Therefore, the vehicle must be held down until al of the engines are ba anced, working properly, and up
to full power. When dl the conditions are go, the vehicleis released.

Release M echanisms

There are two generd types of release mechanisms. soft and hard. A hard release is an ingtant release
at full power. Typicdly, the hold down bolts of the restraining mechanism are secured by explosive nuts
that are blown away to rdease the vehicle. A hold down bolt with an explosve nut isreferred to asa
pyrobolt. Thereisthen asudden jerk as the vehicle acceerates off the launch pad. Thisisanaogousto
what would happen at atractor-pull contest if the cable attaching the tractor to the load suddenly broke.
If the cable broke, the tractor would lurch ahead and the driver would be dammed against the back of
the seet. Much more forceisinvolved in launching a space vehicle. This sudden accderdtion, or jerk, is
hard on both payload and passengers. In order to mitigate the jerk, a controlled (soft) release
mechanism, CRM, is added to the hard release structure. The diagram in Figure 1 on the next page
shows the general components of a release mechanism and their reative poditions. |f a soft release
mechanism is used in alaunch, there would be little or no jerk. Then, it is possible that the ructura
weight of the vehicle could be reduced and its payload capacity increased.
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Figurel: Controlled Release Mechanism

Jerk

In engineering applications, the concept of jerk is defined asthe rate of change of accderation. Jerk can
be calculated by dividing the change in acceeration by the corresponding changein time.

Section |
Restraining Force vs. Displacement Graphs

The generd property required of a soft or controlled release mechanism isthat it should have ahigh
initia restraining force which will gradualy decrease to asmal vaue when the rocket is completely
released. The highinitia restraining force servesto steady the rocket on the launchpad after the
pyrobolts have been exploded. Then, as the restraining force of the controlled release mechanism
(CRM) decreases, the rocket will begin to lift off the launchpad. With current requirements, the launch
vehicleis under restraint only during itsfirst few inches of liftoff and isthen released. If the vehicle were
restrained for too long, the rocket exhaust would severely burn the launchpad. Note thet after the
pyrobolts are blown away, the rocket remains attached to the launchpad by the controlled release
mechanism until the rocket is afew inches above the pad. At that point the CRM has separated, and
the vehicle is completely released from the launchpad.
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The new Evolved Expendable Launch Vehicle (EELV) isnow on NASA's drawing boards. NASA
scientigts are presently evaluating severa release mechanisms. To maximize the payload, the EELV will
use eight controlled release mechanisms (CRMs), not just a smple hard release system. Figure 2 shows
asgmplified diagram of the launch forces acting on each CRM. The divisons by 8 shown in the diagram
assume that the launch forces are distributed equally to each of the eight CRMs.

( Full Engine Thrust )/8
CRM
(VehicleWeight )/ ——— L —— CRM Restraining Force

Figure2: Launch ForceDiagram

At the moment when the pyrobolts are blown away, the CRM restraining force together with one-eghth
of the vehide weight should equd one-eighth of the upward thrust of the rocket. 1n the next few
seconds, the restraining forces of each CRM will diminish to zero, the net upward force will increase,
and the vehicle will ascend.

Exercise

1) Sketch apossible graph which represents the restraining force, F, as afunction of the displacement,
d, that the launch vehicleis above the launchpad. Assume d = 0 when the pyrobolts are blown
away. Refer to the properties and requirements of a CRM specified in this Section. Remember to
label your axes appropriately. Y our ingtructor may ask you to work on thisexercisein groups. If
S0, compare your sketch with the sketches of severd other groups. Critique the sketches of the
other groups. Do you think the graphs of the other groups reasonably satisfy the conditions for a
soft release mechanism? Why or why not? Explain.
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Section |1
Characteristics of a Restraining For ce vs. Displacement Graph

The graphs of the force versus displacement functions in Figure 3 below represent the same three forces
that are shown on the previous page in Figure 2. These graphs pertain to any one of the eight CRMs
and assume that the forces are equdly distributed to each CRM. Notice that at O displacement, one-
eighth of the vehicle sweight added to the restraining force equals one-eighth of the full thrust. The
graph of the Restraining Force vs. Displacement function istypical of agood soft release mechanism.

{Full Thrust)~8

O O = o0 m

{Full Thrust — Uehicle Weight)~8

Restraining Force

Displacement

Figure3: Launch Forceson Vehicleat Each Hold Down Paint
Important characteristics of a good CRM restraining for ce vs. displacement graph:

Flat or nearly flat at theinitial and final displacements: Thisis sgnificant because there will
be little or no change in acceleration at these displacements. So, when the pyrobolts are blown
away and the vehicle findly lifts clear, there will be asmooth trangtion. In generd, sharp dropsin
the force curve are undesirable since these cause sudden jerks of the launch vehicle.

Decreasing restraining force: According to Newton's Third Law, F = ma, the acceleration of
the launch vehicle is directly proportiona to the difference between the thrust of the rockets and the
sum of the vehicle s weight and the combined restraining forces of the release mechanisms. The
objective of the soft release mechanismsis to provide a smooth, yet swift, liftoff. If the force curve
were to increase with displacement, then the acceleration of the vehicle would be impeded, dowing
the launch of the vehicle and wadting energy. Infact, if the restraining force kept increasing
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indefinitely the vehicle would never leave the launch pad. Hence, the CRM restraining force should
decrease throughout the entire displacement interval.

Low restraining force at release: Upon release, if the restraining force is nonzero, there will be a
jerk.

No sharp corners: Sharp cornersin the restraining force curve would aso cause jerk.

Energy absorption: Another generd property of the restraining force vs. displacement curveis
that the area between the curve and the horizonta (digplacement) axis represents the energy
absorbed by the soft release mechanism during the launch. If too little energy is absorbed, the area
under the force vs. displacement curve would be rdatively smal. If thiswere the case, the
restraining force would diminish too rgpidly and the vehicle would experience ajerk during launch.
That is, if the energy absorbed by the restraining mechaniam is insgnificant compared to the energy
generated by the thrug, it will not smooth out the maotion very much.

On the other hand, the CRM must be designed so that it does not absorb too much energy. The
CRM mugt absorb only enough energy to perform its function of smoothing out the motion. Any
energy absorbed above this minimum requirement would take away energy needed to launch the
payload. Also, any excess energy absorbed by the CRM would keep the rockets near the
launchpad for alonger period of time, aresult that could serioudy damage the launch platform. In
order to balance the need to keep jerk to aminimum againg the need to get off the launchpad in a
short time, NASA scientists require that the maximum displacement be gpproximately seven (7)
inches when the vehicle is fully released.

Note: With respect to the following exer cises, assume that an acceptable range for CRM
ener gy absorption is 125,000 in-Ib to 250,000 in-Ib.

Exercises (2 - 6)

Each of the following graphs for Mechanisms A through E represents either ared or a hypothetica
controlled release mechanism (CRM).

a) Lig the characterigtics for agood restraining force curve, as described in this Section, that each
mechanism exhibits and the characteridticsiit lacks,

b) For each graph, shade in the region between the curve and the horizonta axis. The area of this
region represents the total energy absorbed by the mechanism before rlease. Approximate the
energy absorbed for each mechanism. To do so, you will need to gpproximate the region with one
or more nornoverlapping geometric objects such as rectangles, triangles, or trgpezoids. Show
clearly on the graph how you have subdivided the region and estimated its area.

In al of the following graphs assume atota, constant launch vehicle thrust that is 400,000 lbs more

than the vehicle sweight.
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Note: Each graph represents the behavior of a particular CRM mechanism. Recdll that there are eight
(8) CRMs per launch vehicle.
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Mechanism C
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Mechanism E
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7) Rank the three best mechanisms, and jugtify your sdlection by referring to the list of characterigtics
for agood CRM.

8) Rank the mechanisms by energy absorbed.

9) Which mechanism would you choose as the best mechanism, and why?

Section |11
Controlled Release Mechanismsfor the Evolved Expendable Launch Vehicle (EELV)

The generd requirements for any Controlled Release Mechanism designed for the EELV are:
13.5 kip (kilopounds) load capacity
7 inch stroke (maximum displacement at release)
Tenson in the mechanism should decrease as the displacement increases.
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Asyour read about the following CRM mechanisms, try to imagine their restraining force vs.
displacement graphs.

To mest the generd requirement that the tension due to the CRM decreases as the displacement
increases, two of the following mechanisms need to be pre-loaded before they areingtdled. Pre-
loading (pre-stressing) a mechanism involves stretching it a certain amount beforeit is placed in
sarvice. Once the mechanism is stretched, it does not shrink back to its origina length. Materids that
can be continuoudy deformed into other shapes are said to have plagticity. To understand why a
CRM may need to be pre-loaded, refer to the graph for Mechanism Cin Section 1. One of the
disadvantages of this force vs. digplacement curveis that the force increases for the first part of the
curve. If we could start the curve & its maximum, then the remainder of the curve would be a
reasonable force/displacement profile for aCRM. Asyou can tell from its graph, if Mechanism C were
stretched by gpproximately 3.5 inches before attachment to the EELV, the force/displacement curve
would then decrease for the remainder of the graph and become a vaid force/displacement profile.
Pre-loading is commonly used in engineering gpplications,

CRM Descriptions

The following drawings are not to scae. In each case, the flight Sde of the mechanism is attached to the
rocket, and the ground side is attached to the launchpad and remains on the ground.

Mandrel Mechanism

Description:

The flight Sde is atapered 300 Series stainless sed tube. The ground

Sdeisahardened sted shaft with a hemispherical end. At liftoff the tube @
is pulled over the shaft. The tube then becomes pladtically deformed.
The wall thickness of the tube can be designed to “tune’ the Force- - - Flight
Displacement diagram. Narrower walls provide less restraint, thicker 4« gge
walls provide more restraint. The taper (decreasing wall thickness) of the E j (Tube)
sted tube creates arestraining force that decreases with displacement

(shaft movement).

Advantages.
- Can be modeled with relative accuracy
- Tolerant of machining errors
Moderate manufacturing difficulty
Predictable stroke length
Tunable Force-Displacement curve means that the jerk can be made
smal upon release and alows the curve to be smooth during all

phases of the liftoff. In particular, the curve can be made rlaively N N

flat just before release. < Ground
Sde
(Shaft)

NASA - AMATYC - NSF
14.12



Disadvantages.
Expengveto build

Extengve testing required
Pre-loading is required
TensileBar Mechanism

Description:

This mechanism conssts of asingle 300 Series stainless sed bar

with a necked-down centrdl section. Thereisasmal groove near the

flight connection. At liftoff, the bar Stretches like salt water taffy. That is, once
the initia stretching has begun, the rod stretches more essily as it getslonger. L
When the rod has stretched 50% more than its original length, it will reach the

falure point and break. However, the high plasticity of 300 series sted adlows
the rod to stretch at least seven (7) inches before it bresks. This mechanism is
designed to breek at the groove when the launch vehicle has stretched the bolt
to itsfailure point, thus releasing the vehicle

Advantages.
Very easy to machine
No moving parts
Inexpensve
Very accurate force values
Easy to modd/predict force results

Di sadvawtgg&:
Stroke length is not accurate Since the point of failure is uncertain

Force/displacement profileis not optima since the shape of the profile for

danless ged isfixed due to the materia’s properties and

may not alow for aflat or nearly flat curve just before release.
Force/displacement profileis aso not optimal since the bresking point

of the bolt may occur at alarge non-zero force for the stroke lengths considered.
Deviceislonger than other concepts (about 15" vs. 9")

Pre-loading is required

Friction Rod and Washers M echanism
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Description:

Theflight Sdeisasraight, hardened sted shaft. The ground

Sde conssts of astack of flat circular washers and a washer
retaining tube. The washers are shrink-fitted to the shaft. At liftoff
the shaft is pulled through the washers. Asthe shaft clears each
level of washers, the restraining force decreases.

Advantages.
Repeatable use

No pre-loading required
Smpleinterna machining (sraight hole)
Tolerant of vertical motion

Disadvantages.

- High machining tolerance required

- Expensve
Force will be difficult to predict accurately
Requires extensve testing

Exercises (10-12)

Flight
Sde
Zz /§§
- :
=
Zz =
// //
Zm —
Z =z
// -
zZ 2
e Z
// /
Z= Z
> = =z
Z: 22
Z 7
Ground
Side

Match each graph with one of the CRMs described in this Section. Explain each of your choices. In
your explanations, quote a sentence or phrase from the mechanism descriptions that support your
choice. Assume the graphsin Exercises 10-12 represent CRMs that have not been pre-loaded.

For each mechanism that requires pre-loading, sketch aforce vs. digplacement graph for the mechanism

after it has been pre-loaded.

Graph1
10)

Restraining Force

Displacement

a) Mechanism
b) Explanation:

¢) Forcevs. displacement graph after preloading (if preloading applies):
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11)
Graph 2

Restraining Force

Displacement

a) Mechanism:
b) Explandion:
¢) Forcevs. digplacement graph after preloading (if preloading applies):

12) Graph 3

Restraining Force

Displacement

a) Mechanism:
b) Explanation:
c) Forcevs. digplacement graph after preloading (if preloading applies):
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Section 1V

Data Analysis and Curve Fitting

NASA engineers are respongble for desgning a CRM which will satisfy the requirements of the EELV.
To determine how the CRM will perform, a CRM is congtructed and then tested in amateriads
laboratory. Data on its force/displacement profile are collected. A polynomid curveisfit to the datato
create amodd of the CRM’ s behavior during launch.

Exercises

The following table contains data representing the force/displacement profile of aCRM. Usea
polynomid fit (of degree 4 or greater) to model this data and answer the questions below.

Displacement (in) 0 0.5 1 1.5 2 2.5 3
Restraining Force 50,001 48,766 45,243 39,927| 33517 26,764 20,329
(Ibs)

35 4 4.5 5 5.5 6 6.5 7
14,688 10,095 6,600 4,104 2,428 1,366 731 372

13) Determine your polynomia modd.

14) If launch occurs when the CRM has been displaced 6.83 in, what is the restraining force at release?

15) If the CRM releases the launch vehicle when the restraining force is 1,044 lbs, what isthe
displacement of the CRM?

16) For the Tensile Bar CRM, the failure should occur at 50% eongation. If the tensile bar is 14" long,
at what displacement will it bresk? Sometimes the bar does not bresk exactly at the 50% mark.
What would be the restraining force if the bar broke at 47% € ongation?

NASA - AMATYC - NSF
14.16



17) What would be the restraining force if the bar broke at 53% dongation? What are some limitations
of your polynomia modd?
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