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Abstract 

The Clementine Spacecraft was launched on 
January 25, 1994 from Vandenberg Air Force 
Base. The spacecraft was designed, fabricated 
and tested by the Naval Research Laboratory. It 
used an array of lightweight optical sensors to 
perform the most extensive mapping of the lunar 
surface to date. 

This paper describes combined random 
vibration I acoustic (Vibro-acoustic) testing that 
was performed on both the Clementine 
Engineering Model and Flight Spacecraft. Axial 
random vibration and high level acoustic loads 
were simultaneously applied in these tests. 
Acceleration response data from the Engineering 
Model test was used to refine preliminary 
component random vibration test levels. This 
test also qualified the design of the overall 
structure, subsystems and mechanisms for the 
Vibro-acoustic loads seen during launch and 
ascent. 

The Flight Spacecraft test was used as an 
overall acceptance and workmanship screen for 
the complete system prior to launch. Response 
data from the Flight Spacecraft test was also 
compared to the data from the Engineering 
Model test with some interesting results. This 
paper discusses the philosophy and execution of 
these tests as well as the innovative techniques 
that were used. The paper also provides a brief 
overview of the full Clementine test program. 

Introduction 

The Clementine Spacecraft, designed, built, 
and integrated by the Naval Center for Space 
Technology at the Naval Research Laboratory, 

James Layher 
Naval Research Laboratory 

Washington, DC 20375-5000 

Joseph Hauser 
Naval Research Laboratory 
Washington, DC 20375-5000 

was launched on January 25,1994 on a Titan II 
EL V from Vandenberg Air Force Base. This 
was the culmination of a 22-month odyssey from 
concept to launch. The Clementine program was 
jointly sponsored by the Ballistic Missile 
Defense Organization (BMDO) and the National 
Aeronautics and Space Administration (NASA). 
Using an array of light weight sensors and 
cameras, supplied by Lawrence Livermore 
National Laboratory (LLNL), it successfully 
completed the most extensive mapping of the 
moon to date. 

There were three fundamental problems that 
faced the Clementine program related to system 
level testing due to the "fast-track" approach that 
was adopted; 1) there was no tolerance for major 
schedule delays, 2) financial and schedule 
constraints precluded the implementation of a 
full qualification program, and 3) there were 
uncertainties with regards to the engineering 
issues associated with the new technologies. As 
a result, in order to provide an acceptable ratio 
between time vs. money vs. risk, a hybrid 
qualification/protoflight approach was adopted. 

Two identical spacecraft structures were 
fabricated. The first was designated as the 
Engineering Model (EM) and the second was 
identified as the Flight Model. The EM was 
assembled during the period of January 1993 to 
May 1993. System level testing on the EM was 
conducted from June 1993 through August 1993. 
This provided data early in the program that 
proved invaluable in support of the design 
development. The EM was also used for 
verification of the basic design, the systems 
engineering, and was a pathfinder for the flight 
unit. The EM system testing schedule was 
developed and performed in support of the flight 
spacecraft build. Assembly of the flight 



spacecraft began in May 1993 and was 
completed in August 1993. Integration took 
place from August 1993 to October 1993. 
System level testing at NRL started at the 
beginning of November 1993 and concluded at 
the end of December 1993. Clementine was 
shipped to Vandenberg AFB, CA, on December 
30,1993 for launch preparation where final 
system integration and testing took place. 

Mission Background 

Conceived as a implement for testing 
advanced lightweight space-based technologies, 
conceptual design of the Clementine mission 
began in the early spring of 1992. The mission 
objectives for Clementine were to demonstrate 
the latest in BMDO developed space-based 
imaging sensors and advanced lightweight 
component technologies on a long duration 
flight. This was to be achieved by employing as 
much existing BMDO technology as possible to 
perform a lunar mapping as well as an asteroid 
encounter. A "fast track" program philosophy 
was required to meet an early 1994 launch. 

Utilizing targets such as the moon, the stars, 
and the spacecraft interstage assembly ( after 
separation ), the performance of these 
technologies were demonstrated. As an alternate 
objective to the primary military mission, but one 
of scientific importance to the international 
civilian community, was to digitally map the 
lunar surface. Clementine entered lunar orbit on 
February 19,1994. It completed the most 
comprehensive lunar multispectral image 
collections to date, collecting over 1.8 million 
pictures, by May 3, 1994. The imaging of the 
lunar surface has been made available to the 
planetary science community. Figures 1 and 2 
illustrate some of the images that were captured. 

A secondary objective was developed during the 
mission design that utilized the spacecraft 
interstage assembly as a radiation and particle 
detection experiment. After separation from the 
spacecraft the interstage assembly remained in a 
highly elliptical earth orbit for several months 
collecting valuable data at altitudes where 
opportunity for investigation has not been 
available. 
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The Clementine program successfully 
demonstrated the capability to produce, 
implement, and operate spacecraft of the "faster, 
cheaper, better" variety through cooperative 
efforts between national laboratories, DOD, 
NASA, Industry, and international space 
organizations. 

Mission Scenario and Resulting 
Environments 

• The Clementine Spacecraft was launched on 
a Titan IIG EL V from Vandenberg AFB into 
a low earth staging orbit (LEO ) on January 
25, 1994. (Launch environments were a 
combined 11.0 Gpk axial and 3.5 Gpk 
lateral quasi-static loads as well as vibro
acoustic loads.) 

• After achieving LEO, the Clementine 
payload separation was initiated by the Titan 
II EL V. This separation involved releasing 
the marmon clamp that mated the 
Clementine Space Vehicle to the Payload 
Adapter. ( Pyroshock event) 

• After several days in LEO the payload was 
spun up to 60 RPM using the Spacecraft's 
attitude control thrusters. At this point, the 
Space Vehicle was injected into a trans-lunar 
trajectory using the Star 37FM SRM which 
was mounted in the Interstage Adapter. ( 
12.5 Gpk quasi-static axial acceleration) 

• Next the attitude control system thrusters 
were fired to stop the Space Vehicle Spin 
and the solar arrays were deployed by 
releasing memory shape alloy bolts (frangi 
bolts). ( Pyroshock event) 

• The Clementine Spacecraft then initiated 
separation from the Interstage Adapter and 
SRM by firing eight separation nuts. 
(Pyroshock event ) 

• The expended SRMIISA was left in a highly 
elliptical orbit while the Clementine 
Spacecraft was inserted into a stable lunar 
polar orbit using the Spacecraft 110 lbf. 
delta V thruster. 

• Lunar mapping operations using the 
Clementine SC's mission sensors took 



placeover a period of approximately two 
months. 

Clementine Design 

Referring to figure I , the Clementine 
payload was designed to provide structural, 
mechanical and electrical interfaces with the 
Titan IIG EL V. The payload consisted of: 

• The Payload Adapter (P A) - An aluminum 
truncated cone with riveted forward and aft 
interface rings which connected the 
Clementine Space Vehicle to the Titan IIG 
Launch Vehicle. The PA weighed 
approximately 85 lbs. 

• The lnterstage Adapter (ISA) - A composite 
truncated cone with forward and aft ring 
which were riveted and bonded to the shell. 
The ISA housed the Solid Rocket Motor and 
interfaced it to the Clementine Spacecraft. 
The ISA weighed approximately 80 lbs. 

Space Vehicle 
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• The Solid Rocket Motor (SRM) - The SRM 
provided 12,000 lbf. of thrust for lunar orbit 
insertion. The SRM bolted to the aft ring of 
the ISA at the Space Vehicle separation 
plane. The SRM weighed approximately 
2500 lbs. and was by far the heaviest 
component. 

• The Clementine Spacecraft which provided a 
stable platform and positioning for the 
optical mission sensors. The Spacecraft's 
structural components were a machined 
aluminum subfloor, two decks containing 
the Reaction Control System and thrusters, 
eight honeycomb aluminum sheer panels 
containing the electronic components/boxes 
and eight longerons attaching the subfloor 
with the decks and shear panels. The 
Spacecraft weighed approximately 490 lbs. 
unfueled. 

Clementine Payload -Launch Configuration - Figure 1 

Clementine Overall Test Philosophy 
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The Clementine Satellite best fits in the 
category of a Class C Space Vehicle. DOD
HDBK-343 describes Class C Satellites as a 



medium to high risk effort, single string design, 
small size and low to medium complexity. In 
order to provide the best mix of mechanical 
reliability and low cost, a combination 
Qualification I Protoflight test philosophy was 
adopted which had the following characteristics: 

• Test environments and loads were based on 
using a Titian IIG Expendable Launch 
Vehicle to get the Space Vehicle into low 
earth orbit, and a Thiokol Star 37FM Solid 
Rocket Motor for putting the Spacecraft into 
lunar orbit. 

• Separate Engineering Model and Flight 
Spacecraft were built. 

• Dynamic Qualification test levels were 
defined as maximum expected flight levels 
plus 6 dB for two minutes duration. 
Protoflight test levels were defined as 
maximum expected flight levels plus 3 dB 
for one minute duration. 

• The Engineering Model Spacecraft (EM) 
was tested to qualification levels. 

• The Flight Spacecraft was acceptance tested 
to protoflight levels. 

• Components with only flight units available 
underwent protoflight testing while 
components with both operational 
prototypes and flight units had qualification 
testing on the prototype and protoflight 
testing on the flight unit. 

• Levels for loads testing were equal to 1.05 
times expected flight loads. The structure 
was designed for yield at a minimum of 1.10 
times flight loads. 

• Low level random signature tests were 
performed before and after any system level 
test that input significant loads into the 
structure. Transfer functions from these pre 
and post test signatures were compared to 
see if any structural failure or degradation 
had occurred. 

Test Flow 

The test flows for both the EM and Flight 
Spacecraft are shown below. The goal of the EM 
test flow was to qualify the Clementine design 
and provide a pathfinder for future Flight 
Spacecraft testing. The goal of the Flight 
Spacecraft test flow was to verify workmanship 
and acceptability of Clementine in its entirety for 
flight. 

Engineering Model Test Flow 

SPACECRAFT r SPACECRAFT (D MODAL AXIAL VIBRO· ~ 
SPIN BALANCE STRUCTURAL ~ SURVEY f--------,l ACOUSTIC I~ 

&MASS PROP ALIGNMENT PAYLOAD PAYLOAD 

l.1CD SPACECRAFT SPACECRAFT ~ SPACECRAFT [.1 H PAYLOAD 

~ 
~ 

AXIAL ~ lATERAL Y 1-----> IATERALZ lATERAL Y 

QUASI-STATIC QUASI-STATIC QUASI-STATIC RANDVIB 

y PAYLOAD 2(!) PAYLOAD CD 
IATERALZ PYROSHOCK 
RANDVIB 

CD PERFORM SENSOR ALIGNMENT VERIFICATION 

~ PERFORM PRE AND POST STRUCTURAL SIGNATURES 

Flight Spacecraft Test Flow 

4 



SYSTEM SPACECRAFT L!_ 
PERFORMANCE STRUCTURAL EMI/EMC 

rj TEST ALIGNMENT 

SV - S C - ISA - PA PAYLOAD ~ [] PAYLOAD 
~ MASS PROP& AXIAL VIBRO- f---

~ 
PYROSHOCK 

SPIN BALANCE ACOUSTIC ~ 

L MECHANISM [] SC-ISA [] SHIP TO 

DEPLOYMENT THERMAL lAUNCH r--
~ VACUUM SITE 

L FUELED [] Perfonn Sensor Alignment Verification 
PAYLOAD 

SPIN BALANCE 
2 Perfonn S stem Functional Checkout 0 y 

@] Perfonn Pre and Post Random Signatures 

Engineering Model Test Flow 

The Engineering Model (EM) was a high 
fidelity, non-flight, mass and stiffness prototype 
of the Clementine Spacecraft which was tested to 
qualify Clementine's design. It contained mass 
simulators for all components as well as dummy 
solar arrays. For tests performed on the Space 
Vehicle ( SN ) configuration, a mass simulated 
SRM and high fidelity prototypes of ISA and 
PLA were used instead of the flight items. The 
Engineering Model Test flow chart on the 
previous page illustrates the development test 
program. 

Flight Structure Test Flow 

The Flight Clementine Spacecraft in launch 
configuration was acceptance tested to 
protoflight levels. The flight PLA and ISA were 
used for these tests, but for safety reasons the 
SRM mass simulator was used instead of the 
flight SRM. The Flight Spacecraft Test Flow on 
this page illustrates the test program. 

Sensor Bench Location Alignment 
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Knowledge of the angular alignments of 
Clementine's optical sensors to one another was 
critical to mission success. Sensors were 
aligned before testing began and alignment was 
measured periodically during the test flow to 
determine sensitivity to dynamic and thermal 
loads. Translational alignment was not as 
critical as angular alignment because the sensors 
were viewing subjects that were hundreds of 
miles away. In most cases, the angular sensor 
alignment had to be known to within .005 
degrees. Alignments were also measured to 
provide a check on the overall structure integrity 
and thruster pointing. Similar alignments were 
done on both the EM and the Flight Spacecraft. 

First, the centerlines of the sensors were 
aligned to each other, then one of the sensors was 
aligned to the reference axis of the Spacecraft. 
Alignments of the delta V thruster, attitude 
control thrusters, and Inertial Measuring Units 
were then also measured to the reference axis of 
the Spacecraft. All measurements were 
periodically verified as shown in the test flow. 

Axial (X Axis) Vibro-Acoustic Test 

Engineering Model Structure 

A combined acoustic and thrust (X) axis 
random vibration test was performed on the 
Engineering Model Payload. The acoustic 
portion of the test simulated the acoustic noise 
environment seen during launch and Max Q 
while the mechanical vibration input simulated 



low frequency structure borne launch vibration. 
Since below 100 Hz the NRL acoustic chamber 
is not effective at producing the required sound 
pressure levels, the mechanical vibration also 
served to augment this area of the spectrum. The 
acoustic spectrum used for this test came from 
the Titan II users manual while the low frequency 
random vibration spectrum was an envelope of 
measured data from several different launch 
vehicles and had a bandwidth of 20 to 100 hz. 
The input test levels were 6 db above the 
maximum expected flight levels for a two minute 
duration. These were considered qualification 
levels. For both structures, the low frequency 
random vibration input spectrum had to be 
tailored to prevent major structural components 
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from exceeding the design limit loads of 12.5 G 
axial and 3.5 G lateral. The acoustic and random 
vibration input spectra are shown in figures 2 and 
3. 

Flight Structure 

A similar vibro-acoustic test was performed 
on the Flight Clementine SN. The input spectra 
however, were lowered to 3 dB above maximum 
expected flight levels and the duration was 
shortened to one minute. The spectra are shown 
in figures 4 and 5. 
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Pre and Post Test Random Signatures 

A low level (.5 Grms Overall ), flat 20 to 
500 hz spectrum, random signature test was 
performed before and after each high level 
vibro-acoustic test. Data from all channels are 
processed into transfer functions using one of the 
control accelerometers as a reference. By 
comparing the pre and post test data, one can tell 
if any major structural degradation has occurred. 

Component Random Vibration Testing 

Acoustic sound pressure is generally the 
most significant driver of component random 
vibration. Early in the Clementine program a 
preliminary component random vibration test 
specification was needed for component 
purchasing and early testing. This random 
vibration specification was analytically 
estimated by scaling the vibro-acoustic response 
of similar types of spacecraft structures based on 
acoustic sound pressure input levels. 
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For the vibro-acoustic test, the EM Payload 
was instrumented with accelerometers which 
were located in component mounting areas. Data 
from these were analyzed to provide random 
vibration PSD curves for evaluating and updating 
the preliminary estimated component random 
vibration specification. 

After the ElM qualification vibro-acoustic 
test, the acceleration responses that were 
measured were compared to the preliminary 
component random vibration spectrum. The 
responses were generally enveloped by the 
component spectrum, however there were narrow 
frequency bands where the responses exceeded 
the specification. A typical comparison is shown 
in figure 6. 
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Due to the inherent conservatism of rigid 
base random vibration shaker testing, these areas 
of exceedance were usually not deemed 
significant enough to warrant raising the 
specification. The specifications for several 
vibration sensitive components were however, 
revised to reflect the more realistic responses 
generated in the vibro-acoustic test. 

Comparison of EM and Flight 
Responses 

Seven accelerometer response locations on 
the Flight Spacecraft matched locations from the 
EM test. Comparing acceleration spectral 
density plots from corresponding locations 
produced an interesting trend. Figure 7 shows 
that data from the Flight Spacecraft test {bars) 
had significantly lower response at almost all 
frequencies above 100hz when compared to the 
ElM data (solid line). 

Comparison of Averaged Flight Spacecraft 
Response (bars) VS. EM Response (line) 

Figure 7 
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Averaging the Grms values of the same 
measurement points on the two tests again 
showed the ElM Grms response to be 4.1 dB 
higher than the Flight Spacecraft Grms response 
( 7.01 vs. 4.35 ). It is likely that this is due to 
the substitution of flight components for mass 
simulators and the addition of thermal 
blanketing. It is assumed that the flight 
components, being assemblies of a generally 
complex nature, tend to absorb more energy than 
solid masses, especially at high frequencies. 
Also the thermal blankets may have significantly 
reduced the acoustic sound pressure 
impingement on the Flight structure. This 
information will be factored into preliminary 
vibro-acoustic predictions for future programs. 

Below 100 hz, the response was driven by 
primarily by the electrodynamic shaker input 
rather than acoustic response. The EM had mass 
simulators that weighed the same as full 
propellant tanks while the Flight Spacecraft had 
flight tanks that were empty. This accounts for 
the differences seen in low frequency response. 

Lateral Random Vibration 

This lateral random vibration test was 
originally intended as a system level 
workmanship I acceptance test for mechanisms 
and subsystem connections that did not get 
sufficiently tested during the axial combined 
vibro-acoustic test. However, after reviewing all 
of the EM test data it was decided that the axial 
vibro-acoustic test provided a good workmanship 
for the whole structure without any local over 
testing. Thus, lateral axis random vibration 
testing was not performed on the Flight Space 
Vehicle. 

Summary 

All indications showed that the combined 
axial random vibration and high level acoustic 
test gave the spacecraft a good workmanship test 
while generating realistic component random 
vibration response data. Similar testing was 
performed at NRL on the LACE sattelite also 
with successful results. The attenuated high 
frequency vibro-acoustic response of the Flight 
Spacecraft was interesting and an area for 
possible future investigation. 


