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Facility Effects on Performance Measurements of
Micropropulsion Systems that Utilize Gas Expansion
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Facilities can affect the measurement of spacecraft propulsion system performance in a variety of ways. In this
study an underexpanded freejet is used to simulate experimentally a micropropulsion system such as those that
operate on the expansion of propellant gases through nozzle geometries. Facility effects on the thrust measured
by a torsion thrust stand installed in two facilities with distinctly different characteristics have been quanti� ed
over a steady-state thrust range from 10 to 480 ¹N. The two facilities varied in dimension and pumping capacity
with background pressures ranging from 10¡¡6 to 10¡¡4 torr. In both facilities the measured thrust decreased with
increasing facility background pressure. At a thrust level of 10 ¹N, the thrust decreased by approximately 20%
at a facility background pressure of 2 £ £ 10¡¡4 torr relative to the thrust measured at 2 £ £ 10¡¡6 torr; however, a
similar background pressure only resulted in a 4% reduction in thrust at 120 ¹N. The larger percent decrease in
measured thrust for a given background pressure in the low thrust range has implications for the design of micro-
propulsion test facilities. The facility background pressure effect contributes to less than 2% error for the thrust
range from 10 to 480 ¹N at background pressures less than 10¡¡5 torr, suggesting that low background pressures
are necessary for accurate thrust measurements below 500 ¹N. An empirical formulation based on background-
plumepenetrationtheory providesestimates of the thrust degradationas a function of facilitybackgroundpressure.
The empirical model � ts the experimental data reasonably well for jet centerline values of the background gas
radius of penetration into the freejet plume.

Nomenclature
A = area
Aeff = effective plenum area
CB = background thermal velocityD

p
.8kTB=¼m B /

CD = ori� ce discharge coef� cient
c.° / = constant, 0.161 (° D 1.67), 0.0863 (° D 1:40)
D = diameter
k = Boltzmann’s constantD 1:38 £ 10¡23 J/K
L p = plenum radius
PM = continuum mass � ow rate D ½¤u¤ A j

m = molecular mass
n = number density
p = pressure
r = radial position in plume
r p = radius of penetration of background gas into plume
r¸ = mean free path of jet molecules in the undisturbed

background gasD .nB;1¾ j B /¡1

T = temperature
= = thrust
u = velocity
Vrel = relative velocityD v j1 C CB

v j1 = jet limit velocityD
p

[2° =.° ¡ 1/.kT0=m0/]
° = ratio of speci� c heats
" = correction factor to variable hard sphere collision

cross-section
µ = angle from ori� ce centerline
¾ = variable hard sphere collision cross section
Á = constant, 1.365 (° D 1:67), 1.662 (° D 1:40)
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Subscripts

B = background
j = jet or ori� ce
sfc = along the plenum surface (that is, high µ /
0 = plenum or stagnation
1 = undisturbed or limit

Superscript

¤ = sonic conditions

Introduction

S PACECRAFT propulsion system performance is typically in-
vestigated in ground-based facilities, where the facility back-

ground pressure is orders of magnitude larger than ambient on-orbit
conditions.Also, facility effects are not limited to backgroundpres-
sure level. There is some indication that the ratio of measured to
on-orbit thrust can vary depending on the facility geometry, pump-
ing con� guration,thruststandgeometry,experimentalsetup,and the
characteristicsof the thruster and its correspondingexhaust plume.

Several authors have commented on the adverse effect of facility
background pressure on experimental performance measurements
for traditional spacecraft propulsion systems such as those that ex-
pand high stagnation pressure gases through nozzle geometries.1¡4

Additionally,severalnumericalsimulationshave shown theeffectof
facility backgroundpressureon nozzle performance.5¡7 In all cases
the measured thrust is shown to decreaseas a function of increasing
background pressure. The thrust degradation has been attributed to
several factors. For example, Sovey et al.1 indicate that � ow sepa-
ration in the nozzle with cold-gas propellants was responsible for
the decrease in thrust at high backgroundpressures.Manzella et al.2

attributedthe decreasein thrust to increasedconvectiveheat transfer
in high-temperature resistojet nozzle expansions.

Low-thrust micropropulsionsystems can be more susceptible to
facility background chamber effects where very small changes in
thrust can lead to signi� cant errors. Because the majority of the
facility background density comes from the thruster mass � ow, a
given facility is expected to be able to maintain lower background
pressures when studying micropropulsion systems compared to
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large-scalethruster investigations.This study shows that, for a given
backgroundpressure above 10¡5 torr, the facility effect leads to sig-
ni� cant errors at the low range of measured thrust. Facilities con-
structed to investigate micropropulsion system performance must
have reasonable pumping to ensure background pressures below
10¡5 torr during thruster operation, suggesting that simple scaling
of a micropropulsion facility’s pumping system based on the phys-
ical size of the facility might not be adequate.

This study investigates the effects of facility geometry and back-
ground pressure on thrust measurements several orders of magni-
tude lower thanpreviousstudies.2¡4 An underexpandedsonicori� ce
was used as a simpli� ed cold-gas micropropulsionsystem. An em-
pirical formulation based on background-plumepenetration theory
is provided to estimate the degradation in thrust as a function of
facility backgroundpressure. Although a generalized theory to pre-
dict the effects of a facility on the thrust measurementsof particular
propulsionsystemsmightnotbe practical,a simpli� ed framework is
presentedthat appearsto be an adequateinitialstep towards this end.

Analysis
An empirical model was developed to aid in the understanding

of the facility background pressure effects on the measured thrust.
Muntz, Hamel, and Maguire (MHM)8 used a simple scattering for-
mulation to describe the rarefactionof a source � ow expandinginto
a � nite but low background pressure. If the background pressure
is suf� ciently low, a shock wave is not evident in the interaction
region between the source � ow gas and the background.Rather, it is
replaced by a rare� ed � ow scattering region where the background
molecules diffuse into the high-velocity source � ow. The distance
from the source at which the background gas number density far
from the source nB;1 is reduced by a factor e¡1 is called the radius
of penetration by MHM8 and is given by

r p D .Vrel=CB /"¾jBn¤r ¤2
(1a)

The collision cross section ¾jB is obtained from the equivalent vari-
able hard-spherecollision diameters derived from viscositydata for
the sourceand backgroundgases.The source is characterizedby the
number density n¤ at the sonic radius r¤. Following MHM,8 " is a
parameter less than or equal to one, which accounts for any uncer-
tainty regarding the number of model collisions required before an
average background particle has effectively been turned around or
stopped. It might also be considered as an adjustment to the colli-
sion cross sectionbasedon viscositymeasurements,which certainly
mightnot apply in theparticularcaseof interesthere.Using thework
of Ashkenas and Sherman,9 the source � ow can be related to the un-
derexpanded � ow from a sonic ori� ce, and the expression for the
radius of penetration becomes

r p.µ/ D .Vrel=CB /"¾jBnj0c.° /D2
j cos2.¼µ=2Á/ (1b)

This formulation assumes the jet density varies as the square of the
cosineof the angle from the ori� ce centerline9 and that a source � ow
approximation applies, which requires r p À D j so that n j » 1=r 2 .

The validityof the expressionfor the radiusof penetrationwas ex-
amined in several papers.10¡13 MHM8 followed up on their original
work by examining the backgroundgas penetrationwith a varietyof
underexpanded,sonic ori� ce jets expanding into � nite background
pressureenvironments.For the purposesof the present discussion,a
large amount of data10;11;13 and more rigorous theoretical extension
of the original model12 result in a value of " D 0:43 on the ori-
� ce centerline (µ D 0 deg) for the conditions of the experiments re-
ported here. In the previouslyreportedexperiments, the background
concentration measured included all molecules originally in the
background so that the " D 0:43 includes all scattered background
molecules.Additionally, data reported in Brook et al.12 (see Fig. 12
of Ref. 12) indicate that Eq. (1b) is only valid up to µ ¼ 45 deg.
Beyond 45 deg the radius of penetration departs from the Eq. (1b)
functional form and is still at a value of r p.µ/=r p.µ D 0/ D 0:25 at
µ D 80 deg.

In the various experiments10¡13 the detailed shape of the back-
ground density as a function of distance and angle from the sonic

ori� ce have been measured. The MHM8 prediction for the concen-
tration pro� le is

n B .r;µ/=nB;1 D expf¡[r p.µ/=r]g (2)

Providing the jet-backgroundinteractionis in the scatteringregime,
the measurements all indicate that the form exhibited in Eq. (2) is
remarkablyaccurate.10;11 The scatteringregimeis mostconveniently
indicated by the plume Knudsen number12

K n p D r¸=r p.µ D 0/ ¸ 1 (3)

The proposed mechanism for lower measured thrust as a function
of increased background pressure is shown schematically in Fig. 1
(Ref. 14). The mechanism assumes that the effect of scattered jet
molecules on the front surface of the ori� ce is independentof back-
ground pressure.For no ori� ce � ow the backgroundpressureexerts
an equal force on the front and back sides of the ori� ce plenum
(equilibrium). With � ow introduced through the ori� ce, the result-
ing jet acts like an ejector pump similar to that of the oil vapor in
a vacuum diffusion pump.15 Collisional removal of the background
gas by the ori� ce plume, as described quantitativelyin the immedi-
ately proceedingparagraphs,results in a lower backgroundpressure
contributionon the jet side of the plenum than on the back side. The
pressure difference exerts a force on the plenum in a direction op-
posite to the thrust vector produced by the jet. Because the gas
density in the plume is relatively high compared to the background
gas density in the vicinity of the ori� ce, the � ow can effectively
prevent background molecules from penetrating the ori� ce plume
and striking a portion or all of the front surface of the plenum.8

The change in thrust as a function of background pressure is given
by

1= D .=pB;1 / ¡ .=pB / D PB;1 Aeff (4)

The effectiveareaclearedof backgroundgas Aeff is a way to measure
the area providing a force that is opposite to the thrust vector.

The data presentedin the literatureonbackgroundgaspenetration
into underexpandedplumes at plume Knudsen numbersgreater than
unity10¡13 have beenused to constructa visualizationof the reduced
backgrounddensitiesfor the presentexperiments.The previousdata
selected were obtained using a circular base plate, containing the
sonic ori� ce at its center, which was about 3r p in radius. A set of
data for r p.µ / as a function of µ was used to determine the off-
axis behavior of r p at angles greater than 45 deg (Ref. 12). For
the experiment reported here, the experimental setup was similar
to that for which the off-axis background gas penetration data are
available, except that for the thrust measurements the plenum size

Fig. 1 Background pressure thrust degradation mechanism.
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Fig. 2 Extent of background gas depletion for a 1.0-mm-diam ori-
� ce with a nitrogen stagnation pressure of 2.0 torr. The ori� ce plenum
diameter is assumed to be approximately 3rp.

was generally larger than 3r p by a factorof three or more. The effect
of this difference is not known, but based on the analysis of Brook
et al.12 itwouldbe expectedto increasethehighangler p as compared
to a 3r p radiusbase plate.The plot in Fig. 2 presents lines of constant
n B=nB;1 for the nitrogen � ow from a 1.0-mm-diam ori� ce with
p0 D 2:0 torr and a 3r p diameter base plate. The jet-background
interaction is assumed to be the limiting case of K n p À 1. Note the
relatively large volume of reduced background gas concentration
downstream of the plenum shown in Fig. 2.

To estimate the contributionof the disturbedbackgroundgas con-
centrationto the pressureon the base plate, it is necessary to assume
the formof thedistributionfunctionfor thebackgroundgas.The ear-
lier experiments only measured number density. Because the stag-
nation and background temperature were the same in the present
experiments, it is reasonable to assume that the distribution func-
tions correspond to an equilibrium distribution at the background
andstagnationgas temperatureof about295 K. With this assumption
the effective area Aeff can be expressed as

Aeff D 2¼

Z L p

0

³
1 ¡

nB;sfc

nB;1

´
r dr

or

Aeff D 2¼

Z L p

0

µ
1 ¡ exp

³
¡

r p;sfc

r

´¶
r dr (5)

Combining Eqs. (4) and (5) yields

1= D PB;1

(
¼ L2

p ¡ 2¼

Z L p

0

µ
exp

³
¡

r p;sfc

r

´¶
r dr

)
(6)

The change in thrust can be modeled with the appropriate selection
of r p . It is expected that an appropriate radius of penetration for the
effective area is r p;sfc or the radius of penetration along the surface
of the ori� ce plenum (that is, at µ D 90 deg).

The thrust from a sonic ori� ce is given by16

= D CD
PMu¤ C p¤ A j D p0 A j .1 C CD° /[2=.° C 1/]° =° ¡1 (7)

Earlier work14 shows that the discharge coef� cient varies from ap-
proximately 0.6 to 0.86 for the ori� ce and Reynolds-number range
used in this study. It is assumed that the measured thrust stand de-
� ectionat a given stagnationpressureis related to a thrust calculated
by Eq. (7) with an experimentally measured discharge coef� cient
and stagnation pressure.

Apparatus and Procedure
An underexpandedori� cewas used to simulatea micropropulsion

system. The ori� ce simpli� ed the � ow compared to a micronozzle
geometry that might be used in a cold-gas, resistojet, or chemical
microthruster.17¡19 The ori� cewas attachedto a nano-Newtonthrust
stand, which was installed in two different vacuum facilities. The
facilities differ in physical size, available pumping, and ultimate
pressure ranges. The thrust stand de� ection (force) was measured
as a function of the ori� ce stagnationpressureand the facility back-
ground pressure.The backgroundpressurein the facility came from
three main sources: ori� ce operation, a background gas inlet, and
external vacuum leaks.

The ori� ce had a diameter of d j D 1:0 mm and a thickness of
t j D 0:015 mm yielding a t=d D 0:015. The ori� ce was machined
by conventionalmeans in a tantalum shim attached to an aluminum
plenum.Therectangularplenumhaddimensionsof 65mm in height,
35 mm in width, and 13 mm in thickness. Tantalum was used be-
cause accurately machined ori� ces could be manufactured in very
thin shims without distortion or severe buckling of the material.
A circular plenum with the same surface area as the rectangular
plenum used in this study would have a radius of L p D 2:69 cm. In
the experimentalsetup one ori� ce plenumwas attached to each arm
of a torsion thrust stand such that the two thrust vectors point in
opposite directions (that is, the thrust stand de� ection is twice that
of a single ori� ce). Nitrogen and helium were used as propellant
and background gas.

Thrust Stand

The nano-Newton thrust stand has been optimized for opera-
tion with several micropropulsion systems currently in develop-
ment.17¡19 Figure 3 shows the thrust stand installed in a vacuum
chamber. Overall, a design approach was taken to develop a thrust
stand that was simple to construct, modify, and operate. A torsion
balance is perhaps the simplest con� guration that can be utilized for
steady-state and transient thrust measurements. Only steady-state
thrust measurements are reported in this study. As shown in Fig. 3,
the thrust stand is supported by two force restoring � exure pivots
with a spring constant of 0.0016 Nm/deg. The thrust stand arms are
approximately 25 cm long from the center of rotation.

The thrust measurements involve sensing the angular displace-
ment resulting from a torque (thrust force multiplied by a radial
distance) applied to a damped rotary system. The present method

Fig. 3 Nano-Newton torsional thrust stand installed in the CHAFF-II
facility.
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for detecting angular de� ection is to measure the linear displace-
ment at a known radial distance using a linear variable differential
transformer.The total linear movement of the arm is approximately
0.5 mm for a 500-¹N thrust level, which corresponds to less than
0.1-deg angular de� ection. Therefore, the measured de� ection is
assumed to have a linear relationship with the thrust produced.The
detailed operational characteristicsof this thrust stand are the topic
of earlier work.20

Facilities

The thrust stand was similarly installed in two vacuum chambers
of the Collaborative High Altitude Flow Facility (CHAFF) at the
University of Southern California. CHAFF-II is a 0.86 m diameter
by 1.5-m-long cylindrical vacuum chamber shown schematically
in Fig. 4a. CHAFF-II is pumped by a 2000 L/s Roots blower sys-
tem, which provides ultimate vacuum pressures of approximately
1:0 £ 104 torr. The background gas is introduced into CHAFF-II in
two locations: on the top chamber � ange and immediately before
the � rst stage of the Roots blower system. The location of the thrust
stand in CHAFF-II relative to the pumping system and the location
of background inlets is shown in Fig. 4a. During the experiments,
the background pressure was varied from 10¡4 to 10¡3 torr. Back-
ground pressures were measured with an ionization gauge system,
which was calibrated in the 10¡5 to 10¡4 torr pressure range using
a baratron capacitance manometer. The location of the background
pressure measurement relative to the thrust stand and pumping port
is also shown in Fig. 4a.

CHAFF-IV is a 3-m-diam by 6-m-long stainless-steel vacuum
chamber shown schematically in Fig. 4b. Although CHAFF-IV is
a cryogenically pumped, space simulation facility,21 only a single
diffusion pump was used in this study. The Zyrianka 900 diffusion
pump has an ultimate pumping speed of 25,000 L/s for nitrogen and
42,000 L/s for helium. The ultimate facility pressure in CHAFF-IV
was approximately 1:0 £ 10¡6 torr with a single diffusion pump
operating. The CHAFF-IV ultimate pressure was two orders of
magnitude lower than that of CHAFF-II. The 1.0-m-diam diffusion
pump is backed with a 2000 L/s Roots blower system. The loca-
tion of the thrust stand in CHAFF-IV relative to the pumping sys-
tem and background inlet is shown in Fig. 4b. During experiments

a)

b)

Fig. 4 CHAFF vacuum chambers showing placement of the thrust
stand and experimental con� guration: a) CHAFF-II and b) CHAFF-IV.
(Note: Relative size of thrust stand to chamber is to scale; however, the
facility dimensions are not to scale relative to each other).

in CHAFF-IV, the background pressure was varied from 10¡6 to
5 £ 10¡4 torr. In addition to the backgroundpressuremeasurements
on thechamberwalls, thebackgroundpressurewas also measuredin
the immediate vicinity of the thrust stand by two ionization gauges
located inside the facility. The enclosed ionizationgauges were ori-
ented in various directions in an attempt to assess the background
characteristicsnear the thrust stand caused by ori� ce operation and
the injection of background gases into the facility.

Results and Discussion
CHAFF-II Results

Figure 5 shows the measured de� ection for given ori� ce stagna-
tion pressures as a function of the facility background pressure.
The propellant and background gas is nitrogen. The parameters
of the linear curve � ts in Fig. 5a are given in Table 1. As ex-
pected,the absolutede� ection for a givenori� ce stagnationpressure
decreases with increasing background pressure. Assuming that the
backgroundpressure in front of the ori� ce plenum is zero, the force
exerted on the backside of the ori� ce plenum (Ap D 22:75 cm2/ is
approximately 100 ¹N for pB D 3:3 £ 10¡4 torr. Because the order

a)

b)

Fig. 5 De� ection as a function of CHAFF-II facility backgroundpres-
sure for nitrogen ori� ce � ow into a nitrogen background: a) absolute
de� ection measurement as a function of stagnation pressure and b) de-
� ection normalizedby zero backgroundpressure de� ection (y-intercept
from Table 1).
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Table 1 Linear curve � t for CHAFF-II
de� ection measurements

p0 , torr Linear slope y-Intercepta

0.2 ¡17.542 0.02447
0.5 ¡64.192 0.08674
1.0 ¡158.23 0.23275
2.0 ¡336.52 0.49603
3.0 ¡481.27 0.78236

a y-intercept represents the zero background pressure de-
� ection of the thrust stand.

Fig. 6 De� ection vs ori� ce stagnationpressure for nitrogenand helium
� ows. Data obtained for lowest possible facility background pressure
maintained during ori� ce operation in CHAFF-IV.

of magnitudeof the effect can be the same or greater than that of the
thrust being measured, the background pressure negative thrust ef-
fect could lead to signi� cant measurement errors. Figure 5b shows
the de� ection normalized by the y-intercept of the linear data � t
from Table 1. The y-intercept of the linear � t represents the de-
� ection corrected for zero background pressure assuming a linear
dependence. To � rst order, the change in thrust is linear over the
range of CHAFF-II background pressure. The linear dependence
assumption was validated for ori� ce � ow using a direct simulation
Monte Carlo (DSMC) numerical technique.7

The data suggest that the relative change in thrust increases for a
givenbackgroundpressureas thethrust level (or stagnationpressure)
decreases.This effect can be critical for performancemeasurements
of micropropulsion systems, which are expected to operate at low
thrust levels. The de� ection as a function of background pressure
was independent of the location of the background gas injection
into the facility suggesting that the thrust degradationeffect is fully
attributable to the facility pressure.

CHAFF-IV Results

Figure 6 shows the measured thrust stand de� ection as a function
of ori� ce stagnationpressure for nitrogen and helium propellants at
the lowest maintainableCHAFF-IV backgroundpressure.The mea-
sured de� ections have a standarddeviationof 6:65 £ 10¡3 and 10¡2

for � ve runs on nitrogen and helium at p0 D 1:0 torr, respectively.
The statisticalerror was derived by taking the standard deviation of
at least � ve de� ection measurementsat a given stagnationpressure.
Based on the mean de� ection of the stand, the statistical error was
determinedto be0.59%fornitrogenand0.95%forhelium.In all, the
standard deviations in measured thrust stand de� ection are within
1% of the mean de� ections over the range of stagnation pressures
from 0.1 to 4.0 torr. Using the measured ori� ce discharge coef� -
cients as a function of stagnation pressure from Ketsdever et al.14

Fig. 7 Normalized de� ection as a function ofCHAFF-IV facility back-
ground pressure for nitrogen ori� ce � ow into a nitrogen background.

and Eq. (7), the calculated thrust generated by nitrogen at p0 D 0:1
and 4.0 torr is approximately 10 and 480 ¹N, respectively.

As the stagnationpressure in the ori� ce decreased toward the rar-
e� ed � ow regime, the slope of the data in Fig. 6 transitions from
a continuum to a rare� ed value as discussed by Ketsdever et al.14

This trend is evident because the ratio of the continuum solution
for the thrust [Eq. (7)] to the free molecule thrust for a given stagna-
tion pressure is approximately2.3 for ° D 1:4 or 1.67.This suggests
that the slopeof the measured thrust should transitionfrom a contin-
uum value to a lower free molecule value as the stagnationpressure
decreases.

Figure 7 shows the measured de� ection for nitrogen as a func-
tion of facilitybackgroundpressurefor several stagnationpressures.
At background pressures two orders of magnitude lower than in
CHAFF-II, the measured thrust begins to asymptote at the lower fa-
cility backgroundpressures.The results in Fig. 7 are normalized by
the asymptoticlimit.This approachdiffers from the CHAFF-II anal-
ysis becausethe data never asymptoteat the lowest facilitypressures
in CHAFF-II; however, it is clear that the asymptotic normalization
is physicallymore accurate than the linear approximationused with
the CHAFF-II data. At a thrust level of 10 ¹N, the thrust decreased
from the asymptotic value by approximately20% at a facility back-
ground pressure of 2 £ 10¡4 torr; however, a similar background
pressure only resulted in a 4% reduction in thrust at 120 ¹N. As in-
dicated in Fig. 7, the facility backgroundpressureeffect contributes
to less than a 2% reduction for the thrust range between 10 and
480 ¹N at background pressures less than 10¡5 torr.

Thrust stand de� ection as a function of facility backgroundpres-
sure is presented in Fig. 8 for helium � ow into a helium background
compared to a nitrogen � ow into a nitrogen background. For the
helium cases the background gas is composed of laboratory air to
a level of approximately 1 £ 10¡6 torr. At the lowest background
pressure for the p0 D 2:0 torr case, the laboratory air comprises ap-
proximately 1

4 of the background number density. Because the col-
lision cross section for helium-nitrogen or helium-oxygen is larger
than that of helium-helium, the effect of background gas depletion
is expected to be larger for an air background.Because of the differ-
ences in the collision cross section, the change in thrust is expected
to be larger for a nitrogen � ow into a nitrogen background than for
a � ow of helium into a helium background. Figure 8 indicates this
trend for p0 D 2:0 torr.

Figure 9 shows the change in experimentallymeasured thrust and
that expected from the background penetration empirical model of
Eq. (6) for nitrogen and helium. The results obtained with Eq. (6)
havebeenmultipliedbya factorof two to accountfor the two ori� ces
operating simultaneously in the experiment. For comparison with
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Fig. 8 Normalized de� ection as a function of CHAFF-IV background
pressure for nitrogen � ow into a nitrogen background and helium � ow
into a helium background (p0 = 2:0 torr).

a)

b)

Fig. 9 Change in thrust for ori� ce � ow vs CHAFF-IV background
pressure for empirical model results and experimental data: a) nitrogen,
b) helium [empirical model for rp(µ = 0 deg)].

the 1= shown in Fig. 9a, nitrogen at p0 D 0:5 torr and 2.0 torr re-
sults in thrust levels (at zero backgroundpressure) of approximately
50 and 260 ¹N, respectively. The model formulation agrees with
the experimentaldata for valuesof r p;sfc D r p.µ D 0 deg) for both ni-
trogen and helium � ows to within a maximum of 15%. Preliminary
DSMC results7 show similar trends as the experimental data and
empirical model as a functionof facility backgroundpressure;how-
ever, more detailed DSMC results are required before any direct
comparisons can be made with the experimental data. For lower
values of r p;sfc such as those at large angles from the jet center-
line (µ D 90 deg), the model underpredicts the change in thrust as
a function of background pressure; however, a high angle value of
the radius of penetration is expected to be most appropriate for the
proposed thrust degradation mechanism.

The fact that the empirical model does not reproduce the magni-
tude of the experimental results for high angle values of r p indicates
that the models miss some phenomenological feature of the actual
� ow. The discrepancy could be caused by several factors. First, the
extent of the base plate in the experimental plenum is larger than in
other experiments by which an appropriater p is being estimated.A
larger base plate would act to increase the high angle radius of pen-
etration. Second, the difference could also be caused by an induced
� ow caused by the injector pump effect of the background gas by
the jet or by the injection of the background gas into the facility.
Finally, the model relies on experimentally obtained background
pressure measurements to � rst order. Errors caused by the location
of the measurement could contribute to the discrepancy observed
between the empirical model and the experimental results.

For the minimum achievable background pressures in
CHAFF-IV, the maximum error in measured thrust is expected to
be less than 1.5% even for the worst-case assumption in Eq. (6) of
r p;sfc D r p.µ D 0 deg). The ori� ce mass � ow is found to be a constant
over the range of facility background pressure investigated in both
facilities,which is consistentwith thebackgroundpenetrationmodel
developed in this study. This implies that any error associated with
the thruster speci� c impulse is driven only by the change in thrust.

Discussion

A comparison of thrust stand de� ection in the CHAFF-II and
CHAFF-IV facilitiesis given in Fig. 10.The normalizedde� ection is
presentedas a functionof facility backgroundpressure for nitrogen.
For the CHAFF-II data thede� ectionhasbeennormalizedby the lin-
early extrapolatedde� ection at zero background pressure. Because
the CHAFF-IV data asymptotes to a de� ection value, the asymp-
totic limit is used for normalization.Because the data in CHAFF-II
(Fig. 5) never asymptote at the lowest background pressures

Fig. 10 Comparisonof the normalizedde� ection as a function ofback-
ground pressure between CHAFF-II and CHAFF-IV. Ori� ce operating
with a nitrogen gas at p0 = 0:5 torr.
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Fig. 11 Comparison of the CHAFF-II and CHAFF-IV de� ection as a
function of ori� ce stagnationpressure at each facility’s lowest maintain-
able background pressure with a nitrogen ori� ce � ow.

maintained,normalizationcannot be performed in the same manner
as with CHAFF-IV. A rather large difference in the de� ection is
seen between the two facilities even at the same background pres-
sure. The difference is most likely a result of interactions between
facility surfaces and the jet expansion. The location of the back-
ground pressure measurement is also critical. The thrust stand re-
acts to the local background pressure in the vicinity of the ori� ce
plenums. Large gradients in the background pressure might exist
in the CHAFF-II con� guration because of the nature of the ori� ce
� ow and the pumping arrangement, resulting in higher background
pressures in the vicinity of the thrust stand than measured near the
pumpingport. This effectwould be consistentwith the viewof thrust
degradation at higher background pressure.

Figure 11 shows the de� ection as a function of nitrogen stag-
nation pressure for CHAFF-II and CHAFF-IV. The de� ection in
Fig. 11 represents the lowest maintainable background pressure in
each facility with the ori� ces operating. The corrected CHAFF-IV
de� ection lies between the CHAFF-II uncorrected and corrected
de� ections. This is expected because the CHAFF-II corrected de-
� ection assumes a linear correction to zero background pressure,
whereas the CHAFF-IV data suggest that the de� ection actually
asymptotes at low background pressures. Therefore, the linear as-
sumption should overcorrect the data. The implicationof the results
in Fig. 11 is that accurate thrust measurements can only be ob-
tained in a backgroundpressure regime where the thrust asymptotes
to a zero background level because simpli� ed corrections are not
adequate.

Conclusions
The measured thrust of an underexpandedori� ce has been shown

to decrease with increasing facility background pressure indepen-
dent of the facility geometry. However, the magnitude of the de-
crease for a givenbackgroundpressurehas been shown to be facility
dependent. Although the trend in thrust degradation has been ob-
served in several previous studies, this trend has been con� rmed for
the � rst time at thrust levelsbelow0.5 mN. Low-thrustmicropropul-
sion systems are more susceptible to facility background chamber
effects as compared to large-scale propulsion systems. For a given
background pressure the facility effect leads to signi� cantly larger
errors at the low range of measured thrust when compared to higher
thrust levels. At a thrust level of 10 ¹N in the CHAFF-IV facil-
ity, the thrust decreased from the asymptotic (or low background
pressure) value by approximately 20% at a background pressure of
2 £ 10¡4 torr; however, a similar background pressure only caused
a 4% reduction in thrust at 120 ¹N.

Experimental thrust measurements were made with the same
thrust stand similarly installed in two facilities with distinctly dif-
ferent dimensions and pumping con� gurations. The differences in
the data suggest that the facility characteristics such as physical
dimensions and pumping system con� guration are important in de-
termining the magnitude of the thrust degradation. Based on the
standard deviation of several measurements, the errors associated
with the thrust stand de� ection in CHAFF-IV are less than 1% over
the range of ori� ce stagnationpressures from 0.1 to 4.0 torr. As ev-
ident from the CHAFF-IV results, the facility background pressure
effect contributes to less than a 2% reduction for the thrust range
between 10 and 480 ¹N at backgroundpressures less than 10¡5 torr.

A simple empirical model was used to give a reasonable approx-
imation for the thrust degradation expected in this study. The em-
pirical model compared reasonably well to the experimental thrust
degradation data for the radius of penetration on the jet center-
line (µ D 0 deg). The empirical model was also shown match the
trend in thrust degradation predicted by direct simulation Monte
Carlo simulations.The fact that the empirical model does not � t the
experimental data for more reasonable values of r p indicates that
some process is adding to the thrust degradation as a function of
background pressure that the model does not include or reproduce.
However, the general form of the empiricalmodel has been shown to
match the experimental trend and � t the experimentaldata to within
15% over the range of background pressures in this study.

To estimate the thrust degradation effect as a result of facility
backgroundpressure for a general case, the empirical model can be
used with a radius of penetration value on the propulsion system
centerline (µ D 0 deg). For a general case this approach will act
as an order of magnitude estimate. A con� guration (small L p and
low pB;1/ yielding a negligible change in thrust for a value of
r p at µ D 0 deg will, in all likelihood, produce an accurate thrust
measurement.
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