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Pressure measurements taken onboarda suborbitalspacecraft exhibitnonperiodicpulses during attitude-control
thruster � rings. The attitude-control system located at the base of the conical spacecraft included eight cold-gas
thrusters. The pitch and yaw thrusters delivered 1.245 N thrust while the roll thrusters delivered 3.278 N with
impulses that lasted up to 0.03 s. The pressure sensor was housed inside the spacecraft on a plane 0.15 m from
its base and was connected to the outside with a 0.1-m long, 0.022-m-diam tube. Analysis shows that pressure
pulses appear instantaneously with � rings although the thrusters did not have a direct line of sight with the sensor
entrance. Pressure pulses are superimposed on a background pressure that is attributed to internal outgassing.
Plumes from thrusters with the same level of thrust result in large differences in pressure depending on their
orientation with respect to the entrance of the pressure-sensor tube. Data analysis demonstrates that outgassing,
plume back� ow, and plume/surface interaction affect the neutral pressure environment of the small suborbital
vehicle.

Nomenclature
De = exit diameter of nozzle, mm
Dt = diameter of pressure-sensortube, m
Dth = throat diameter of nozzle, mm
L t = length of pressure-sensor tube, m
n1 = freestream number density, m¡3

T1 = freestream temperature,K
V1 = freestream velocity, m/s
¸1 = freestream mean-free path, m

Introduction

T HE study of plumes from small attitude-control thrusters is
very important for the assessment of possible spacecraft con-

tamination, as well as for determining plume-impingement forces.
There have been numerous ground-based experimental investiga-
tions of small thruster plumes.1¡3 Numerical simulation studies of
plumes have been carried out with Navier–Stokes codes4 and the
direct simulation Monte Carlo (DSMC) method.5¡7 Recent plume
studiescombinethe two methodsby followingthe � owvia a Navier–
Stokes approach until breakdown is established,then continue with
the DSMC approach.8¡10 Whereas numerical studies have been nu-
merous, space-based experiments with thrusters have been limited
and mostly related to the Space Shuttle. Since the early Shuttle
� ights, ample evidencehas been provided to demonstratethe effects
of thruster � rings on the induced environment.11 Many subsequent
investigations have addressed the plasma, neutral, and electromag-
netic environment during thruster � rings.12¡14 However, the com-
plexity of the Shuttle operations, its geometry, and its inducedenvi-
ronment make the interpretationof neutral environmentparameters
very dif� cult. Data from rocket experimentshave also demonstrated
the effects of thruster � rings on the neutral pressure environment.15

Cold-gas thruster plumes have also been the subject of a recent
investigationonboard Mir.16
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This study presentsdata analysisof pressuremeasurements taken
onboard a small suborbital spacecraft, the Environmental Monitor
Package (EMP). The data were obtained during thruster � rings of
the N2 cold-gas attitude-control system of the conical EMP space-
craft.Even with the simple geometryof the EMP, data interpretation
is dif� cult because of outgassing from internal surfaces, complex
plume/surface interactions, as well as the rarefaction effects of the
plume � ow entering the pressure sensor. The sensor was housed in-
side the EMP and was connected to the outside with a 0.1-m-long,
0.022-m-diam tube. In our previous study we studied the response
of the pressure sensor and its connecting tube to the incoming � ow
during the quiet-thrusterperiod while the EMP descended from an
altitude of 560 km until reentry at 130 km.17 The current investiga-
tion focuseson the thruster-�ring periodof the mission and presents
data analysis that reveals internal outgassing, plume back� ow, and
plume/surface interactionphenomena.Numerical simulationsof the
EMP nozzle and plume � ows as well as data comparisons are pre-
sented by Gatsonis et al.18

Experiment Description
An experiment to characterize the induced environment around

a suborbital spacecraftwas conductedby the Applied Physics Lab-
oratory. The spacecraft, called the EMP, contained instruments de-
signed to measure the total gas pressure, water vapor concentration,
neutraland ion gas concentrationand � ux of dust particles.Figure 1
shows a schematic of the EMP spacecraft along with the locationof
the neutral mass spectrometer, the ion mass spectrometer, and the
ionization pressure sensor.

The EMP spacecraft, containing the suite of instruments, a
telemetry system, and the attitude-control system, was launched
into a suborbital trajectory after its release from a postboostvehicle
at 500 s (mission elapsed time) and an altitude of approximately
1000 km. The EMP reached its apogee at 840 s and an altitude of
1230 km and reentered at 1630 s and an altitude of 130 km. The
approximatealtitude and speed of the EMP are shown in Fig. 2. The
EMP was rotating with a period of 10 s (0.1 Hz) in the direction
shown in Fig. 3 throughout the mission.

The attitude-control system of the EMP, shown in Fig. 3,
was located at the bottom of the conical structure and included
eight thrusters: pitch-down (P-D), pitch-up (P-U), yaw-right (Y-R),
yaw-left (Y-L), two roll-clockwise (R-CW1 , R-CW2 ), and two roll-
counterclockwise (R-CCW1 , R-CCW2). All nozzles were conical
with a 15-deg half-angle, and their characteristics are described in
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Fig. 1 EMP spacecraft geometry and instrument location.

Fig. 2 EMP approximate altitude and speed.

Fig. 3 Approximate thruster location on the EMP base (looking for-
ward).

Fig. 4 Pressure data during the EMP thruster � ring period (500–1400 s) and the ram-wake period (1460–1600 s).

Table 1. Pressure to the solenoid valve of the nozzles was provided
at 1034.25 kPa. A typical EMP thruster � ring consisted of multiple
impulses of 0.03 s each.

A cold-cathode ionization sensor measured the neutral gas pres-
sure of the EMP environment.The operatingrangeof the sensorwas
from 4 £ 10¡5 to 0.1333 Pa, and the absolute values are expected to
be correct within 15% for the entire range. Pressure was sampled at
a rate of 16.67 samples/s (every 0.06 s). The pressure sensor itself
was housed inside the spacecraft and was connected to the entrance
hole on the surface by a tube with length L t D 0:1 m and diameter
Dt D 0:022 m. The pressure tube was located approximately0.11 m
off the axis at a plane 0.15 m from the base of the spacecraft as
shown in Fig. 1.

Data Analysis
Pressure was sampled by the EMP sensor at a rate of 16.67 sam-

ples/s(or every0.06s)while the intermittentthrusterimpulseslasted
up to 0.03 s with each � ring containingmultiple impulses. The pres-
sure data were interpolated to 0.03-s intervals and are shown in
Fig. 4 for the entire EMP � ight from 500 to 1630 s. This data set
can be clearly divided into two periods. The � rst period from 500 s
(1000 km) to 1400 s (670 km) exhibits nonperiodic pressure pulses
with largepressurepeaksthat coincidewith theEMP thruster� rings.
At approximately1400 s the N2 gas was depleted, and the pressure

Table 1 EMP thruster characteristics

Exit diameter Throat diameter
Thruster Thrust, N De , mm Dth , mm

P-U, P-D 1.245 4.826 0.906
Y-R, Y-L 1.245 4.826 0.906
R-CW, R-CCW 3.278 5.588 1.6

Fig. 5 Background pressure caused by outgassing during the EMP
thruster � ring period (500–1400 s).
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pulses disappeared. The second period, from 1450 s (560 km) to
1630 s (130 km), shows periodicpulses related to ram-wake effects.
These periodic pressure pulses coincide with the EMP period of
rotation and increase in amplitude as the EMP descended to lower
altitudes and higher freestream densities. The analysis of the ram-
wake period and the responseof the pressuresensor to the incoming
� ow were the subject of our previous investigation.17

Background Pressure Caused by Outgassing
The � rst obvious trend shown in Fig. 4 is that pressure pulses

are superimposed on a background that gradually decreases as the
mission time increases.This backgroundpressure is approximately
9 £ 10¡3 Pa at the beginningof the � ight and reduces to 3 £ 10¡4 Pa
at 1400 s. Ambient data based on the MSIS-86 model for three
characteristic altitudes during the EMP thruster-� ring period are
shown in Table 2. Estimates of the ambient pressure, the incident
pressure to the EMP, and the measured background pressure are
also presented in Table 2 for comparison. The EMP was � ying at
altitudes above 670 km during the thruster-� ring period, and the
backgroundpressure is several orders of magnitude larger than both
the ambient and incident pressure as indicated by Table 2. This
background pressure can, therefore, be attributed to the internal
outgassing of the spacecraft and sensor surfaces. This behavior has
also been observed in recent suborbital rocket experiments.15

Fig. 6 Pressure, reduced pressure, and thruster impulses during the entire thruster-� ring period.

Fig. 7 Details of pressure, reduced pressure, and thruster � rings for the 840–860-s period.

To obtain the backgroundpressure from the data,we used the fol-
lowing noise constructionalgorithm. The � rst 500 data points from
the entire data set were sorted and a least-squares� t was performed
for the 30 points with the lowest values. This � t was extended to
cover the entire 500-data window and was assumed to represent
the background pressure for that time period. The procedure was
repeated for the next 500 data points until the entire data set was
covered. A plot of the backgroundpressure caused by outgassing is
shown in Fig. 5.

Reduced Pressure Induced by Thruster Plumes
To obtain the pressure associated with thruster � rings, the back-

ground pressure caused by outgassing was subtracted from mea-
surements, and the result was designated as the reduced pressure.
The pressure, reduced pressure, and the associated thruster � rings
as a function of time are shown in Fig. 6 for the entire thruster-
� ring period. Expanded details of a typical pressure pro� le are
shown in Fig. 7 for the period between 840 and 860 s. The pressure
peaks and the thruster � rings coincide within the temporal resolu-
tion of the samplingas Fig. 7 shows.A typicalpressurepeak appears
instantaneouslywith the thruster impulse and gradually decreases.
From these data one can see that although the plumes of the EMP
thrusters did not have a direct line of sight with the entrance to the
pressure sensor, they caused instantaneouspressure increases.
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Table 2 Freestream parameters and pressure during the EMP thruster-� ring period

Ambient Incident Background
Time, Altitude, n1 , T1 , V1 , pressure, pressure, pressure,
s km m¡3 K N N2 O O2 H m/s Pa Pa Pa

Mole fraction

500 1000 5:74 £ 1011 950 3:6 £ 10¡4 3:7 £ 10¡7 1:4 £ 10¡2 7:3 £ 10¡10 0.986 5311 6:3 £ 10¡9 1:2 £ 10¡7 9 £ 10¡3

859 1228 2:75 £ 1011 950 5:9 £ 10¡5 4:8 £ 10¡9 1:6 £ 10¡3 4:7 £ 10¡12 0.998 5000 3:1 £ 10¡9 4:9 £ 10¡8 5 £ 10¡3

1400 670 3:4 £ 1012 950 5:2 £ 10¡3 4:9 £ 10¡4 3:9 £ 10¡1 3:7 £ 10¡6 0.679 5770 3:7 £ 10¡8 1:7 £ 10¡6 3 £ 10¡3

Fig. 8 Reduced pressure data for individual thruster-� ring events.
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Table 3 Pressure and reduced pressure of individual thrusters

Thruster Sample
(sample number) number Average Std. dev. Average Std. dev.

Pressure, Pa Reduced pressure, Pa

P-D 27 4:05 £ 10¡4 4:9 £ 10¡5 3:19 £ 10¡5 7:73 £ 10¡6

P-U 210 5:89 £ 10¡4 1:52 £ 10¡4 1:3 £ 10¡4 3:91 £ 10¡5

Y-R 21 8:31 £ 10¡4 1:2 £ 10¡4 4:56 £ 10¡5 1:34 £ 10¡5

Y-L 1450 5:31 £ 10¡4 1:53 £ 10¡4 5:67 £ 10¡5 2:04 £ 10¡5

R-CW 270 7:02 £ 10¡4 2:5 £ 10¡4 2:09 £ 10¡4 7:81 £ 10¡5

R-CCW 248 4:51 £ 10¡4 1:16 £ 10¡4 1:41 £ 10¡5 7:25 £ 10¡6

During the EMP mission, � nding more than one thruster � ring
simultaneously, as Figs. 6 and 7 show, was typical. To examine the
effects of individual thrusters, the pressure resulting from single
thruster-� ring events was calculated. The criterion to establish a
single-thrusterevent was that no other thruster operated0.5 s before
and 0.1 s after the � ring of the thruster under investigation.Pressure
measurements associated with individual thruster � rings are shown
in Fig. 8, and the average pressures estimated from these data are
shown in Table 3. This analysis shows that thrusters with the same
thrust level do not produce similar pressure effects. For example,
the R-CW thrusters produced an order-of-magnitude larger pres-
sure amplitudes than the R-CCW ones. Based on the location of the
R-CCW thrusters, shown in Fig. 3, their plumes are directed away
from the sensor entrance. Speci� cally, the R-CCW1 plume could
reach the sensor entrance because of back� ow only. The R-CCW2

plume, directedat almost 90 deg with respect to the sensor-tubecen-
terline, could reach the entrance only after expanding on the EMP
base. However, the plume from the R-CW1 thruster could reach
the sensor entrance directly after a short expansion off the EMP
base, which explains the resulting higher pressure. In contrast, dif-
ferences between the yaw thrusters are relatively small, which can
be attributed to the almost symmetric location of the yaw thrusters
with respect to the pressure-sensor entrance, as shown in Fig. 3.
Note that the yaw plumes could reach the sensor entrance after ex-
panding on the EMP base. The P-D thruster located at the opposite
side of the pressure-sensor entrance resulted in a smaller pressure
compared to the P-U. Note that back� ow is the only way for the
P-U thruster plume to reach the pressure-sensorentrance. The P-D
thruster plume expanding on the EMP base could reach the en-
trance only by wrapping around the EMP side surface. All of the
precedings suggest that plume back� ow, plume wrap-around, and
plume/surface interactions are responsible for the observed EMP
pressure environment.

Conclusion
Data analysis of pressure measurements obtained from a cold-

cathode ionization sensor onboard the EMP suborbital spacecraft
was presented. The data, collected during � rings of small attitude-
control thrusters, revealed plume back� ow and plume/surface inter-
action. The plumes from the EMP thrusters did not have a direct
line of sight with the pressure-sensorentrance but caused instanta-
neous pressure peaks upon their � ring. The analysis revealed that
outgassing from internal surfaces resulted in a backgroundpressure
that decreased with time. Analysis of individual thrusters showed
that � ringsresultedin pressurepeaksthatdependeduponthe thruster
location on the base of the EMP. Our analysis demonstrated that
plume/surface interactions and back� ow contributed to the EMP
pressure environment.
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