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ABSTRACT

The puq)ose of this experiment was to investigate the interaction between the

combustion gases of laboratory scale (2.0 inch diameter) solid rocket motors and the

rocket motor dynamics. Under normal conditions, this interaction leads to a decrease of a

vehicle's lateral angular velocity. This is known as jet damping. But in larger, spin

stabilized solid rocket motors, such as the STAR 48 family of motors, the lateral

oscillations grow during the motor bum. This phenomenon is known as "coning" or

"nutation" of the spacecraft. An experimental apparatus was designed and built to

measure the magnitude and direction of the side force generated in small rocket motors.

This test stand spins the rocket motor about two axes. One electric motor spins the rocket

motor about its longitudinal axis, which simulates the spin of spin stabilized vehicles.

The other electric motor spins the rocket about a transverse axis. Strain gages mounted

on flexures measure the side force produced by the rocket motor during the motor bum.

Both aluminized and nonaluminized rocket motors are utilized to investigate the effects

of the accumulation of aluminum oxide slag in the combustion chamber. To date only

one rocket motor has been fired, resulting in some damage to the hardware as a result of

an 0-ring failure. Testing is expected to continue when new parts are made. This test

stand promises to provide useful results in the investigation of jet damping and jet driving

phenomenon.
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1. INTRODUCTION

From the earliest days of modem rocketry it has been known that the flow of

combustion gases through the motor chamber and nozzle has a significant effect on the

lateral dynamics of the vehicle. This interaction between the gases and the vehicle

motion is known as jet damping or thrust damping. It is considered a damping effect

because under normal conditions it leads to a decay of any wobbling of the vehicle axis

of symmetry from the flight path.

Since it is usually important to accurately know the forces and moments a vehicle

is subject to, there is a need to fully understand the interaction between the operation of

the rocket motor and the vehicle dynamics. In a rocket operating in the atmosphere,

aerodynamic moments are usually more important than jet damping moments; but in a

vacuum, jet damping becomes an important torque acting on the vehicle.

In order to predict the magnitude of the jet damping torque, an acceptable

analytical model must be acquired that can be applied to various vehicle configurations.

Unfortunately, the classical jet damping models are oversimplified and can only be

applied to specific motor sizes and shapes. There has been some work in recent years to

numerically model the motor internal flow and vehicle interaction, but there has been

virtually no experimental research to help verify these models. The purpose of this

research is to better understand the interaction between the internal gas flow in the rocket

motor and the vehicle dynamics through experimental means.

Classical jet damping theory is less applicable when the size of the rocket motor

increases. In fact, the damping effect may become a driving one. Instead of reducing

lateral oscillations, the moment generated by the motor about the vehicle center of mass

causes the wobbling to grow. This wobbling instability has been commonly referred to as



"coning" or "nutation" of the spacecraft. Coning can be visualized by looking at the

flight of a football. A wobbling football exhibits a large coning motion, whereas a tight

spiral has little coning motion. This phenomenon has appeared in the PAM-D series of

spin stabilized upper stage vehicles and has been linked to the operation of the solid

rocket motor.

PAM is the acronym for the McDonnell Douglas Payload Assist Module. This

module consists of a solid propellant rocket motor, the structure needed to attach a

payload and a spin table/separation module. PAM-D upper stage vehicles are used to

carry a variety of communication satellites to geosynchronous orbit. They utilize a solid

propellant rocket motor of the STAR 48 family manufactured by Thiokol Corporation,

Elkton Division, although both smaller and larger motors may be used. These vehicles

are spun at between 40 and 80 rpm. Spin stabilization eliminates the need for a gimballed

nozzle for trajectory control and minimizes the effects of thrust misalignment or principal

axis misalignment. The spacecraft are rotated on a spin table to the desired rpm and are

then ejected from the carrier stage, such as the Space Shuttle, by a set of springs. When it

is separated from the spin table there is some slight wobble of the vehicle, this is called

the tip-off wobble.

The nutation instability was not evident when smaller STAR 37 motors were

used. As payload mass increased, the size of the motor increased to the STAR 48 family

of motors. Spin stabilized vehicles using the STAR 48 or the larger STAR 63 motors

experienced the coning instability. Figures and specifications on these motors can be

found in Appendix A. This data was taken from the Thiokol Space Motor Catalog [1].

Since all the spacecraft configurations were essentially the same, this suggests that the

size of the motor has something to do with the instability. There is considerable evidence

that this nutation phenomenon appears only in spin stabilized vehicles since there has



been numerous flights of large solid propelled vehicles that are three-axis attitude

controlled in which no wobbling tendencies have been observed during motor operation.

The unexpected wobbling instability in the STAR 48 and larger STAR 63 motors

appears during the final half of the motor bum with a growth rate that increases rapidly

during the final few seconds of the motor operation. The motion can be described as a

growing oscillation of the pitch and yaw angular rates as shown in Figure 1 from

reference [2]. During the first part of the motor bum, initial tip-off wobble is reduced as

expected according to classical jet damping analysis, but then something unexpected

happens and the wobble begins to increase rapidly until the motor bums out, at which

time the growth either ceases or abmptly decreases. Figure 2 adapted from reference [2]

shows the development of the coning instability. The final cone angle, 6, has averaged

about 10 degrees and has reached values as high as 17 degrees. It has been the common

approach of designers to use a strap-on attitude control system to counteract the

disturbing torques that cause the coning to grow. This approach is costly and it reduces

the available payload of the spacecraft.

The exact source of this instability has yet to be uncovered, but most researchers

seem to agree that the underlying physical mechanism is either a slag sloshing effect or a

gas dynamic effect. These two mechanisms are what remain from an original list of

about 20 potential sources of the instability. The slag sloshing model assumes that

molten aluminum oxide produced in the combustion process accumulates around the

nozzle during motor bum in a liquid pool and sloshes in response to the wobbling

spacecraft. When this pool is in resonance with the wobble it can drive the oscillation to

increase. The gas dynamic effect is a variation of the jet damping effect in which

unsymmetrical intemal pressure forces produce a torque about the vehicle center of mass

which acts to amplify rather than decrease vehicle wobble. Figure 3 taken from [3]
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Motor Burnout: Initial coning
has been enormously amplified
with a final cone angle, 0, that
may reach 20 degrees.

Midbum: Original small nutation begins
to grow larger instead of decaying as
predicted by conventional jet damping
theory

Motor Start: Spinning vehicle has
small initial tipoff wobble

Figure 2. Development of the Coning Instability of a PAM-D Vehicle
Adapted from Flandro, et al. [2]
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Figure 3. Differences Between the Two Basic Nutation Mechanisms,
Taken from Flandro [3]



illustrates the difference between these two mechanisms. There is much debate over

which model is correct, or whether it may be a combination of the two.

SCOPE OF CURRENT RESEARCH

Since this coning instability can seriously jeopardize a spacecraft's mission, and

since there is still no acceptable explanation for its cause, there is a need for more

research on the interaction between the motor internal flow and the vehicle dynamics. A

test stand has been constructed to measure the side forces generated in small, spinning

solid propellant rocket motors. This data should be useful in predicting the forces

generated in full size motors and help to uncover the underlying physical mechanism of

the nutation phenomenon.

The test stand constructed at The University of Tennessee Space Institute spins

the solid rocket motors about two axes. One electric motor spins the rocket motor about

the longitudinal axis, which reproduces the spin of spin stabilized spacecraft. The other

electric motor, which is mounted to the floor, spins the rocket motor about a transverse

axis. Strain gages are mounted on flexures to measure both thrust and the side forces

generated by the solid rocket motor. This apparatus can be seen in Figure 4. Details of

the test stand will be described fully later in the report.

The solid rocket motors used in this investigation are cylindrical propellant grains

cast from actual STAR 48 propellant mixes. The grains are two inches in outside

diameter, have a web thickness of 0.5 inches and have a bum time of about two seconds.

Three different grain lengths (2.5, 3.0 and 3.5 inches) are used to examine the effects of

the chamber length to diameter ratio. The STAR 48 propellant contains aluminum, which

when burned produces aluminum oxide slag. The accumulation of this slag around the
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submerged nozzle will be carefully examined to give insight into whether slag sloshing is

the source of the nutation instability. Nonaluminized propellant grains have also been

acquired to compare with the aluminized propellant motors. This comparison will be

valuable in uncovering the instability source.

RELATED PREVIOUS WORK

Little previous work has been done experimentally in the area of jet damping or in

the investigation of the PAM-D coning anomaly. Until the stability problems with the

PAM-D vehicles surfaced, analytical models worked sufficiently well that experimental

studies were not needed. When the coning phenomenon could not be explained, various

groups performed studies to try and uncover what is happening.

Flandro et al. [2,4] has done extensive research on the internal fluid dynamics of a

spinning, nutating rocket motor. He proposes that wobbling induces an unsymmetrical

traveling vorticity wave that drastically alters the internal pressure distribution and

causes a destabilizing effect when the waves are in resonance with the vehicle precession

frequency. This theory is known as the "jet gain" model. This is one of two current

theories mentioned earlier. Flandro et al. [2] has verified the traveling wave motion using

cold flow simulations. The angular velocity environment in a spinning, nutating chamber

was reproduced in a laboratory and the resulting wave motion in the chamber was

observed. The traveling vorticity waves agree closely with the pattern predicted by

analytical results.

Roach et al. [5] developed a full three-dimensional compressible Navier-Stokes

numerical algorithm for study of the induced wave motions. So far only axisymmetric

flows have been computed, but they indicate that they plan on computing the spinning



case with nutation. Although their work represents the preliminary efforts to numerically

model the three-dimensional flow, it verified many of the physical features of the jet gain

mechanism displayed in the theory.

Flandro et al. [2] also developed a way to measure the nutation interactions using

laboratory scale spinning rocket motors. This method is based on the Froude pendulum

concept as shown in Figure 5. The rocket motor and an electric spin motor are suspended

as a physical pendulum in a double gimbal arrangement free to swing in any direction.

This device is used to simulate the angular velocity environment of a spinning, nutating

vehicle. The pendulum motion is recorded and any interaction torques can be deduced

from this motion. The nutation torques in such a system are very small, making them

difficult to measure accurately. The results from these tests were inconclusive but

demonstrated a new technique for practical study of nutation characteristics of a spinning

rocket motor. This test stand was modified for the tests conducted in the present

research.

Other investigators such as Misterek, Murdock and Koshigoe from The Aerospace

Corporation [6] have done numerical studies to calculate the moment induced by gas

dynamic flow through a spinning, coning vehicle. Rather than numerically solving the

full three-dimensional flow equations, they solved two sets of two-dimensional

equations. They first looked at inviscid, single-phase flow for different grain

configurations at different times during the motor bum. Their study predicted a

stabilizing moment for all times during the motor bum, but the moment produced is only

40-80% of the value that is predicted using classical jet damping theory. They then

looked at the effects of viscosity and two-phase flow and again only a stabilizing moment

was predicted. They conclude that gas dynamic flow is not the cause of the nutation

instability experienced by PAM-D vehicles.
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Mingori and Yam [7] have investigated the slag sloshing theory. This theory

assumes that molten aluminum oxide collects in a pool within the motor chamber and

sloshes in response to the wobbling spacecraft. When this pool moves in resonance with

the vehicle, a torque is produced because of the mass offset relative to the thrust line.

This suggests that the torque should be dependent on vehicle acceleration, but the flight

data does not support this relationship. The Mingori model is based on a mass-pendulum

model that simulates a spinning slag puddle. This simple model is unsatisfactory in

describing the PAM coning because it introduces unknown parameters that cannot be

determined from flight data.

The Aerospace Corporation looked at some modified Mingori models in their

analysis of the potential coning problem of the Ulysses spacecraft [8]. They had limited

success in reproducing the instability using the modified models. This report also

summarized the efforts of others in their study of slag motion in laboratory experiments.

McDonnell Douglas found that no instability occurs in a coning, PAM shaped chamber

unless very large amounts of liquid are used. Hughes also looked at the fluid motion in a

spinning bowl but found no instability. Applied Dynamics Laboratories (ADL) did some

free-flight experiments with fluid in a motor chamber, but their results were inconclusive.

The Aerospace Corporation also indicated they planned on doing some more ambitious

experiments on the slag-sloshing theory. As an aside, the Ulysses spacecraft was

launched on October 6, 1990 and the nutation control system was able to handle any

coning instability.

Kang and Cochran [9] also investigated the slag sloshing theory. Their model

consists of a two-body system having a rigid main body, which is the spacecraft, and a

spherical pendulum, representing the slag pool. Their simplified equations of motion for

the system reveal that the sloshing of the slag is influenced by the main body motion and

that the motion of the slag pool affects the motion of the main body. They obtained

12



approximate near-resonance solutions for the equations of motion and determined that

under certain conditions an internal near resonance between the rigid body and the

pendulum frequencies may exist.

Or [10] modeled the nutational stability of a spacecraft as a rotor-pendulum

system. He does not discredit either the gas dynamic or slag sloshing mechanisms. Both

mechanisms are similar in that they address a type of resonance interaction and they both

can be crudely thought of a point mass attached to the spacecraft that simulates an

asymmetric motion of the bulk fluid. Or attempts to reproduce the PAM coning anomaly

using a three-degree-of-freedom rotor-pendulum model. He shows that the simple

mechanical model is capable of matching telemetric angular rates satisfactorily by

adjusting a small number of parameters and concludes that the theory of resonance

interaction is the cause for the PAM coning instability.

Flandro et al. [2] also developed a set of scaling laws for the jet gain model.

These scaling laws are needed to properly account for the effects of size and dynamical

factors so that estimates can be made of the expected coning in new spacecraft

configurations. These scaling laws also are useful in developing experiments using

laboratory scale rocket motors. One of the features of the coning phenomenon is that the

driving torque is linearly proportional to the wobbling angular velocity. This factor of

proportionality is called Rgain. Rgain is required to size the attitude control systems that

counter the coning growth. Flandro identified the scaling variables that are needed to

determine Rgain:

rii Motor Mass Flow Rate

R  Combustion Chamber Radius

Q. Axial Spin Rate

0) Nutation Angular Velocity (1)

Ljg Location of Center of Mass Relative to Motor

13



Vb Gas Speed at the Burning Surface

p. Average Density of Combustion Gas

Since the size of the rocket motor appears to be a factor in the instability, the amount of

time a gas particle spends in the motor may be of interest. This time can be expressed as

'• = V ®
*b

If this residence time is made dimensionless by dividing by a characteristic time such as

one gets

-iF-f

This quantity is the inverse of the Rossby number familiar to investigators in rotating

fluid theory [11]:

Ro = ̂  (4)
RQ

The Rossby number is a measure of the importance Coriolis forces play in modifying the

internal flow. Notice that for large chamber radius and spin rate the Rossby number is

small. This importance will be discussed later in the report.

Flandro applied dimensional analysis on the above scaling variables and found for

the disturbing moment

= Rgaino) = (rhL^^gCJct) (5)
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where C, is a coefficient that must be determined experimentally;

C. = Q
R

=8 J

(6)

This gives

Rgain = rfiL^gC^ (7)

Notice that this factor of proportionality between the disturbing moment and the nutation

angular velocity is dependent on physical parameters of the motor. This dimensional

analysis shows which parameters are of interest so that laboratory scale tests can be

dynamically similar to full size motors. Using equation 7 Flandro was able to predict

fairly accurately the value of Rgain that was exhibited by flight data.

There are several references [12-18] that have addressed classical jet damping

theory. These models are based on an exceedingly simplified treatment of the internal

gas flow of a rocket motor. Specifically, the flow is assumed to be one dimensional and

uniform and acts as a rigid body. This model works in some cases but does not apply to

large, spinning rocket motors. The next section of this report will address jet damping in

detail.

Even though there has been considerable work analytically and numerically, and

some basic experimentation has been done, there is still no conclusion as to the exact

physical mechanism that is responsible for the coning instability. Since no specific

model, either the slag or gas dynamic theory, can be isolated as the culprit, it is very

likely that the real environment inside a spinning rocket motor is a complex combination

15



of gas flow effects and slag motion. In fact, X-ray cinematography tests at the Arnold

Engineering Development Center (AEDC), where these motors are qualified, suggest that

the slag material behaves more like a gas than a liquid. When these motors are tested

they are spun on a fixed axis. Facilities do not exist to simulate the coning motion on the

ground and may never be built due to the high cost of modifying existing hardware. A

fully instrumented spacecraft may be the best source of discovering what causes the

coning anomaly. Since testing full size motors is not a viable option, testing laboratory

size motors and then scaling the results to apply to larger motors seems the best approach.
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II. JET DAMPING

Jet damping is the term that refers to the decrease of a vehicle's lateral angular

velocity as a result of gases flowing through the motor chamber and nozzle. It was

noticed during the early years of rocketry that there was an interaction between the

angular motion of the rocket and the internal gas flow. This effect was analogous to the

aerodynamic restoring forces from the external air flow over the fins on the rear of the

vehicle; the result of which is to restore the vehicle to head-on flight. Jet damping can be

thought of as an internal aerodynamic restoring force that results when the walls of the

combustion chamber change their angle with respect to the uniform gas flow. A simple

model evolved that is referred to as the "classical jet damping theory."

Classical jet damping theory assumes that the internal gas flow is uniform and

parallel to the motor axis. It is also assumed that the flow stream changes in direction

only, without being affected any other way. This is saying that the gas acts as a rigid

body. This is not a realistic treatment of the fluid mechanics since gas is a deformable

medium. When the chamber moves laterally, the gas stream is forced to move with it

and this requires that there is a net force applied to the gas. The interaction between the

gas flow and the chamber wall results in an asymmetrical pressure pattern. This pressure

distribution creates the damping moment. Figure 6 adapted from reference [2] shows this

situation graphically. Simple jet damping theory does not depend on axial spin. It is

simply the response of the system to changes in direction of the gas stream leaving the

system.

Using a body fixed coordinate system, it is useful to identify the inertial forces

acting on the gas particles. The most important of these forces is the Coriolis force. The

Coriolis force on a particle dm is.
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Direction of Rotation Jet Damping Torque
Resists Rotation

— Gas flow

Chamber wall

Uniform gas stream as
chamber begins to rotate

Chamber in rotation. Pressure

forces on wall are produced to
counteract forces acting on the
gas to alter its direction to
conform to boundary rotation.

Figure 6. Origin of the Jet Damping Torque
Adapted from Flandro, et al. [2]



Fc-ioii. = (2co X U)dm (8)

where (o is the lateral angular velocity and U is the relative velocity of the particle.

Flandro et al. [2] has shown, using the classical jet damping assumptions, that the

Coriolis force on the gas is equivalent to a nonuniform pressure distribution acting on the

internal surfaces of the chamber, which is always a damping effect. Figure 7 adapted

from [3] shows this situation graphically. Recall that one of the assumptions of jet

damping is that the gas particles are not allowed any relative motion. Here we have just

identified a force that acts on the gas particles, but classical jet damping theory assumes

that the gas particles are not allowed to change direction or velocity in response to this

force. This is clearly an inadequacy of the theory.

Other inertial forces, such as those caused by centripetal and axial acceleration do

not cause any net lateral forces on the system because of the symmetry of these

influences. The Coriolis force, on the other hand, is asymmetrical. Its force contributions

add instead of canceling. The Coriolis effect is the main contributor in the classical jet

damping phenomenon.

If classical jet damping theory is overly simplistic then why does it provide

reasonable estimates in certain cases, specifically for small slender rockets? If the gas

particles move quickly through the system then the deviation in the streamlines caused by

Coriolis forces is negligible, so the assumption of parallel, uniform flow is reasonable.

But for large rotating motors such as the STAR 48, the particles remain longer within the

system, giving them a better opportunity to interact with the vehicle. Recall that the

Rossby number is

19
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Figure 7. Effect of Coriolis Force Acting on Gas Volume
Adapted from Randro [3]
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Ro = -^ (9)
RQ

where is the gas speed at the burning surface, R is the combustion chamber radius and

Q is the axial spin rate. The Rossby number is a measure of the importance of Coriolis

forces in shaping the internal flow field. A small Rossby number indicates that Coriolis

effects play a strong role in modifying the internal flow field.

Notice that for small vehicles the Rossby number is large, and the assumption of

uniform flow unaffected by vehicle wobble is reasonable. But for larger motors, such as

the STAR 48 and STAR 63, the Rossby number is much smaller. Figure 8 from reference

[2] illustrates the variation of Rossby number with time for PAM D (STAR 48), D II

(STAR 63) and the smaller STAR 37 propelled vehicles. Rossby number decreases with

time because chamber radius, R, increases as propellant is consumed. The STAR 37

propelled vehicles did not exhibit the coning instability, the other two vehicles did.

Comparing flight data with Rossby number shows that coning occurs when the Rossby

number approaches unity or smaller. Since the internal gas flow speeds and spin rates are

similar among the three different sized motors in Figure 8, it is clearly the size of the

chamber that distinguishes the three.

To reiterate, the larger the motor size, the longer the residence time of the gas

particles. The longer the gas particles are in the system, the more opportunity for Coriolis

forces to modify the internal flow. The more Coriolis forces modify the flow, the

assumption of uniform, parallel flow is incorrect and jet damping theory fails. Clearly

the internal flow field of larger spin stabilized motors, such as the STAR 48, becomes

very complex and some interesting things happen that cause the coning anomaly. In

other words, the jet damping becomes a jet driving. It is interesting to note that reducing
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the spin rate, Q, increases the Rossby number and should lessen the coning instability,

but these spacecraft are still being spun at the same typical rates.

JET DAMPING EQUATIONS

The first formal mention of jet damping in the literature was in the text on the

theory of rocket flight by Rosser, Newton and Gross [12]. Their approach to model the

jet damping effect is based on a simple momentum balance of the system to estimate the

effect on lateral motion of the vehicle. This is the classical treatment of jet damping that

is used by other investigators later on [13-18]. Axial spin was not accounted for by

Rosser et al. [12] in their analysis.

The system considered by Rosser et al. [12] consists of a rocket that is rotating

about a transverse axis at an angular velocity co. The moment of inertia about this axis is

I = mk' (10)

where m is the instantaneous mass and k is the radius of gyration about the transverse

axis. Let r^ be the distance from the vehicle mass center to the nozzle exit. Assuming

uniform flow across the nozzle exit, the sideways velocity of the gas particle leaving the

system is r^o). This can be seen in Figure 9. The rate at which the gas particles are

removing angular momentum is then riu;to. The angular momentum of the rocket is

Hrocket ~ ̂rockei^ "" ^locket^ ̂
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Figure 9. Nonspinning Rocket Rotating About a Transverse Axis
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The rate of change of this angular momentum is then:

^  (12)
dt dt^ '

Adding the angular momentum rates of the rocket and the gas particles gives:

^(mk^ty) + ira;a> = Externally applied torques (13)

Assuming no external applied moments and rearranging,

^(mk^tu) = -mr^CD (14)

which states that the rate of change of system angular momentum equals the rate of flux

of lateral angular momentum. Carrying out the derivative on the left side gives:

d / , 2 \ . 2 • dk^ , 2 dm—(mk £0) = mk £0 + m£0 + ok — (15)
dt^ ^ dt dt

Since mass is lost as fuel is being burnt,

dm
^  = -m (16)
dt

The rate of change of the radius of gyration is small so we can neglect that term. Putting

this all together gives:
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mk^d) - mak^ = -na^O) (17)

Rearranging,

mk^d) = -ma)(rj^-k^) (18)

The term on the right is the classical definition of the apparent jet damping moment,

Mj = -mG)(r^^-k^) (19)

Rosser et al. [12] were concerned about their assumptions in their analysis. They

questioned whether or not the sideways velocity of the gas at the nozzle exit is t^co or if a

better estimate is r,to, where r^ is the distance from the vehicle center of mass to the

nozzle throat. After the throat the gas stream is supersonic and probably does not acquire

any additional lateral motion.

Thomson [14] developed the jet damping equation the same way as Rosser et al.

[12] for a nonspinning rocket and then he integrated the equation to get.

CO

CO.

m
(20)

where a)„ and m„ are the initial angular velocity and mass. When r^/k is greater than

unity, which is usually the case for typical slender vehicles, CO decreases and the action of

the jet is that of a damper. Thomson then addressed the case of a spinning rocket with a

cluster of nozzles. For the case of a spinning rocket rotating about a transverse axis with

26



a single nozzle, the jet damping equation about the transverse axis is the same as for the

nonspinning case. This means that according to the classical treatment of jet damping,

spin has no effect on the internal flow.

Kolk [15] also addressed jet damping in his text on flight dynamics. He too took

the angular momentum approach to describe the jet damping effect and gives a

description of the process that is easy to understand:

"Consider a rocket that is only yawing. As the propellant bums it is

shoved toward the exit. This gives an increase in yaw inertia and, since angular

momentum is conserved, the yaw rate must decrease. The analogy is to be found

in a spinning figure skater. Drawing the arms inward decreases the inertia and

increases the spin rate, while extending the arms has the opposite effect.

Whenever the propellant in a rocket bums at a location closer to the center of

gravity than the exhaust exit, the thmst damping will be positive. On the other

hand, whenever it burns at a location more remote from the center of gravity

than the exit the thrust damping will be negative."

Rott and Pottsepp [16] analyzed jet damping from the fluid dynamic viewpoint

and showed that jet damping is a result of Coriolis forces. For a rocket with a liquid fuel

system they give an equation for the jet damping moment as,

=-C02rh(xe-x^) (21)

where co^ is the angular velocity about the z-axis, lii is the mass flow rate, x^ is the

distance from the vehicle center of mass to the nozzle exit and x, is the distance to the

liquid-free surface in the tank. They also consider the case of a solid fuel rocket engine.

The equation for the jet damping moment for a solid propellant rocket is.
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= -co^m Xe-^(xS+XnXo + Xo) (22)

where is the coordinate of the nozzle entrance. As with other investigators, Rott and

Pottsepp make some simplifications; namely that the fluid flow is inviscid, no angular

acceleration, that the flow field is parallel to the longitudinal axis and the vehicle is not

spinning about the longitudinal axis.

Misterek, Murdock and Koshigoe [6] compared their numerical results with the

jet damping value obtained from one-dimensional flow theory. The equation they used

for the jet damping moment is,

My=-C0ym(z^-Z?) (23)

where 0)y is the transverse angular velocity, rh is the total mass flow rate, Z2 is the

nozzle exit coordinate and Zj is the propellant location relative to the center of mass.

Since the propellant surface is curved (PAM motor), they used the smallest and largest

possible values for the propellant location, Zj, to bound the jet damping moment. As

mentioned before, their numerical results predict a moment that is only 40-80% of the

moment given by equation 23.

Flandro et al. [4] gives an equation for the jet damping moment for a cylindrical

combustion chamber.

-f)Ln+2b)M,=-m(0|L,j-^|(L„+2b) (24)
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where ih is mass flow rate, (O is the angular velocity, L^g is the position of the nozzle

exit with respect to the spacecraft center of mass, is the length of the nozzle and 2b is

the length of the combustion chamber. This equation assumes that mass flow rate

increases linearly along the combustion chamber and that combustion occurs at both the

sidewalls and the forward wall of the cylindrical chamber.

One can see that each investigator has come up with their own form of the

classical jet damping equation, but they are all similar in that the moment is the product

of mass flow rate, angular velocity and a term that depends on vehicle geometry. Which

of these equations gives the best estimate for jet damping has yet to be proven.

Flandro et al. [2] also examined the classical jet damping effect from an Eulerian

fluid mechanics point of view, as opposed to the Lagrangian approach used by most

investigators. This resulted in the following equation.

Mj = - J r X (2co X u)dV = - J r x (p' n)dS (25)

where r is the position vector for the body-fixed coordinate system, co is the angular

velocity vector, u is the propellant velocity vector and p' is the time dependent pressure.

The integral on the left is the volume integral of the Coriolis forces over the gas volume

contained within the motor chamber. The integral on the right is the integrated pressure

forces acting on the internal surfaces of the chamber. The equivalence of these two

integrals says that in the case of the classical jet damping assumption of a uniform, steady

flow that always adjusts to the chamber motion without dynamic interaction forces, the

pressure balances the Coriolis forces and a damping torque results [2].

It should be reemphasized that all the estimates for the jet damping moment in

this section are based on classical jet damping assumptions. They do not address the
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actual fluid dynamics inside the combustion chamber. They are crude estimates that

apply for some rocket geometries, but are inadequate for larger, spinning motors, such as

the STAR 48.
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III. EXPERIMENTAL SETUP

The test apparatus used in this investigation is an extension of experimental work

performed by Flandro et al. [2]. Flandro developed a way to measure the nutation

interactions using laboratory scale spinning rocket motors. This method is based on the

Froude pendulum concept as shown in Figure 5. The rocket motor and a 1/4 hp electric

motor are suspended as a physical pendulum in a double gimbal arrangement free to

swing in any direction. This device is used to simulate the angular velocity environment

of a spinning, nutating vehicle. Tests were conducted with the pendulum motion

simulating a 30° cone angle at the beginning of the motor biun. The pendulum motion

was recorded by means of a mechanical linkage moving an encoding device and any

interaction torques can be determined in principle by observing the pendulum motion.

The angular velocity of the pendulum is set by the natural frequency of the pendulum

swing. This was lower than desired due to the heavy mass of the 1/4 hp electric motor

that was used to spin the rocket motor at 1725 rpm. As a result, the interaction torques

were too small to detect by means of changes in the free motion. The results from these

tests were inconclusive but demonstrated a new technique for practical study of the

characteristics of a spinning rocket motor. Most of this original hardware is used in the

present study. The main modifications are that the pendulum assembly is now mounted

horizontally on a spin table to increase the angular velocity and improvements in the data

acquisition system have been made.

The 1/4 hp electric motor, referred to as the secondary electric motor, and the

solid propellant rocket motor are mounted horizontally on a circular spin table. This spin

table sits on a 3/4 inch shaft that is driven by a 1 hp DC electric motor, referred to as the

primary electric motor, attached to the concrete floor. The shaft passes through a pilot
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bearing at the top of the tripod structure. The tripod legs are also attached to the floor to

keep the structure from moving. Strain gages are mounted on flexures on the spin table

assembly. These strain gages measure both the sideforce generated by the rocket motor

and thrust of the rocket. Power for the 1/4 hp electric motor, the igniter and signals to

and from the strain gages pass through a 14 channel slip ring assembly on the 3/4" shaft.

The 1/4 hp electric motor spins the rocket motor about its axis of symmetry at a constant

1725 rpm. The 1 hp electric motor that spins the table is controllable and is capable of

turning the table from 140 rpm up to its maximum speed of 1725 rpm. This arrangement

creates an angular velocity environment that is of interest in investigating jet damping

phenomenon. It spins the solid propellant rocket motor about its longitudinal axis,

simulating the spin of spin stabilized vehicles, and it also spins the rocket motor about a

transverse axis. These angular velocities and body fixed coordinate system are shown in

Figure 10. Details of the test apparatus components will be given in subsequent sections.

The experiments were conducted in a test bay in The University of Tennessee

Space Institute's propulsion laboratory. A schematic layout of the test facility is shown in

Figure 11. The test stand is located in the test bay while the data acquisition hardware

and TV monitor are located on the other side of a reinforced concrete wall. There are

ports in this wall to run cables through. One wall of the test cell has a large retractable

door that is opened during the tests. A video camera is placed outside looking into the

test bay so that the testing can be monitored in the control room.

DESIGN REQUIREMENTS

The design requirements for the test stand is to be able to spin the solid rocket

motor about at least two axes and be able to accurately measure the moment generated by

the solid rocket motor, whether it is in the damping direction (moment opposes angular
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velocity about the transverse axis) or in the driving direction (moment is in the same

direction as angular velocity). Since jet damping and jet driving moments are related

phenomenon, both are proportional to the transverse angular velocity and have similar

magnitude, the test stand is designed to be capable of measuring either moment. The jet

damping moment is known to exist in rockets rotating about a transverse axis, whether it

is spinning or not. By being able to spin the rocket motor about its longitudinal axis, it is

hoped that the jet driving mechanism will be activated and can accurately be measured.

Since little experimental study has been done on either jet damping or jet driving, any

results from the tests should be useful.

One of the problems was deciding on the best way of modifying the existing

pendulum arrangement. As it existed, the solid rocket motor could swing in any direction

on its gimbals. One idea was to fix one of the gimbals so that the pendulum could only

swing in a plane, thus simplifying the movement. But the pendulum swing frequency

was still too low to generate any appreciable moments from the rocket motor. Driving

the pendulum motion with an electric motor was also considered but presented some

more problems. The angular velocity vector of the pendulum changes direction every

half period of the pendulum swing. A constantly changing angular velocity environment

is not ideal for trying to isolate small forces generated by the rocket motor. Finally it

was decided to mount the pendulum arrangement horizontally on a spin table so that its

angular velocity was always in the same direction.

Once this was decided, the best way to measure the jet damping effects had to be

resolved. One idea was to spin the table up to the desired speed and then let it coast. The

rocket motor would then be fired and accelerometers would be used to determine if the

table was rotating faster or slower than if the motor was not firing. From this, the

direction and magnitude of the moment generated by the rocket motor could be

determined.
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It was decided that strain gages would be more sensitive for data acquisition. The

spin table is rotated at a constant rpm by the primary electric motor. The pendulum

assembly (1/4 hp electric motor on one end and the solid rocket motor at the other) sits on

a flat square piece of aluminum raised above the spin table. Each comer of this piece of

aluminum is attached to flexures. The other end of each flexure is then attached to the

spin table. Strain gages are affixed to two of these flexures. Once the entire structure is

brought up to speed, any side force in the rocket motor will cause relative motion of the

flexures and the strain gages will pick up this motion. Figure 12 shows this arrangement

and location of the strain gages.

Recall that Rossby number is an important parameter in investigating the jet gain

theory. It is when the Rossby number falls below unity that the nutation growth occurs in

the PAM-D vehicles. Therefore, to make laboratory scale testing dynamically similar,

the Rossby number should match the flight Rossby number. Rossby number is given by

Ro = -^ (26)
RQ

The gas speed at the burning surface, V^, for the 2 inch rocket motors is about 8 ft/sec.

The combustion chamber radius, R, begins at about 0.5 inch and ends at 1 inch. The spin

rate, 0, of the secondary electric motor is 1725 rpm. Figure 13 shows how Rossby

number varies with time during the motor bum. Notice that the Rossby number falls

below unity approximately 0.4 sec into the 2 sec bum. The only controllable variable in

equation 26 is the spin rate, Q, and this was chosen to be 1725 rpm to put the Rossby

number into the range of interest.
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SOLID PROPELLANT ROCKET MOTORS

The aluminized solid rocket motors used in this investigation are cylindrical

propellant grains cast from actual STAR 48 propellant mixes. The composition of this

mix is 71% AP, 18% A1 and 11% HTPB Binder [1]. The grains are two inches in outside

diameter, have a web thickness of 0.5 inches and have a bum time of about two seconds.

Three different grain lengths (2.5, 3.0 and 3.5 inches) are used to examine the effects of

the chamber length to diameter ratio. Eleven of these motors were obtained for the

experiments; three of the 2.5 inch motors, five of the 3.0 inch motors and three of the 3.5

inch length. The 2.5 inch motors weigh 0.38 lb before bum (propellant plus casing), the

3.0 motors weigh 0.46 lb and the 3.5 inch motors weigh 0.54 lb. These grains are

inhibited at each end so that they produce a moderately progressive pressure trace.

The rocket motors are slipped into a stainless steel cylinder. The 2.5 inch and 3.0

inch motors require spacers at the head end of this cylinder but the 3.5 inch motors do

not. Both ends of this cylinder mate to 0-rings to provide combustion chamber sealing.

The aft enclosure is equipped with a replaceable converging-diverging submerged nozzle

with a graphite nozzle entrance section. The nozzle throat size was determined to give an

average combustion chamber pressure similar to conditions in a STAR 48, about 600 psi.

These nozzles have an area ratio (exit area / throat area) of 6.3. The head end of the

combustion chamber is equipped with a spring loaded closure system. So if the pressure

becomes too great, the springs compress and the pressure is released.

Ten of the nonaluminized propellant grains were obtained, unfortunately their

outer diameter was slightly larger than the aluminized grains so they could not fit into the

metal cylinder. The nonaluminized rockets are 3.75 inches long, have an outer diameter

of 2.5 inches, have a web thickness of 0.5 inches and weigh 1.0 lb (propellant plus
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casing). New hardware to accommodate these grains was manufactured, but time did not

allow the firing of the nonaluminized propellants.

The solid rocket motors are ignited with 1 gram of BKNO3 "baggie" igniters and

an electric match. The BKNO3 powder is wrapped up in a piece of thin cellophane and

the electric match (like those used to ignite model solid rocket motors) is inserted into

one end of the baggie. This baggie is placed inside the combustion chamber with the

electric match's leads sticking out of the nozzle. A 12 V car battery provides power for

the ignition. The 12 V passes through two sets of slip rings to get to the igniter. The first

slip ring assembly is the 14 ring unit on the 3/4 inch shaft and the other assembly has four

rings and is on the shaft between the 1/4 hp secondary electric motor and the solid rocket

motor. The switch for the igniter is in the control room and is operated manually.

TEST STAND HARDWARE

This section describes the various components that make up the test stand in more

detail. The tripod legs of the test stand are made from 3/16 inch thick angle aluminum.

The bottom of each leg is attached to the comer of a triangular base also made of 3/16

inch thick angle aluminum. Each comer of the base is height adjustable for leveling

purposes. Another piece of angle aluminum is laid across each comer of the base and is

used to hold each comer down. A 3/8 inch bolt passes through each piece to an anchor

embedded in the concrete floor. The top of each tripod leg is attached to a triangular

shaped 3/8 inch thick piece of aluminum. A pilot bearing for the 3/4 inch stainless steel

shaft is pressed into the center of this piece of aluminum. The 3/4 inch shaft is also a

press fit into the bearing.

In the center of the triangular base on the floor is the primary electric motor that

spins the table. This is a 1 hp DC electric motor manufactured by MagneTek Indiana
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General, Catalog number D062. The maximum rpm of this motor is 1725 rpm. The rpm

of this motor is controlled by a K-Line DC motor controller made by Electrol Co., Inc.

located in the control room. This controller takes 230 V AC from a wall socket and

converts it to DC. The controller box has an on/off switch and a dial that reads from 0 to

100%. The percentage on the knob corresponds to the percent of maximum rpm of the

electric motor that it is controlling. Used "as is" from the manufacturer, the controller

knob had to be turned to 20% to start the table spinning, this corresponds to a table rpm

of about 140 rpm. The controller knob was increased and the table rpm was found using

a strobe light. The controller was taken up to 29% which corresponded to a table speed

of 400 rpm. Figure 14 shows the relationship between table rpm and controller setting.

The data points at a controller setting of 35% and 40% are points that lie on the curve fit

of the measured lower rpm points. Since it was necessary to stand next to the table with

the strobe light to measure the table rpm, it was decided to stop at 400 rpm for safety

reasons. If something were to break rotating at these high rpms, it could result in serious

injury.

The 1 hp electric motor is mounted vertically to some thick aluminum stock.

These pieces of aluminum are attached to a piece of angle aluminum that sits on the floor.

Two 3/8 inch bolts hold this piece of angle aluminum, and thus the electric motor, to the

floor by screwing into anchors in the concrete. The 3/8 inch motor shaft is attached to the

3/4 inch stainless steel shaft by a flexible jaw type coupling. The 3/4 inch shaft passes

through the pilot bearing, through the 14 channel slip rings and into a 4 x 4 x 1 inch thick

piece of aluminum bolted to the bottom of the circular spin table. This square piece of 1

inch thick aluminum has a 3/4 inch hole drilled through its center. The shaft fits into this

hole and butts up against the bottom of the table. Two set screws 90° apart keep the shaft

from turning inside the hole.

The 14 channel slip ring assembly is manufactured by Superior Carbon Products,
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Inc., part number SK-2536-14. It has a 2.0 inch outside diameter and is 4.06 inches in

overall length. It came with an insert to fit snugly on the 3/4 inch shaft. The rings are

made of coin silver and have silver graphite brushes (2 per ring). The unit is rated at up

to five amps and 220 volts with a 5000 rpm maximum speed. The rings are held to the

shaft by two set screws 90° apart. Parts had to be made to hold the brushes at the right

height, to line up with the rings, and at the right distance from the rings.

The spin table is 3/8 inch thick, 24 inches in diameter and is made of aluminum.

On top of this table is the 1/4 hp electric motor, the solid rocket motor assembly and the

flexure assembly. The rocket motor is spun about its axis of symmetry by a 1/4 hp

electric motor manufactured by Marathon Electric, Catalog number SI26. This motor

rotates at 1725 rpm and is not speed controllable. Power for this motor passes through

the 14 channel slip ring unit. The electric motor shaft is connected to the rocket motor

assembly by a flexible jaw type coupling. On the connecting shaft is a four channel slip

ring unit. Two of these channels are used for the 12 V power supply to the igniter. The

other two channels were used in previous experiments for measuring the combustion

chamber pressure with a Kistler transducer. There is a port at the head end of the

combustion chamber for the transducer. Pressure was not measured during the current

tests and so the port was sealed off.

The horizontal electric motor and rocket motor assembly sit on a 9 x 9 x 3/8 inch

thick piece of aluminum. This piece sits about 3/4 inch above the spin table. Two sides

of this square plate are each attached to a 9 3/4 inch long by 1/4 inch thick by 1 1/2 inch

tall piece of aluminum. The four comers of these two pieces are attached to one end of

the four flexures. The 0.05 inch thick flexures fit into 3/8 inch deep slots at each end and

are held in place by six 10-32 screws per flexure. The outside end of the flexures (outside

referring to the outer radius from the table center) are attached to another piece of 1/4

inch thick aluminum. This piece is attached to a larger block of aluminum that has two
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3/8 inch screws per comer that go into the spin table. So the only part that touches the

top of the table are the four comer blocks. The flexures are 1/8 inch above the table. The

moment caused by the side force in the rocket motor will cause the 9 x 9 x 3/8 inch piece

of aluminum to move, causing the four flexures to move. Strain gages mounted on the

flexures can pick up this movement and the magnitude and direction of the side force can

be determined. Detailed drawings of the flexure assembly can be found in Appendix B.

The flexures were sized so that they are responsive to the magnitude of the side

forces anticipated to be generated by the rocket motor, and are also strong enough to

handle the thrust of the rocket. In analyzing the amount of strain anticipated in the

flexures, they were treated as cantilever beams, one side fixed and the other side moving.

DATA ACQUISITION SYSTEM

The main components of the data acquisition system consist of strain gages, strain

gage input modules, an analog to digital (A/D) board and a Macintosh n ci computer with

data acquisition software. A video camera, VCR and TV monitor are also used. The data

acquisition system was put together specifically for the current tests but can be used for a

wide variety of experimental research.

Strain gages are mounted on two of the four flexures. The gages on one of the

flexures is used to measure the thrust of the rocket motor, and the strain gages on the

other flexure is to measure the side force produced by the rocket motor. Four strain gages

are affixed to each flexure in a full Wheatstone bridge arrangement. The benefit of a full

bridge is that it provides the maximum sensitivity and resolution (compared to 1/4 or 1/2

bridges) and it is temperature compensated. For both axial and bending strain, two of the

four gages are attached to each side of the flexure. To measure bending strain only, all

four gages are aligned in the same direction, whereas to measure axial strain, on each side
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of the flexure the two gages are perpendicular to each other. It is important to be sure

that the four gages are wired to each other properly.

All the strain gages used were purchased from the Micro-Measurements Division

of Measurements Group, Inc. The gages used to measure bending are part number CEA-

13-125UW-350. These are general purpose gages with large solder tabs for easy wiring.

They have a resistance of 350.0 ± 0.3% ohms and a gage factor of 2.15 ± 0.5%. The

gages used to measure thrust are part number CEA-13-125UT-350. These come as a 2-

element 90° "tee" rosette. One of these rosettes is on each side of the flexure. They have

a resistance of 350.0 ± 0.4% ohms and a gage factor of 2.15 ± 1.0%.

Each strain gage bridge circuit needs to have a power supply. This is

accomplished using Analog Devices Inc. 5B38-02 strain gage input module. There is one

of these modules for each full bridge. The strain gage module provides +10 V excitation

to the bridge and then accepts the output signals from the strain gages. It takes the output

signal, filters it and then amplifies it to ±5 V. Each strain gage bridge uses four channels

of the 14 channel slip ring unit; two channels for the ± excitation voltage and two

channels for the ± output signal. Specifications for the strain gage modules can be found

in Appendix C.

The strain gage modules plug into a 16 channel 5B01 backplane also by Analog

Devices Inc. This backplane can accept a wide variety of plug-in input and output

modules. Each channel has four screw terminals for connecting to the sensors. This

backplane requires an external +5 V power supply. The backplane connects to a

compatible data acquisition A/D board. Details and specifications for the 5B01

backplane can also be found in Appendix C.

The 5B01 backplane plugs into a GW Instruments, Inc. MacADIOS II 5 p.s A/D

board. The MacADIOS n card is installed in one of the Macintosh n ci's expansion slots.

This 12-bit A/D board provides 16 analog input channels, two analog output channels,
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eight digital input channels, eight digital output channels and three counter/timer

channels. For our application only two of the 16 analog input channels are used. Full

details and specifications for the MacADIOS A/D board can also be found in Appendix

C.

Although the MacADIOS II includes some basic software to view and record

data, a separate software package was used. The data acquisition software used is GW

Instrument's SuperScope. SuperScope controls the data acquisition mode, creates and

displays waveforms and essentially runs the experiment. SuperScope displays and

records the strain gage's output voltages.

STRAIN GAGE CALIBRATION

Since the data acquisition system only records the voltage output of the strain

gages, it is necessary to know the corresponding force that goes with the voltage. With

the test stand still, the strain gages give an initial "baseline" output voltage. Forces can

then be applied to the structure, such as by pushing with your hand, and after the load is

lifted the strain gages return to the baseline voltage. By applying known weights in the

proper direction (bending or axial) a curve can be constructed giving the strain gage

output voltage for the corresponding applied force.

To simulate the side forces that are caused by the rocket motor, weights were

applied to the motor in a pulley-type arrangement. This was done in both the damping

and driving directions. Figure 15 shows these directions. Figure 16 shows schematically

how the weights were applied. A round rod was fixed to the spin table so that the top of

the rod was even with the middle of the rocket motor. Fishing line was tied around the

motor, hung over the rod and weights were tied to the line. Weight was added in 0.1 lb

increments from zero to 2.1 lbs. This was done in both the damping and driving
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Figure 15. Schematic Showing Damping and Driving Directions
(Top View of the Spin Table)
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Figure 16. Calibration Set-Up for Bending Direction
(Driving Direction Shown)
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directions. Figure 17 shows the calibration curves for the bending direction. No weight

corresponds to zero voltage. Actually, zero weight has some baseline voltage associated

with it, but this was subtracted from all the voltages so that zero weight applied

corresponds to zero volts. The curves show a linear relationship between sideforce and

output voltage.

The strain gages were also calibrated in the axial direction (thrust) in a similar

manner. A pulley was fixed to a table at the same height as the rocket motor centerline.

A nylon rope was tied to the motor assembly, hung over the pulley and weights were tied

to the rope. A schematic of this arrangement can be found in Figure 18. Weight was

added from zero up to 55 lbs. This calibration curve can be found in Figure 19. The data

points are a little more scattered than in the bending direction, but are still fairly linear.

With this information it should be possible to determine the direction and

magnitude of the sideforce in the rocket motor, as well as the thrust. The shown

calibration curves were done before the first motor firing. The calibration process should

probably be done after each motor firing to get the best possible results.

TEST PROCEDURE

Running a test is a relatively straightforward process and will be described later in

this section, but first some of the problems encountered in readying the test stand for

actual firing will be discussed.

The data acquisition system was initially checked out with neither of the electric

motors running. Then the secondary motor was turned on and then the primary motor

was turned on, although very slowly at first. With no electric motors on, the strain gages

show a smooth trace on the computer screen. When the secondary electric motor is

turned on, the output becomes a sine wave-like trace. This only occurs in the bending
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channel so it is probably due to an unbalance in the spinning parts, as opposed to

electrical noise. When the primary motor is turned on and the table is spinning, the

output in the bending channel becomes even more chaotic, and becomes worse as the

table rpm is increased. In fact, when the table rpm was brought up to about 300 rpm the

legs of the test stand could be seen to shake. Obviously the table was out of balance. All

of this occurred without the rocket motor firing. If nothing was done to balance the table,

the forces that are trying to be isolated will be "drowned out" in the vibrational noise.

The table was then professionally balanced at 400 rpm. This was done with a 3.0

inch motor installed as if it were ready to fire. The table balance is very sensitive to small

changes in mass at this rpm range. This brings up the problem of the mass loss during the

rocket motor bum. Even thought the table is balanced at the beginning of the bum, it will

be getting more and more unbalanced as the motor bums. The more unbalanced it gets,

the more vibration will appear and the strain gages will pick up this unwanted movement.

One idea to alleviate this problem is to have a weight on the spin table that moves during

the bum to compensate for the mass being lost, but nothing has been done yet to address

this problem.

During the balancing process it was noticed that the secondary electric motor (the

1/4 hp horizontal motor on the spin table) was smoking and making unusual noises. The

first problem identified was that the intemal cooling fan was being pushed into the motor

windings. This was apparently due to the centrifugal forces on the motor as a result of it

being spun around on the spin table. The rotor assembly was wanting to push out of the

top of the motor. This was fixed by tightening a homemade screw device up against the

top of the motor to keep the parts from moving outward. But this was only one of the

problems. The other problem was that the motor was trying to mn on both its starter

windings and its main windings. It seems that a centrifugal switch inside the motor was

staying closed when it should be open. This too is due to the centrifugal forces on the
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motor. This problem was fixed by disconnecting the starter windings. So now to start

the motor, the power switch has to be turned on and the motor spun by hand fast enough

so that it will run off of the main windings. Looking at the nozzle exit, the assembly is

spun counterclockwise to start the motor. The motor can be spun in either direction and it

will run in that direction, but the table was balanced with this motor spinning

counterclockwise. A new electric motor was considered, but the same problems were

likely to arise. Also, a new motor would require the table to be rebalanced.

The actual test procedure will now be discussed. SuperScope can be configured

and saved so that all that is required to begin data acquisition is to click on the start

button. The user opens the appropriate channels, creates waves, indicates what waves are

to be displayed and how to save the information. There are four modes of data collection:

oscilloscope, chart, scan and scroll. Scan mode is used for the tests. In scan mode,

SuperScope can sample at a maximum rate of 14k samples/sec for one channel, and 14/n

k samples/sec for n channels. For our tests data was sampled at 100 points/sec. In scan

mode the input channels are displayed during data acquisition and an experiment is

typically collected in one trace.

Each test is carried out in two steps. The first step is to install a rocket motor

(minus the igniter) and do a "dry" run. With both motors spinning at the speeds the actual

test will be run, data is recorded, typically for six seconds (600 data points). This data

will be used to compare when the motor is actually firing.

To fire a rocket motor the procedure is as follows. Just before a rocket motor is to

be fired, the exposed propellant surface should be carefully scraped away. This surface is

aluminum oxide that forms when the propellant is exposed to air and may hinder the

propellant from igniting. A baggie igniter is then placed inside the combustion chamber

and the rocket motor assembly is put together. The igniter leads stick out of the nozzle.

Making sure that the 12 V battery is disconnected, the igniter leads are wired. The only
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other thing needed to be done inside the test bay is to manually start the secondary

electric motor. This requires two people. One person to turn on the power switch and the

other to hold on to the rocket motor assembly and give it a spin to start the electric motor.

The video camera and VCR are also turned on so that the test can be monitored in the

control room and viewed later.

In the control room the 12 V battery is connected, making sure the ignition switch

is in the off position. Now the other electric motor is turned on and brought up to the

desired speed. With the data acquisition software already set up ahead of time, the only

thing left is to start the data acquisition and hit the ignition switch to fire the rocket. The

data acquisition begins by clicking the cursor on the start button on the screen. After

making sure the data is being recorded, the rocket motor is ignited. When the ignition

switch is turned on the baggie igniter essentially vaporizes and is blown out of the nozzle.

After the rocket fires, the electric motors are turned off and the assembly is allowed to

cool. The rocket motor casing can then be removed and the accumulation of any

aluminum oxide slag can be examined.

Since both the jet damping moment and the moment that drives the coning

instability are proportional to the transverse angular velocity, it would be beneficial to

rotate the spin table as fast as possible. The faster the table is spinning, the larger the

forces are that will be measured by the strain gages. The primary electric motor has the

capability to rotate the table from 140 rpm up to around 1700 rpm. Unfortunately it is

doubtful if the test stand, as it exists, will be allowed to go faster than around 600 rpm.

Even though the table was professionally balanced, there is still enough imbalance and

structure flexibility in the system to cause vibrational problems at higher rpms. These

vibrations are picked up by the sensitive strain gages and any useful data would be lost.

The plan for the testing program is to begin at lower rpms (say 3(X) rpm) and slowly

increase the table speed with each firing.
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IV. RESULTS AND DISCUSSION

The first rocket motor firing occurred on May 19, 1993. Unfortunately, due to a

mishap, some of the hardware was damaged and could not be repaired in time to perform

more firings during the time constraints of this thesis. As soon as the hardware is

repaired, the testing program is expected to continue. The data and description of the

malfunction of the first firing will be discussed later in this section. But first some

theoretical results on the characteristics of the aluminized solid rocket motors will be

given.

THEORETICAL RESULTS

To aid in the design of the test stand and to compare to the experimental results,

some theoretical results were computed for the three different length aluminized rockets.

Motor characteristics such as mass flow rate, thrust, chamber pressure and specific

impulse were calculated. Mass flow rate is given by,

m = fbPpAb (27)

where r^ is the propellant bum rate, Pp is the propellant density and is the propellant

bum area. The burn rate is assumed to be a constant 0.24 in/sec (0.02 ft/sec). The

propellant density is 3.36 slug/ft^ and the bum area changes with time as the propellant is

consumed. Figure 20 show mass flow rate vs. time for the three motor lengths.

Also calculated is combustion chamber pressure. Chamber pressure can be found

using,
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where A,, is the bum area, A, is the throat area, pp is propellant density, r^ is bum rate,

R is the gas constant, T, is chamber temperature and y is the specific heat ratio of the

combustion gases. T. is taken to be 3460 ®R, y is 1.18 and R is 2264 ft Ibf/slug °R.

Figure 21 shows chamber pressure vs. time for the three motor lengths. Thmst is found

using,

T = mV, + (P.-P.)A. (29)

where is the nozzle exit velocity, P, is exit pressure, P, is ambient pressure and A^ is

exit area. Assuming isentropic flow relations. Figure 22 shows theoretical thmst vs. time

for the rocket motors. Specific impulse is also calculated.

I =1^ (30)
mg

where g is the acceleration of gravity at sea level. Figure 23 shows I,p vs. time for the

rocket motors.

EXPERIMENTAL RESULTS

As mentioned before, the first rocket firing on May 19, 1993, resulted in some

damage to the rocket motor assembly. The motor fired was a 3.0 inch long aluminized
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propellant motor (Number E3111-08 S/N 9). The spin table was rotating at 300 rpm and

the secondary electric motor was spinning at 1725 rpm. Approximately 1/2 second into

the motor bum, exhaust gases could be seen blowing past the head end 0-ring, becoming

increasingly worse toward the end of the motor bum. The 0-ring apparently failed as a

result of overtightening of the motor assembly. This leakage of high pressure hot exhaust

gas melted a portion of the stainless steel sleeve the rocket motor fits in, as well as the 0.5

inch spacer that sits on top of the motor and the head end piece that contains the 0-ring.

The first rocket firing can be seen in Figure 24. The damaged parts were replaced, but

could not be readied in time to fire more rockets before the thesis deadline.

There was some difficulty igniting the rocket motor. The first attempt at ignition

was using 1 gram of BKNO3 in the baggie igniter. The exposed surface of the propellant

was lightly scraped off prior to the ignition attempt. With both electric motors spinning

at the desired speed, the ignition switch was tumed on. The igniter appeared to perform

properly, but the rocket motor did not ignite. The rocket motor assembly was then

disassembled for a second attempt. This time 2 grams of BKNO3 was used in the baggie

igniter and more of the propellant surface was scraped off. This time the rocket motor

ignited but with some difficulty. There was an approximately 3 second delay between the

baggie ignition and the beginning of rocket motor ignition. The reason for this delay is

unknown and has not occurred in testing of similar rockets before.

This long time delay also reduced the amount of useful data that was collected.

SuperScope was configured to record for six seconds. The plan was to begin data

acquisition, wait a second, and then ignite the rocket, which bums about two seconds.

This leaves about three seconds of data acquisition after the anticipated end of the motor

bum. With the long delay before the motor started, the data acquisition stopped before

the rocket did.
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Results From First Rocket Firing

As previously mentioned, each rocket firing takes place in two steps. The first

step is to assemble the motor assembly as though it were going to fire (minus the igniter),

spin it at the desired speeds and record some data. This data will be used to compare with

when the rocket is actually firing. This was done for the first rocket test. Figure 25

shows three seconds of data acquisition from the strain gages that measure in the bending

direction. The spin table is rotating at 300 rpm and the secondary electric motor is at

1725 rpm. Notice how the strain gages pick up a regularly reoccurring pattern. This

sinusoidal like pattern has a large peak followed by a smaller peak followed by another

large peak and so on. The period between two of the similar sized peaks is about 0.2

seconds, which is the time it takes the table to make one revolution at 3(X) rpm. These

deflections are obviously from an unbalance in the table, or from structural flexibility.

Even though the table has been balanced as well as possible, the sensitive strain gages

pick up these movements in the flexure.

Figure 26 shows three seconds of data acquisition from the thrust channel without

the rocket firing. Notice that this data is more chaotic than in the bending channel. Also

notice that the voltage deflections for the thrust channel have a much lower magnitude

than in the bending channel. The maximum peak to peak amplitude for the voltage

values in the thrust channel is 0.117 Volts, whereas in the bending channel, the maximum

peak to peak amplitude is 0.874 Volts. This makes sense because the axial strain gages

are not sensitive to bending deflections due to imbalances.

With the 0-ring failure, any results from the rocket firing pertaining to the jet

damping or jet driving question are inconclusive. But an analysis of the data from the

first test does show the events that took place. Figure 27 shows the first three seconds of

data acquisition in the bending direction for the actual firing of the rocket motor. Notice
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that at about t = 0.4 seconds there is a large voltage jump. This is when the igniter goes

off. The baggie igniter ignites with an energetic burst and is blown out of the nozzle.

After the igniter went off, there was about a three second delay before the solid

propellant ignited. Figure 27 shows that after the initial shock of the igniter going off,

the deflections subside before the motor starts to fire. The magnitude of the deflections

after the igniter went off is of some concern. If the rocket fired immediately after the

igniter went off, as it is supposed to do, the residual effects of the igniter "explosion"

may drown out the signals due to the side forces generated by the rocket motor.

Figure 28 shows the last three seconds of the six seconds of data acquisition. At

about t = 4 seconds, the solid propellant begins to bum. At around t = 4.5 seconds, the

exhaust gases are blowing past the 0-ring, causing large side forces. These side forces

are also likely due to the increasing unbalance of the table as propellant is consumed.

Figure 29 is the thrust channel for the first three seconds of the first rocket firing.

Again the large voltage spikes at t = 0.4 seconds is the igniter going off. The rest of

Figure 29 is the delay before the rocket ignites. Figure 30 shows the last three seconds of

data recorded from the thrust strain gages. At about t = 4.4 seconds, the rocket motor is

fully ignited and maximum thmst develops as can be seen in the downward shift of the

data. The reason for the large voltage spike at about t = 4.95 seconds is unknown.

An examination of the rocket motor casing after the first run showed an

accumulation of solidified aluminum oxide (Al^Oj) around the nozzle end of the motor

casing. It was desired to take a picture of the inside of the casing showing this

accumulation, but this did not happen. Sitting over the weekend, the motor casing

mysteriously split up the sides and the aluminum oxide cracked and became very brittle.

Since it is doubtful if anyone tampered with the casing, the cracks may have formed as a

result of the temperature and humidity of the room in which it was kept. The AI2O3

deposits were then carefully removed from the inside of the motor casing and examined.

68



0
\
V
O

M ■
M "o

I—
I—

I—
I—

I—
I—

I—
I—

I—
I—

I—
1—

1—
I—

I—
r—

I—
I—

I—
I—

I—
I—

I—
I—

I—
I—

I—
I—

I—
I—

I—
I—

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
' 

I 
I 

' 
'

1.
5

0
.5

•

i
0
.5 -1

R
oc

ke
t i

s 
fir

in
g 

an
d 

ex
ha

us
t i

s 
bl

ow
in

g 
pa

st
O

-ri
ng

 c
au

sin
g 

la
rg

e 
sid

e 
de

fle
ct

io
ns

-2

I
 I 

I 
I 

I 
i 

1 
I

I
 I 

I 
I 

i 
I

»
 ' 

« 
I

3
 3.

25
 

3.
5 

3.
75

 
4 

4.
25

 
4.

5 
4.

75
 

5 
5.

25
 

5.
5 

5.
75

 
6

T
im

e 
(s

ec
)

Fi
gu

re
 28

. 
Ou

tp
ut

 V
olt

ag
e v

s. 
Ti

m
e 

fo
r L

as
t T

hr
ee

 S
ec

on
ds

 o
f D

at
a A

cq
ui

sit
io

n 
(B

en
din

g)



o

w «
>
•

>

0
.
8
5

0
.
8

0
.
7
5

0
.
7

0
.
6
5

0
.
6

0
.
5
5

0
.
5

!
—
I
—
I
—
I
—
I
—
\
—
I
—
r
—
I
—
I
—
I
—
r
—
I
—
I
—
I
—
I
—
1
—
1
—
I
—
I
—
I
—
I
—
I
—
1
—
r
~
i
—
I
—
>
—
r
n
—
i
—
i
 i

 
i 

i 
i 

i 
i 

r
I

 I 
—
l
~
-
T
—
1
 
1
—
 

1 
1 

1 
1 

1 
1

Ig
ni

te
r 
go

es
 o
ff

De
la
y 
be

fo
re

 r
oc
ke
t 
ig
ni
te
s

I
 I 

I 
I 

I 
I 

I 
I 

I 
I

I
 I 

I 
I 

I 
t 

I 
I 

I 
I 

I 
i 

I 
I 

I 
I 

t 
I 

I 
I 

I 
I 

» 
I 

I 
1 

I 
I 

I 
I 

t
I

 I
I

 t
 

I
 

I
 

I 
I 

I 
I
 

I 
I 

I 
I
 

I 
I

0
 0
.
2
5
 

0
.
5
 

0
.
7
5
 

1 
1.

25
 

1.
5 

1.
75
 

2
 

2
.
2
5
 

2
.
5
 

2
.
7
5

T
i
m
e
 (
s
e
c
)

Fi
gu
re
 29

. 
Ou
tp
ut
 V
ol

ta
ge

 v
s.
 T
im

e 
fo

r F
ir
st
 T
hr

ee
 S
ec

on
ds

 o
f 
Da

ta
 A
cq
ui
si
ti
on
 (T

hr
us

t)



w "
o
>

0
.
8
5

0
.
8

0
.
7
5

0
.
7

0
.
6
5

0
.
6

0
.
5
5

0
.
5

r—
T—
I—
I—
I—
I—
I—
I—
I—
I—
I—
I—
I—
I—
I—
I—
I—
I—
I—
I—
I—
I—
I—
I—
I—
I—
I—
I—
I—
I—
I—
I—
I—
I—
I—
I—
I—
I 

I 
I 

> 
» 

I 
I 

I 
I 

I 
I 

I
I
—
I
—
I
—
I
—
—
I
—
I
—
I
—
I

M
a
x
i
m
u
m
 t
hr
us
t 
is

 d
ev
el
op
ed

.
 n 
.
 

I 
.
 

n
I

 I 
I 

I 
I 

I 
I 

I 
I 

t 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

i 
I 

I 
I 

I 
t 

i 
I

I
I

 I

3
 3
.
2
5
 

3
.
5
 

3
.
7
5
 

4
 

4
.
2
5
 

4
.
5
 

4
.
7
5
 

5
 

5
.
2
5
 

5
.
5
 

5
.
7
5

T
i
m
e
 (
s
e
c
)

Fi
gu
re
 30

. 
Ou

tp
ut

 V
ol

ta
ge

 v
s.
 T
im
e 
fo
r 
La

st
 T
hr
ee
 S
ec

on
ds

 o
f 
Da
ta
 A
cq
ui
si
ti
on
 (T

hr
us

t)



The deposits came out in three main pieces and several smaller ones. The grayish colored

AI2O3 recovered weighed 13 grams. The propellant weight before the motor bum was

190 grams. About 7% of total propellant weight was recovered in the form of AI2O3.

More AI2O3 may have accumulated if all of the exhaust gases passed through the nozzle,

instead of going out the head-end of the combustion chamber.

With a couple of large pieces of AI2O3 to examine, the distribution profile of the

accumulation around the circumference of the casing could be seen. Figure 31 shows

what this distribution looks like. The deposits extend from the nozzle end of the casing

up to about the midlength of the casing. There is more accumulation near the nozzle end

as expected and there are larger "chunks" in the deposits near the nozzle end. The AI2O3

is more porous further away from the nozzle end. The AI2O3 is evenly distributed

around the circumference of the casing. There is no evidence of AI2O3 collecting in a

pool around the submerged nozzle. With the table rotating at 300 rpm, the normal

acceleration, a„ = rco^, at the midlength of the rocket motor is 35 g's.
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~1 1/2 inch

Nozzle End of Rocket i
1/4 inch

Accumulation of Aluminum Oxide

After Rocket Motor Firing

Figure 31. Drawing Showing the Accumulation of Aluminum Oxide
on the Inside of the First Rocket Fired
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V. CONCLUSIONS AND RECOMMENDATIONS

This test stand was built to investigate the interaction between the combustion

gases and rocket motor dynamics. Even though to date only one rocket motor has been

fired, the test apparatus promises to provide useful results in the investigation of jet

damping and jet driving phenomenon. It is also useful in examining the accumulation of

aluminum oxide in the combustion chamber of a spinning rocket motor rotating about a

transverse axis.

Because of the 0-ring failure on the first run, any results pertaining to the

magnitude and direction of the moment generated by the solid rocket motor is

inconclusive. The first run was useful in that it checked out the data acquisition system

under actual operating conditions. It was also useful in examining the distribution of

aluminum oxide slag inside the casing.

The testing program is expected to continue once the new parts are made ready.

Here are some recommendations on conducting future tests:

•  The initial tests should be conducted at lower spin table rpms to check out all the

components and to identify any problems that will be compounded at higher

rpms.

•  Tests should be conducted with both the secondary electric motor (which spins

the rocket about its longitudinal axis) running and not running. This will be

useful in seeing what affect spin has on the jet damping forces.

•  The data acquisition system should be configured to record for a longer time

period and at a faster sampling rate.

•  A careful dynamic data analysis should be performed on the experimental data

to obtain the best results. The characteristic vibrations of the test stand need to be
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identified so that they can be filtered out of the data. SuperScope can be useful in

doing this. It is capable of performing Fast Fourier Transforms as well as other

data analysis functions.

•  Both the aluminized and nonaluminized propellant motors should be used. This

should help clarify the effects of the accumulation of aluminum oxide in the

combustion chamber.

Here are some suggestions for modifying the test stand to eliminate unwanted

vibrational effects:

•  A thicker shaft than the 3/4 inch shaft from the primary electric motor up to the

spin table could be used. A sturdier shaft would help keep the table steady.

•  To reduce structural flexibility, the test stand legs could be made from thicker

material.

•  Another way to keep the shaft from moving is to put another pilot bearing on the

shaft just above the coupling between the primary electric motor and the 3/4 inch

shaft. The pilot bearing needs to be attached to something sturdy, possibly fixed

to the floor.

•  To compensate for the mass being lost during the motor bum, a moveable weight

located on the table on the same axis as the rocket motor could be used. As the

motor bums, the weight would move outward on the table to try and maintain the

same moment of inertia as when the motor begins to fire.
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CORPORATION

TACTICAL OPERATIONS

Elkxon Division

H STAR 37XFP
TE-M-714-16/-17

66-KS-8.550

ORBIT INSERTION MOTOR

The STAR 37XFP TE-M-714-16 configuration has been qualified as the orbit insertion motor for Rockwell
International's Global Positioning Satellite (GPS), and the TE-M-714-17 configuration has been qualified as
the apogee motor for the RCA SATCOM KuBand satellite. The STAR 37XFP motor can be used as a replace
ment for the STAR 37F motor, which has been discontinued.

MOTOR PERFORMANCE (55®F Vacuum)

Burn Ttme/Action Time, sec

Ignition Delay Time, sec
Burn Time Average CnamDer Pressure, psia
Action Time Average Cnamoer Pressure, psia
Maximum Cnamper Pressure, psia

Total Impulse. IPt-sec

Propellant Specitic Impulse. Ibl-sec/lbm
Eflective Specific Impulse. Ibf-secflbm
Bum Time Average Tnrust. Ibf
Action Time Average Tnrust. Ibf
Maximum Tnrust. Ibf

SPIN CAPABILITY, rpm

WEIGHTS, Ibm (Excluding Remote S&A/ETA)

Total Loaoed 2.1C
Propellant (inclutJing igniter propellant) 1.94
Case Assembly -

f4ozzle Assembly (excluding igniter propellant) 7
Internal Insulation 2
Liner

Miscellaneous

Total Inert (excluding igniter propellant) IE
Burnout 1^
Piopellant Mass Ftaction 0.1
S&A/ETA

TEMPERATURE LIMITS

Operation 32 to 100®F
Storage ^9 1p 90® F

g  6,000

mm



STAR 37XFP
TE-M-n4.16/-17

S50

ORBIT Insertion motor

CORPORATION

TACTICAL OPPRATIONS
Bkton Division

36.73
24.13

59.15

CASE

Material

Minimum Ultimate Strength, psi
Minimum Yield Strength, psi

Hydrostatic Test Pressure, psi
Minimum Burst Pressure, psi
Hydiostatic Test Pressure/Maximum Pressure
Burst Pressure/Maximum Pressure
Nominal Thickness. In.

NOZZLE

gAMV Titanium

170.000

160.000

763

896

1.05

1US

0.055

Exit Cone Material

Throat Insert Material

Initial Throat Diameter, In.

Exit Diameter, In.

Expansion Ratio. Initial/Average

Cartxjn-Phenollc

3D Cartxin-CartJon
3.18

23.51

54.8/48.7

Expansion Cone Half Angles. Exit/Eff, deg 15.2/16.8
Typg Fixed, Contoured
Number of Nozzles '

LINER

Type j
Density. Ibm/in.

IGNITION TRAIN

Components

TL-H-318A

0.038

S8A/ETAs/TBI/tlamestick initiator/
toroidal pyrogzu

Minimum Firing Current per Detonator, amperes 5A
Circuit Resistance per Detonator, ohms 1
No of Detonators and TBis ^

PROPELLANT

Propeiiant Designation and Formulation
AP-71%

Al—18%

HTPB Binder—11%

PROPELLANT CONFIGURATION

TP-H-3340

Type

Wetx in.

Web Fraction, %

Sliver Fraction, %

Propeiiant Volume, in.
Volumetric Loading Density, % ^
Web Average Burning Surface Area, in.
Initial Surface to Throat Area Ratio

PROPELLANT CHARACTERISTICS

Intemal-BuminQ, Radial-Slotted
15.36

0.83

0

30.085

96.7

1,940

208

Bum Rate at 500 psia. in./sec
Bum Rate Expo^nt
Density, Ibm/ln.

0.228

OJO

0X1651

Temperature Coefficient of Pressure, %/®F 0.10
Characteristic Exhaust Velocity, ft/sec 5,100
Adiabatic Flame liBmperatute, "F 6,113
Effective Ratio of Specific Heats (Chamber) 1.14

(Noztle Exit) 1.18

CURRENT STATUS Production

CORPORATION. TACnCAL OPERATIONS, Elkton Division
P.O. Box 241, 55 Thiokol Road. Elkton. MD 21922-0241 13011392-1000
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CORPORATION

TACTICAL OPERATIONS
Elkton Division

•k STAR 48B
TE-M-711-18

84.1-KS-15,430

LONG NOZZLE
UPPER-STAGE MOTOR

PAM DELTA

The STAR 48B motor is qualified for the McDonnell Douglas Payload Assist Module (PAM) Delta. The
basic version for Delta-launched missions contains 4430 pounds of propellant (an increase of 25 pounds
over STAR 48) and has the same 80-Inch overall length as the Delta version of the STAR 48. The design
Incorporates the same high-energy propellant and high-strength case as the STAR 48. The semi-
submerged nozzle uses a carbon-phenolic exit cone.

MOTOR PERFORMANCE (TS'F Vacuum)

Burn Time/Action Time, sec ft'
Ignition Delay Time, sec
Burn Time Average Chamber Pressure, psia
Action Time Average Chamber Pressure, psia
Maximum Chamber Pressure, psia
Total Impulse, Ibf-sec T.
Propellaht Specific Impulse.' Ibf-sec/lbm
Effective Specific Impulse, Ibf-sec/lbm
Bum Time Average Thrust, Ibf
Action Time Average Thrust, ibf
Maximum Thrust. Ibf

SPIN CAPABILITY, rpm -i

84.1/85.2

0.099

579

575

618

1,303,705
294.2

292.1

15,430
15.370

17.490

WEIGHTS, Ibm

Total Loaded*

Propellant (including igniter propeiiant)
Case Assembiy

Nozzle Assembly (excluding igniter propellaht)
internal Insulation

Liner

Miscellaneous

Total Inert (excluding igniter propeiiant)*
Burnout'

Propeiiant Mass Fraction*
S&A/ETA

'Excluding remote SiA/ETA

TEMPERATURE LIMITS

Operation •
Storage n

30 to lOCF
30 to 100®F

£  12,000
(-/
CO
3

I  8.000

0  10 20 30 40



STAR 48B
TE-M-711-18

84.1-KS-15,430
LONG NOZZLE
UPPER-STAGE MOTOR
PAM DELTA

COBPORATION

TACnCAL OKRAVONS
Bkton Division

z.
49.0

30.3DIA

80.0

155.000

732

860

1.05

1.25

0.069

CASE

Material Titanium
Minimum Ultimate Strength, psi 165.000
Minimum Yield Strength, psi
Hydrostatic Test Pressure, psi
Minimum Burst Pressure, psi
Hydrostatic Test Pressure/Maximum Pressure
Burst Pressure^Maximum Pressure
Nominal Thickness, in.

NOZZLE

Exit Cone Material Carbon-phenolic
Throat Insert Material . 3D cartion-carbon
Initial Throat Diameter, In. 3.98
Exit Diameter, in. 29.5
Expansion Ratio, Initial/Average 54,6M7,2
Expansion Cone Half Angles, Exit/Eff, deg 14,3/16,3
Type Fixed, contoured
Number of Nozzles ^

LINER

Type
Density, Ibm/ln,

IGNITION TRAIN

Components

TL-H.318

0,038

S&A/ETA/TBI/flamestick Initiator/
toroidal pyrogen

Minimum Firing Current per Detonator, amperes 5.0
Circuit Resistance per Detonator, ohms 1.1
No of Detonators and TBI's 2

PROPELLANT

Propellant Designation and Formula
AP - 71%

Al — 18%

HTPB Binder — 11%

PROPELLANT CONFIGURATION

TP-H-3340

Type Internal-burning, radial-slotted star
with head-end web

Web in.
Web Fraction, %

Silver Fraction, %
Propellant Volume, in.^
Volumetric Loading Density, % ^
Web Average Buming Surface Area, In.
Initial Surface to Throat Area Ratio

PROPELLANT CHARACTERISTICS

Bum Rate at 500 psia and OO'F, In./sec
Bum Rate Exponent
Density, ibm/ln.
Temperature Coefficient of Pressure, %/®F
Characteristic Exhaust Velocity, ft/sac
Adiabatic Flame Temperature, "F
Effective Ratio of Specific Heats (Chamber)

(Nozzle Exit)

20.47

84

0

68,050
93.1

3,325

225.9

CURRENT STATUS

0.228

0.30

0.0651

0.10

5,010
6,113
1.14

1.18

Production

CORPORAVON. TACTICAL OPERAVONS. Bkton Division
P.O Bo* 24i. 55 Thiokol Road. Bkton. MD 21922-0241 (3011392-1000
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TACTICAL OPeRATIONS
Elkton Division

CORPORATION * STAR 63D
TU-936

118-KS-19.050

PERIGEE MOTOR

The STAR (IPSM) 63D has successfully delivered two payloads to elliptical transfer orbit, no failures. Given
a range of propellent loads, the STAR 63D payload capability ranges from 3.080 to 4.588 lb at a constant
velocity of 8.012 ft / sec. Motor components are of proven design features and materiel, thus maximizing
reliability.

MOTOR PERFORMANCE (TTF Vacuum)

Action Time, sec 118
ignition Deiay Time, sec 0.300
Action Time Average Chamber Pressure, psia 507
Maximum Chamber Pressure, psia 957
Total Impulse, ibf-sec 2.033.000
Prooeiiant Specific impulse. Ibf-sec/Ibm 285
Effective Specific Impulse. Ibf-sec/ibm 283
Action Time Average Thrust. Ibf 19.050
Maximum Thrust. Ibf 26.710

SPIN CAPABILITY, rpm 30-85

WEIGHTS, Ibm (Excluding Remote S4A/ETA)

Total Loaded

Propeliant (including igniter prooeiiant)

Case Assembly

Nozzle Assembly

Forward Closure Assembly

Igniter Assembly
Internal Insulation

Liner

Miscellaneous

Total Inert

Burnout

Propeliant Mass Fraction

TEMPERATURE LIMITS

Operation

Storage

7.716

7.166.5

233.5

13A

0.9

2.08

157.F

22.7

2.9

550.0

508.0

0.929

30 to 100° F

30 to 100° F
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* STAR 63D
TU-936
TI8-KS-19,050
PERIGEE MOTOR

CORPOBAVON

TACrtCAL OPeRATIONS
EHtton Division

5r63.03

DIA

70.05

CASE

Material

Hyorostatic Test Pressure, psi
Minimum Burst Pressure, psi

Hydrostatic Test Pressure/Maximum Pressure
Burst Pressure/Maximum Pressure

NOZZLE

Exit Cone Matenai

Throat Insert Material

Initial Throat Diameter, in.

Exit Diameter, in.

Expansion Ratio, Initial/Average
Expansion Cone Half Angles. Exit/Eff, Peg
Type
Number of Nozzles

LINER

Type j
Density, Ibm/in,

Ca

Keviar

971

1,406

1.05

1,5

rbon Phenolic

3D Cartxjn43art)on
4,174

21,82

27,3/25.8

19

Fixed

1

HTPB UF-2155

0.038

IGNITION TRAIN

Components SiA/ETA/TBI/ignttion transfer line/water
Minimum Firing Current per Detonator, amperes 5,0
Circuit Resistance per Detonator, ohms l-l
No of Detonators and TBIs ^

PROPELLANT

Propellant Designation and Formuiation
AP-57V.

Al—21%

HTPB Binder—9.8%
HMX—12%

PROPELLANT CONFIGURATION

Type

Web. in.

Sliver Fraction. %

Propellant Volume In,
Volumetric Loading Density. % ^
Web Average Buming Surface Area, in.
Initial Surface to Throat Area Ratio

PROPELLANT CHARACTERISTICS

Bum Rate at 625 psia and 60»F. in,/sec
Bum Rate Export
Density. Ibm/ln,
Temperature Coefficient of Pressure %/''F
Characteristic Exhaust vaiocity. ft/sec
Adiabatic Flame Tsmperature °F
Effective Ratio of Specific Heats (ChambeO

(Nozzle Exit)

CURRENT STATUS

He

TP-H.1202

ad-End Grain

30.3

0

107.600

96

3.550

40,9

0.257

0.31

0.0666

0.1

5.056

6.066

1.123

1.124

Production

CORPORATION. TACTICAL OPBRATIONS. Elkton Division
P O Box 24!. 55 Thiokol Road. Elkton. MD 21922-0241 I30II392-1000
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5B38 Strain Gage input Module

The 5B38 wide bandwidth strain gage input module
accepts signals from full bridge and half bridge 300n to
!0kl2 transducers. The 5B38 provides +1OV excitation
and produces an output of -5V to +5V. This module
features a bandwidth of lOkHz.

Figure 2.6 is a functional block diagram of the 5B38. A
protection circuit assures safe operation even if a 240V
rms power line is connected to the input screw terminals.
The excitation section provides+IOV. Since the excita
tion lines are not sensed at the strain gage, care should be
taken to minimize any IR loss in these wires. This can be
accomplished by the use of heavy gage wires or the
shortest length of wire possible. A one pole anti-aliasing
filter is located at the module's input, while a three pole
low pass filter in the output stage sets the bandwidth and
yields optimum noise performance. A low drift amplifier
provides the module's gain.

Signal isolation is provided by transformer coupling,
using a proprietary modulation technique for linear, stable
performance. A demodulator on the output side of the
signal transformer recovers the original signal, which is
then filtered and buffered to provide a clean, low-
impedance output. A series output switch is included to
eliminate the need for external multiplexing in many
applications. This switch is controlled by an active-low
enable input. In cases where the output switch is not
used, the enable input should be grounded to power
common to turn on the switch, as it is on the 5B0I
backplane.

The single +5V supply powers a clock oscillator which
drives power transformers for the input and output
circuits. The input circuit is fully floating. In addition.

•-2
THtc

tIMCI

B  a ̂
pomi

,  I aoukw.a

Figure 2.6. 5B3S Fiiiic linnal Block Diagram

the output section acts as a third floating port, eliminating
many problems that might be created by ground loops and
supply noise. The common-mode range of the output
circuit is limited, however; output common must be kept
within ±3V of power common.

The 5B38 can be used with half bridge transducers since
the module contains bridge completion circuitry. The
module can be factory configured for wide input ranges to
accommodate the DC offset created by mismatches in the
transducer. There is no provision for use with quarter or
three quarter bridge strain gages. However, the user may
complete the bridge to the half or full bridge level
external to the module and u.sc the 5B38 module.

Note: A current path must exist between power common
and output common for proper operation of the demodula
tor and output switch. See Chapter 4 for details.

5B38 Ordering Information

Input Bridge Range and Excitation

Full Bridge, lO.OV excitation.® 3mV/V Sensitivity. 300Qto I0k£2
Half Bridge, lO.OV excitation. @ 3mV/V Sensitivity. 300£2 to lOkfJ
Full Bfioge, lO.OV erxitation, @ 2mV/V Sensitivity. 300n to lOkfJ

Output Range Model

-5V to +.'iV 5B38-02

-5V to +5V 5B38-04

-.tV to 5B38-05
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5B38 Specifications (typical @ 25°C and +5V Power)

Models

Input Span Limits

Output Range
Accuracy'
Nonlinearity
Excitation Output^
Excitation Load Regulation
Half Bridge Voltage Level
Stability vs. Ambient Temperature

Input Offset
Output Offset
Gain

Excitation Voltage
Half Bridge

Input Bias Current
Input Resistance

Normal

Power Off

Overload

Noise

Input, bandwidth = lOHx
Input, bandwidth = lOkHz
Output, bandwidth = lOOkHz

Bandwidth, -3dB

Rise Time, 10% to 90% Span
Settling Time (to 0.1 %)
CMV, Input to Output

Continuous

Transient

CMR (50 or 60Hz)

IkO in Either or Both Input Leads
Input Protection

Continuous

Output Resistance
Voltage Output Protection
Output Selection Time
Output Selection Input

Max Logic "0"
Min Logic "1"
Max Logic "I"
Input Current "0"

Power Supply Voltage
Power Supply Sensitivity
Power Consumption
Size

Environmental

Temperature Range, Rated Performance
Temperature Range, Storage
Temperature Range, Operating
Relative Humidity (MIL 202)
RFI Susceptibility

Full Bridge
5B38-02, 5B38-05

±30mV @ 3mV/V Sensitivity
±20mV @ 2mV/V Sensitivity

-5Vto +5V

±0.08% span ±IOjiVRTI
±0.02% span
+IOV + 3mV

±5ppm/mA
N/A

IHV/°C
±40nV/°C
±2Sppm of reading/°C
±15ppm/°C
N/A

±3nA

20MO minimum

40kO minimum

40kO minimum

0.4nV rms RTI
±70nV/VHz RTI
lOmV p-p RTO
lOkHz

40ns
250|isec

1500V rms max

meets lEEE-STD 472 (SWC)

lOOdB

Half Bridge
5B38-04

±30mV @ 3mV/V Sensitivity

±0.08% span ± ImV RTI
*

»

(Excitation Voltage/2) ±lmV

±l5ppm/°C

±2nV rms RTI
±250nV/VHz RTI

7msec

240V rms max continuous

50n

Continuous Short to Ground

20|is

+ IV

+2.5V

+36V

0,4mA

+5V ±5%

25ppm reading/% ± 2.5nV RTI/%
IW full load, .6W no load

2.25"x2.25"x0.60" (52mmx52mmxl5mm)

-25°C to +85°C

-40°C to +85°C

-40''C to +85^

0 to 95% @ 60°C noncondensing
±0.5% span error @ 400MHz, 5W, 3'
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Chapter 3
5B Series Subsystem Solutions

The .SB Series includes a number of backplanes which
provide a complelc signal conditioning solution. Tlie two
5B Series 16 channel backplanes currently available, the
SBOl and 5B()2, provide different system connguration
options. The .SBO.S and .SB04. one and two channel
backplanes, allow an economical means to handle a few
remote signals. A single channel scKket. AC I.f 60. is
available for module evaluation. It is discussed in
Chapter 4.

Both 16 channel 5B Series backplanes can be mounted in
a 19" X 3.5" panel space. The one and two channel
backplanes are DIN rail compatible. Each channel has
four screw tenninals for field connections. These
connections satisfy all transducer inputs and process
current outputs and provide sensor excitation when
necessary. ,A cold junction sensor is supplied on each
channel to accommodate thermocouple modules. All
backplanes rei|uire an external +.'tV power supply.

This chapter describes each backplane and how they ate
u.sed. Common topics - power requirements, field
terminations, installation, and ittterface accessories -

follow the backplatte discitssiotts.

5BQ1 Backplane

The 5B0I. diagranitned in Figttre .1.1. is a 16 chatittel
backplane that provides single ended high level attalog
input/output pins on the systctti cottneclor. It is piti
cotnpatible with Analog Devices' 3B Series applications
(Note, however, that ."iB Series tnodules provide a ±.5V
output swing rather than the ±I()V swittg provided by .'If
Series tnodules). Figttre }.2 is ;t schetntttic ot the .sBOI

backplatte.

Connector Pin Usage
Signal connections IxMwectt the SBOl backplatte atid the
associated measurement atid control system are made at
PI atid P2. These contiectots itrc itietiticiil electrically.
The rcditndant cotitieclot may be useftti if a SBOl is used
for both ttnalog ittpttt atid attalog otilpttt and the data tic-
quisilioti sysletn htts sepatatc itiput atid output cotinectttts.
Fiutire .T.3 is a diagttttti ol the vtihage I/O provided on the
PI ttnd P2 connectots ol the .sBOl backplane.

A sigtial pitth is provided lot cttch chatittel. attd. iti
addition, a number ol groittulitig pitis ate presetit in the
cotinector pinout to provide inlerchatinel shield conduc
tors in the ribbon cable. In some cases, discussed below,

the croutid condttctors will tiot provide ati accurate sigtial
tefctetice. so a SENSE pin is also pros ided in the pinout.

VOLTAGE
10

♦ 5V
l>OVVER4- A A

1 i

0  la 0 10 0 0 "51 I 0 6 6 0 110 ^ 6 0
CHMr^NEL

0

riiinn'.yl. nitiaram
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Figure 3.9. 5B04 Wiring Diagram

Power Requirements
All 5B Series backplanes require external +5V power.
This is connected to TBI7 on the 5B0I and TBI6 on the
5B02.

+ 5V

PWRCOM

TB17

OB
TB16

Figure 3.10. Power Coiwei lion - Terminal Block 17
(5B0I), Terminal Block 16 (5B02)

The power supply is bused to all signal conditioners on
the backplane. The total subsystem power requiiement is
a function of the modules that are used. Module power
requirements are listed in Table 3.2. Chassis mounting
IA (model 955) and 3 A (model 976) +5V power supplies
are available.

Model Current

5B30 30mA

5B31 30mA

5B32 30mA

5B34 30mA

5B37 30mA

5B38 200mA

5B39 170mA*

5B40 30mA

5B41 30mA

5B47 30mA

Maximum output load resistance is 150Q.

Table 3.2. Module Power Requirements

>EXC 4-EXC

•O1 G 2I G 2

— w +

mV. V

FUU BRIDQE STRAIN QAOE

-exc + ♦Exc

THERMOCOUPLE

■ ■ N--/ I
2WIRCI

M/

PLUG

RESISTOR L.
1 G 2

1 ® 1() r() •® 101—'
HALF 8RI00E STRAIN GAGE

Figure 3.11. Input Field Connection.s
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Figure 3.12. 5B0I and 5B02 Bac kplane Mounting Dimensions in Inches and (nun)

17.475 (444)

0  o

T
3.47,
1881

-3.62 (821-

Figure 3.13. ACI363 Rack Mount Diagram (dimensions in inc hes and (mm))

f ipiri Terminations
All field terminations are made at terminal blocks 1-16 of
the 5B01 and terminal blocks 1-17 on the 5B02. Input
screw terminal connections are indicated in Figure 3.11;
the input screw terminals in the figure are numbered 1.2.
3 and 4 to correspond to the markings on each backplane.

Output screw terminal connections are;

OUT LO terminal 2

OUT HI terminal 3

14-22 A WO wire may be used with these terminal blocks.
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MacADIOS 11
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Record one channel at 25,000 samples/sec
while plotting to the screen!

Overview

Tlie MacAOIOS II turns the 52-liil Matinloslt II into a
powtTlul anil tonipli'li- laiioraiorv' computer system
with capaliilities rivaiinn scientilit/engineerint!
■■minicomputers and ■ super microcomputers' . I liis
is made possible with an advanced mitltiiuitctioti
analog and digital I/O board set, and pimcrlul
MacAOIOS II soltwate. With MacADKIS II. the
Macintosh II intcrraces directly with the tisil moiIiI lor
a variety of ttpplicatioris, including dattt ai t|itisition.
external tnctisurement and cotitrol. and lountei titnia
operations.

Optional Software
■ Mttclnstrittnents
■ MttcADIOS Manager II
■ Mac.Speeih laib li
■ LabVII:\X with TurlxiOrivers
■ Parameter Manager Plus with 1urlx>Orivers
■ Labtech Notebook with TurboDrivers
■ XS data tnttnipulation routines ctilktble Itotn

Lightspeed C. MPW C. MPW Pa.scal, l urbo I'asial.
alisoft MacPortran. MPW POUTRAN. ttnd
Microsolt f,')uickIP\SI(

Daughterboards
■ GWI-MIIz: H^3kIP/.. 12-bit A I)
■ GWI-AOC: I'iikl l/. 12-bit Ad)
■ GWI-I IAI): sOkllz. 16-bit A I)
■ GWI-r.AI); Ibkllz. Ki-bit A 1)
■ GWl-DAG: 2 independent, 16-bit I). As
■ GWT-AI'S: 2anti:iliasinglilters
■ GWl-TSP: time stamper
■ GVCd-J2P:: 16 additiotial analog inputs
■ GWI-MUX: M additiontti analog inpitts
■ GWl-DIO: 16 digital I/O channels
■ GWI-PKO: prototypitig Iwv.ird

n/lacADIOS II Board
■ S|is A/l)<otnetlet with tbroiighpttt itp to I i2,(H«l

samples seiottil
■  16 single etrdeil ot Sdilleretitial analog lollage

inpitt chantiels tespandabli* to S6 ililUTi'iitial ot
1 12 single etnled itipitts with optional ilaitghter-
boards)

■  12-bit ( ttt'WuountsI \ I) w ith ±ll)V iit IIV to lOV
inpitl range and pn igtatntnable gain ol I . II),or lit')

■  I wo l2-bil t iiioti 1 oimtsI analog volta.ge output
channels with .I +IIA orti\ to IPX lan.ge

■ H iligital input citanni'ls
■ SI digital output i haitnels
■ I Gounlet Timi r i hannels
■  -l/\ I) triggi t tiiodes

TurboDrivpip OoHmnre rontntop
■ i.mulali^ an < isi ilk isi opr-. si n illing strip t ban

recorder, ihart recordet or s|K'Ctrum anal\'/.er
with unprei edented s[x.*ed. Por example, read
one channel at JS ntKi samples second w hile
simullaneousb plotting to ttie si rei'U

■ \C(|iiire data tu the bai kgroitnd using lutetntpts
■ Spool to h.tid disk

Software Pr.(lor|.vu>C(s
■ Read one i hattuel at .Sl.VtltItt samples sec
■ Kead/wiile I to t i hannels simultaneously at

|(K).(K)() sMItlpU's s< (
■ Digitize I to SI multiiilexed anttlog I hannels al

IDps pi'i I haunel

Included Soh'vmo
■ PurlxiDiiveis eallalile Itom l ightspeed C
■  I urlxiDriii'ts I allabli- Iroin MPW I,
■  I urlxiDt iiers I illable Itotn .MPW Pasial
■  I iirlxiOtiM'ts 1 .tllable Itom l uibo Pascal
■ PurlxiDtiieis i .tllable Irotn absolt Mai portran
■ PurlxiDiiii^is callable Irom MPW ItlRIR.AN
■  i urlxiDiivers callable Itom Miirosolt (.Itiickil.ASIG
■ ('.alibr.ttion .luit ti'st soliw.tre
■ Sample liASK. I < )K I KAN. ( and Past al programs

HARDWARE MANUAL
MttcADIOS II Iktidware Manual. 22s page/
P;irl »GWI-I)emo-lIII II

SOFTWARE MANUAL
Mai ADIOS Soliw.iie Seiies Manu.il. tnit page.s
Pan 't iWI-l )eini i-s|i



ruWERFUL DATA ACQUISITION HARDWARE FOR THE MACINTOSH II
5ns A/D BOARD WITH TurboDrivers

Coinpleiti Hardwure Solutions
Till.- Min ADIOS II piiigN one ol liie
M;iiiniosh II expansion slois. or inio llie
liismii.ieiiis Maeliilosli sj-: l-xpansion Ixix (panes I')-
20). anil piox'kles lo analog in|")iil channels. 2 analog
cHilpnl channels. « iligilal inpiii channels. « cligiial
oiiipiu channels anti .S counter liiner channels Iheic
are al.so eleven daughlerlloards; up lo ihree can he
conneclevl to (he Mac.ADIOS II at one lime. These
elaughlerhoarels perlorm such (asks as hinh-.s|X'ed
.sampling and muluchannel inpul and oulpui. A
masier clock svnchroni/es all MacADIOS II acliviiy.
so (he user can ohlain stale inlormalion I'rom .several
I  () channels simulianeouslv T he ctird and daughter-
hoarils aiv p< nv erevi i rt im .t I)(. OC eonv eiler \\ hie h
e'onve'l'ls the Nuhus ±I2\ to the lecpiiieel ilS\.

T he .Mae ADIOS II t arel e ome-s with T urhol )rivers. a
set ol' I () roeitines v\ hich I'an he' calleel I mm li.ASK..
I'aseal. 11 )H I KAN. or el UaughieiTxtarels. signal
eonelitioning moelules. ivl.iv moelules. eahles.
termination pane-Is. anel .ipplie .ition sohwareaie- .solel
separateh

Hveweiiul Latxaioloiy Software
T he MacADIOS II carel ine Itieles powerltil
T urhoDriver solivvare. a eomplete set ol MacADIOS II
I O routines w hich can he ealle-el Irom l.ightspeeel C.
MI'Vv' .MI'W I'a.scal. I urho Pascal, absolt
Mae I'ortran Ml'Vd l-OKT'KAN. anel Micrersoli
(JiiiekHASK; T hese routines input anel output hoth
analog anel eligital value's, eligiti/.e vvaveloims. output
wavelorms. anel perlorm v iiunter timer operations
T urhoDrn ers perlorm ose illoseope, .strip e hart
recoreler. and se an line- reeorelcr emulations, W ith
T urhoDiivets. elata van he simultaneously reeoreled
I'rom one channel at 2S.l)(l(l samples/.seconel while
heing plotte-el to the screen

Maeln.struments. MacADIOS .Manager II. Mac.Speech
Lih II. hihtee'h Noiehook with Tttri'ioDiivers.
DilATI'AV with TurhoDrivers and Parameter Manager
Plus with TurlviDrive'is are' e'ompatihie vv itli
M.ie ADK )s II haielware anel are sold .sepat'atel>
n Mae Instruments I page-I 'M provides higli-

j-verlormane'e r-channeil ose'illoscope, .scrolling
strip e hart recorele'i'. e'hari ive'order. aitd .sctin line
recoreler emulaiions

n MacADIOS Manager II (page -'l5) is a powerlitl.
\v;i\cU)rtii-oriciucJ proj^rani.

n Lihicdi N()iclxH)k t7) uses a spreadshcci u>
aciiuirc. aud analy/c laIx)raioi*\' tlaia.

n Pantme'ler Mttnager Plus (page 54) is a iiervverlul
technical spreaelsheet with the ability to record,
analy/e. anel present elata

n UihVTPVv' (page- s.Al is an leon-ha.sed programming
language which enahles the user lo elesign an
instrument panel on the Macinio.sh II sereen.

Taken together, these prognims oiler eomplete
lalxrratoty eomputing eapahility lonnerly cexsting 5-10
times more T hey are sullie ient lor almost all lalxmi-
lor)' computing projects

Timer & Interrupts
For time-related digital I/O applicaliems, the AM9513A
C'.ounter/Ttmer chip provides the MacADIOS II card
with three independent channels which can used
lor tasks such as event counting, Irequency measure
ment, pul.se-width mea.surement, single-pulse output,
anvl time-projioilional output. F.ach channel has its
own .source input, output, and gate input. In addi-
lion, lite Oiunter'Timer chip offers a dedicated 4-bil
programmable Irerjuency output channel Two
additional channels in the AMy513A are reserved lor
pacer control (continuous and gated operation) This
pacer clock produces a timed .series ol pulses vc-hich
initiate A/D conversions. T'he MacADIOS card is alst)
t apahle ol generating interrupts (Nubus NMRQ) at
fixed intervals This enables the user to set up a
riata-taking ser|uence which operates as a back
ground task.

Daughterboards
W ith the r.9v' Instrtiments Daughterboard Series, it is
possible to avid an\ of the following leatures: l6-bit
A D converters. l()-bit D/A converters. 833kHz A/D
sample rates, anti-tiliasing filters, lime stamping,
uclcliiionul iiniiloji I/O channels, and uddiiionul digital
I () channels. I Ip to 3 daughterl-xrards can be
installed on one MacADIOS II card. Choosing Irom
II available daughterboards, the user can customize
the hoard for specific applications. This system has
two advtintages;
1) Co.st is minimi/.ed since the user need not pur
chase unnecessary leatures
2) As re.seatch re(|uitemenl.s change with time, the
user can easily and elliciently expand the
svstem.

MacADIOS II ami Uaiigbterboanl

CW Instruments, Inc.

35 Mevlforil .streel • .Somerville, MA ()21-i3
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Technical Specifications^
Analog Input
A/T> CnnvcTHMMi "1 unc
A. I) KCMlltllHKI
A I) InpiU Oak-s-
A 1> lUn>tt-v-
In-atumemjiHin Aiitpttiic-i i>ji
Nuinlx-r III inpoi CluniK-U-
.Sysicm1lir»uHi>|'M»

IJ-Im c'tAimsi

Htn:if>- tw iw<)\ tttmpicincnt
(Mo*10V. tlOV^gain- ll
1. lU, lOOV/V
lit MnKkr-erKkxl <>r H JiUcrcntul tnfa.
)i2ktl7 ()(uin - 1. MM
l>Sk>i7.(gJin - l(MM

Measurement Accuracy
mli-l, llOV Range

lU' Kange
±0 IV Rjnge

Noim-

l.iiK-ufiiy
Inpiil Oxt-nolkagv MnaeilKiit
InfHii lmfxaUn«.x
(.oMiiiK>n MihIi* Nolijgi' <(-M\ '
(.iHiMiHiU Mtxle KcgxlHtn
< ijin Drill
<)il>cl Drill

Analog Output
DA KeMiiiiimn
NiiiJitxf III Oui|>ui (Ih.innt ls
Oiiipiii \ullage Ranges-
D A ln(>tii C-iaie^-
t)ui|uil
{hiipiU Seiliiiig i'niK
Aii.ilug < )iiliiiil At I iir;i< \

Digital I/O
Digiui Otilpiil I'un
DigiCil ln|Hii >'un
Inptii iliiipiii i.uniiguiji
liipiil Nign.il li-veK

tltlllMII Mgll.il UacK

Counter/Timer
\iiti)l>if 111 (;ii.iniK-l-
M.Klfstil t»|>er.inun

Iv mug

Maxiiiiiiiii taioni K.iu
Miniituiiii I'iiIm.
Rjiige

l ut|iicm N Me.iMirciih-iii
l rtt|iietHA' Kaiige
Miiiiiiiiiiii I'ulNt'

hcMilnliuii

I'lilv.- (>iil|>iil I Miigli iniiv-'
I'tilv.- Range

iinte |>iu|iuni< in.il i Aiipm-
Dim (.Vile Rangt
RcriuJ Range

htne Masr AtVtir.K^
IniHii 'Oiitptii Mgnal->

 Oi'K.cil iO\ I'NK
10 06%<tf 2V |-SK
lO.lWkofO.iV hNK

t 0 01% FSK RMN
1 ILSH
1 11V 1 20V iimptmereil)
XtMiMli, Ipl
1 lUV mm

Ml kill
± lOppm^'CtU lo\ KSR
1 ioppiu'°c«ji lov rsR

1.^ lulHU'RiiiKinisi

0 III *IOV. lli)\ « .IniA

Minan' t>r twu n «iHUplenKni
^llu^•lo•gr^H^nll. t «»nnnninis
•AjMto 11/21.S11. *20\ \lepi
lOOi-g.
uuv).. I-SR HAD

iSppm '"C ol Itill-M.ale range
lilpV'C

HiaieitingikiOHJilMis
H mm-laicliing in|>iil lHl^
Tn,<ompaiil>le
y  >2 OV inin
\  n 0 K\ iiMv

I  • 20pA Vi - l''\
I  ■-O liTuA neix
\  -2 7V inm
\ . -01V max
I  ' --o-ipAm.i\
I  -HiliAniax

I-\eni etxinnng Itepnen. > iiKMMireii
piiKe mcaNtneiiK'nl. |*ilsc aailpiil
iirne-prupuniunal cMiiptu-

"MID

oiuTMID
■'nnst\
t>iH)lM;eiu Inv-t <|>rugrai)uiul)lei
II-hii

n ip-tce III 01 Wk i|Vivranuiui)le)

<Mu iUOii.
OMp.seein 1.11 set tpiugrjiiuiuhle)
±0 01%
■riT-eonipuiiNe

Convert Command Clock
KeNulniK >n
i'enukJ Range

Computer Interface
Itlis KoMMIiCe tlllll/JlHIil

Daia AeiiULsgMin KRhR'n

iai|ulNigy
i.uin|kiiilHlii>

Physical/Environmental

1 JeeacicMil lO-lMt rcxtiluiHtn
O Hp-M^ lohl Inci

(k i'upMf* »«H* fc mg skil in Apple
AUcinitMit i> cxfwnMtm bus. NuIhi^
Mippcvis Ib-btt rvMl aixl l6-hM wnie
Niihu.H intntdcrs
Rerftmvi iniumipix via Nutxix NMKy
Apple CtMnptilcr Maeiraosli II

I'OlaMtlHMlH
Dignall 0(ili
Anuktg rotlJi
APS (J.I I

l)}iix*nM< lfl^
operaiing Icmperaittie K.inge
Mtirige li-in|M.Talurc Range
Rebin e lluinKlii)

Power
Paiwer OmMiiiiieKHi

•Vi-I»in male nlilitm itmnctuw
iH-pin male rilRain i-imnettiw
'>-pin male riiiliiMi eimnei-itir
■l Oin X 12 Him xO Hin
0M>*7(fC
..»S lo ♦MI'C
( Ip It! OCSi (IMNI-tlMHkfWng)

♦IV • lAmax '
♦ l2V«HllUiiiA ilux
■ l2V«210niA max

' .>|HMltiaiHMtHiy|iH-allv ai ♦.'AM jikl iMMluiial power taipf^y vtikage iuMcn^
(«Iki>vlw ntAi-tl S|>et dHaikNio snligxi lu cliange wdlaiMi niXkv

|imifXT-«ieKMal»le
■ SotiatigiMeilhuftK iiiM.ilk'il _

Product Compatibility
The MacADlOS II card plugs into a Macintosh 11
expansion slot. U can also be connected to a
Macintosh SE via the Macintosh SB Expansion System
(pages 19-20). MacADIOS II daughterboards mount
directly on the MacADIOS H card. Analog and Digital
I/O Modules (pages 37-40) attach to the MacADIOS II
via ribbon cables. The MacADIOS ABO and
MacADIOS DBO Breakout Units (pages 33-36) also
attach to the MacADIOS II via ribbon cables.
MacADIOS 11 is compatible with Maclnstruments
(page 43), MacADIOS Manager II (page 45),
Parameter Manager Plus with TurboDrivers (page 54),
LabVlEW with TurboDrivers (page 53), , Labiech
Notebook with TurboDrivers (page 47), and the Data
Manipulation Library (page 49).

Ordering Information
MacADIOS n Card
MacADIOS 11 analog/digital I/O board, TurboDrivers
callable from Lighispecd C, MPW C, MPW Pascal,
Turbo Pascal, absoft MacFonran, MPW FORTRAN,
Microsoft QuickBASIC, calibration software, test
software, and full documentation.
Pan »GWl-625
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Michael Thomas Lugten was bom on June 25, 1968 in Hamilton, Michigan. At

the age of 10 he moved to Nashville, Tennessee where he attended Ezell Harding

Elementary and Middle Schools. His family then moved to Brentwood, Tennessee and

Mike graduated from Page High School in 1986. After high school he attended

Tennessee Tech University his freshman year in college and the University of Tennessee,

Martin his sophomore year. He then attended the University of Tennessee, Knoxville

where he received his Bachelor of Science in Aerospace Engineering in 1991. He then

pursued a Master's degree in Aerospace Engineering at the University of Tennessee

Space Institute in Tullahoma, Tennessee. He received his MS degree in August, 1993.
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