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Abstract The aerodynamic aspects of indirect thrust meamounting the thruster on a thrust stand and taking the mea-
surement by the impulse method have been studied both esdurement with a force measuring system, designed specifi-
perimentally and numerically. The underlying basic aerocally for the range of force to be measured, from very large
dynamic principle is outlined, the phenomena in subsonido the order of micro-Newtons. However, these direct meth-
supersonic and arc-heated jets are explored, and factors afls are often not very practical. For instance, for complex
fecting the accuracy of the method are studied and discussezkperimental installations which are too large or heavyeto b
Results show that the impulse method is reliable for indirecmounted as one item on the thrust stand, for mini- or micro-
thrust measurement if certain basic requirements are mehrusters where the thrust is extremely small and any con-

and a simple guideline for its proper application is given.

Keywords Thrust measurementimpulse method Aero-
dynamic featuresCold jet- Arc-heated jet

1 Introduction

necting tubes or wires might cause large errors, or in cases
where the use of inexpensive and easy-to-operate devices
is preferred over the elaborate and expensive thrust stands
other ways need to be employed. Indirect methods of mea-
suring thrust have been used, mostly by measuring the im-
pulse of the jet [1-7], or by using pitot tubes [8]. In many
recent cases, the impulse method has been applied to mini-
or micro-thrusters [5, 9, 10] for its convenience and rela-
tive simplicity. Most use a flat plate of large area as the

The force (thrust) exerted by a gas or liquid jet on the body|ement receiving the total impulse, but in cases where the
(thruster) producing the jet is usually measured by diyectl g,y is highly rarefied and reflections from the plate must be
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avoided, elaborate shapes other than the flat plate are used
as the impulse receiver [5]. In an ion engine with charged
particle stream, besides the flat plate for capturing momen-
tum of the particles, a Faraday probe has been used to mea-
sure the ion flux, and a scan over the stream cross section is
used to obtain the total impulse [2]. A large and heavy plate
has been used to measure impulse in a larger installation [1]
The flat plate has also been used on combustion-powered
test setups such as a pulse jet with ejectors, working in at-
mospheric environment[7]. The force of jets impinging on
flat plates is also of interest in other problems such as blast
from launch tubes[11]. The principle of indirectly measur-
ing the jet thrust by impulse measurement is applicablelto al
kinds of gas or liquid jets working on the reaction principle
However, rarely has the aerodynamic aspects of the prancipl
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involved in these applications been studied. For instaince, erly using the indirect method is given.
Ref. [4], the force on a flat plate was measured as a func-
tion of distance from the nozzle exit, both in atmospheric
and vacuum environments, but the resulting data still need £ Basic idea for the impulse method of indirect thrust
be better analyzed from an aerodynamic standpoint. WheR€asurement
such a method is used indiscriminately under all conditions
without knowing its condition of applicability and its ramg
of validity, there is danger of unaccountable errors comin
into the results of measurement. The purpose of this stu R
is to better understand the phenomenon of impinging forc the control volumes shown |.n F'Q- L. )
exerted by a jet on a flat plate placed normally to the jet axis (1) For a thruster (shown in Fig. 1a as a simple rocket)
under various operating conditions and its relationshignwi mounted on a test stand and working in the steady state, the
the thrust force produced by the jet on the thruster, usiag tHmomentum theorem for axiadirection givesT + (po —
tools of aerodynamics. This would help to more clearly dePe)Ae = ZzMomentum flux out Judm, or T = fv.dn -
scribe the validity, accuracy and limits of applicabilifytbe ~ (Po = Pe)Ae, whereT s the force exerted by the test stand
indirect thrust measurement by the impulse method using @ the thruster, which is numerically equal to the thrust pro
flat plate. d_uced by the thruster in the given environmemtis the en-

The study has been carried out experimentally and ngironmental pressurgge andA. are the gas pressure and sec-
merically, under atmospheric and low-pressure envirormerjion area at nozzle exit;rd andy; are the diterential mass
tal conditions. In the experiments, cold nitrogen was used iflux and related axial component of the exit velocity, respec
most cases, but some data with arc-heated argon/étNis t!vely; whereas the integral covers the whole nozzle exit se
working gas have also been obtained. Force measuremeMy-
and impact pressure measurements in the flow field were per-  (2) The boundary of the control volume, shown in
formed. In the numerical study, detailed aerodynamic equdsig- 1b, includes both the thruster and the back side of the
tions for the studied case based on the momentum theordfat plate and is far enough so that the pressure on the bound-
were derived, and numerical computations for the cases @fy is equal to the environmental pressyie The other
cold flow (where the continuum assumption generally holdsforces acting on the boundary are the fofceexerted by the
using the FLUENT software were performed to give a gentest stand on the thruster, and the foFcexerted by the force
eral idea of the picture of the flow field and trends of impactransducer on the flat plate. In the case where the gas enters
force variation under dierent conditions. It is noteworthy and leaves the control volume only in the radial direction,
that the aim of these computations is mainly to help to unthe momentum theorem for thedirection givesT” = F,
derstand the basic phenomena in the flow field and the gehe-, the force measured by the force transducer behind the
eral features of the indirect method of thrust measuremerfiat plate is equal to the thrust measured by the thrust stand.
Accurate comparison of the numerical and experimental reLhe forcesT andT’ are not necessarily the same when there
sults is not a main purpose, because of the complicated flol§ an influence on the nozzle flow due to the presence of the
field and the relative crudeness of the methods. Possible dfat plate. Therefore, the requirements for the measuree for
fects of gas rarefaction in the case of arc-heated jet undérequaled to the thrust forceare no axial momentum in or
low-pressure environment are briefly discussed. From thesait of the control volume and no influence on nozzle flow by
studies, better understanding of the phenomenon under vatie presence of the plate. These are basic ideas behind the
ous conditions is obtained, and a simple guideline for propindirect measurement of thrust by the impulse method.

n an idealized and simplified version, the basic principle i
Ived can be explained by applying the momentum theorem

transducer

Fig. 1 Schematic diagram of the impulse method of indirect thrusasnrement
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However, these requirements are not automatically sabn a flat plate with a diameter of 280 mm, with a 0.9 mm hole
isfied in all cases, for instance, in rarefied flow where thén the probe tip and the plate center connected to a sensi-
particles bounce fb the plate in many directions, in casestive pressure transducer of the piezo-resistive type. Dae n
where axial momentum is spilled over the edge of the plateles or the arcjets are mounted on tables movable by travers-
in charged particle flows where there might be other mechang mechanisms, which are in turn driven by two stepping-
nisms dfecting momentum transfer, or where the interactiormotors, providing axial or radial movement of the jet nozzle
between the plate and the flow might cause errors in infewith respect to the fixed position of the measuring instru-
ring the test results. Therefore, a study in the aerodynamiments. Because the instrumentations are of the fast-respon
aspects of these cases would be helpful in clarifying the flowype, data were taken during traverse of the measuring de-
situation and finding limitations to the validity or accuyac vices at speeds of several millimeters per second so that the
of the method. readings can be considered quasi-stationary. Signals were

The above discussion is valid for all kinds of jets, both'€corded digitally on a computer.
subsonic and supersonic, so the application is quite genera ional stud
A detailed derivation for equations to be used in numericaf-2 Computational study

computation will be given in the later section. . L .
For the actual case that a viscous gas jet is exhausting from a

) thruster and impinging on a flat plate normal to the jet, am-

2.1 Experimental bient gas will be entrained into the gas jet. Viscous stesse
andor additional momentum flux will appear at the inter-

Experiments were carried out in the test chamber for etectrifaces of the control volume, thus the relationship between
thrusters at the Center for Plasma and Combustion Researitte thrust forcdl and the force exerted on the pldteneeds
(CPCR) of the Institute of Mechanics, Chinese Academy ofo be clarified. With fluid flowing through a control volume,
Sciences (IMCAS). It is a stainless steel chamber with a dithe momentum theorem states [12,13]
ameter of 2m and a length of 4m, equipped with vacuu 9
pumps, gas and power supplies, the test stand and travers- Fi = a(fffPVdV) + ffPV(V' n)dA, (1)
ing mechanisms, as well as a large number of diagnostic inJ ov cs
strume_ntat_ion systems. A schem_atic of experimental SStUp%hereFi is thei-th force vectorp is the gas density; is the
shownin Fig. 2. Tests with cold nitrogen gas were conductege|ocity vector,  is the outward unit vector normal to the
at both atmospheric pressure and low pressure environmentg,ntro| surface, and cv and cs denote the integration oger th
and hot plasma jets from a 1kW-class arcjet thruster wergyntro| volume and the control surface, respectively. LBIS i
_tested u_nderthe low pressure condition. The nozzles produ_ﬁ]e vector sum of all forces acting on the system. The first
ing the jets have a throat diameter of 0.8 mm and the conjgrm on the RHS is the change in total momentum vector due
cal expansion portion has a half-angle of I 10°, with 5 ynsteadiness, while the second term is the sum of convec-

lengths of 11 mm, 18 mm, 12mm, 6mm, and 3.5mm. Thgye momentum flux across the control surface (positive for
flat plate for thrust measurement has a diameter of 200 M,\yard momentum flux).

Impact pressure measurements were performed With_z_;\ pitot- oy steady flow and negligible body force, the momen-
type pressure probe and a pressure tap centrally posmone%m equation in the axial direction is written as

SlFi= f f VAV - A)IA, @

‘[ Steppir;'rgﬁ motor Pressure tap x
,,fm Litant id = e whereF;, is the axial component of the force acting on the
ﬁ,’ p\ i-th surfacey, is the axial component of velocity, and the in-
i | Plume Filtering & tegration on the RHS should cover all surfaces contributing
\ H%_l =l oo L pUMpINg to the change of momentum.
\ Mtlov’aje stand system For a Newtonian fluid in an axially symmetric flow with
S‘age e no circumferential velocity components, theomponent of
- Pitot-type T i stress on each surface normal to grdirection, pointing to-
| pressure probe ward the inside of the control volume, is [14]
) Amplifier ' B o, 2
Dot collestine S Pa=p-2ug, +3uv v
4 9v, 2uad
............ SAEILEEETY =pP—=u— + =——(rv;), 3
where the second viscosity d@ieient has been taken ap-
Fig. 2 Schematic diagram of the experimental system proximately a&%u and the following expression for veloc-
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ity divergenceV - v in cylindrical coordinates has been em- + fH 'u(aVr 3Vz)2deZ
ployed G oz 0
_ 0 10 4 dv. Zua(rv)
Vo= () + T (). @) f [p-po- ZuSE + 250 Joarar @®)

On each surface parallel to thedirection, thez
component of the stress is [14]
)
or /S

oV,

Pro= (5 + ©)

in which the minus applies to surfaces beneath the system

while the plus applies to surfaces above the system.
Applying Egs. (2)—(5) to the control volume-E-N-
M-F-G-H-1-J-D shown in Fig. 3, we have

j:(p— guavz)Zn o _LN ovy

,ua— 2nredz

[l 2
M ) e

—jI.H (p—%y%)&rrdr
+£D[p—g % Z“a(g:r)]Zﬂrdr

G H
—f pv§~2nrdr+f PV V; - 21 ydz
F G

(6)

,N denote the radii or axial positions at .

D
—f pV2 - 27rdr,

J

where D, E, - -
D,E,---,N.

Noting that the sum of the 6th term on the LHS of
Eqg. (6) andpoA, (Here pp and A, are ambient pressure and
plate surface area, respectively.) is the negative of thhe ne

force acting on the plate, i.e.,

= [~ 22)- e

and if the three terms on the RHS of Eq. (6) are denoted
—M;, M3z and—M; as shown in Fig. 3, we obtain

E 4 v,
F =M+ M- Mg+ (p po — St )andr
N dv
—fE ,ua—rZ-anEdz
N 4 ov,
—fM (p—po—ﬁ,uE)ZHrdr
4 v,
o 4

2# a(rvr)
3r or

]andr

Fig. 3 Schematic diagram of relationship amanmomentums of
a jet impinging on a flat plate

The first termM; on the RHS of Eq. (8) is the thrust
force caused by the momentum flux of the gas jet exhausting
from the nozzle, while the last term is the additional thrust
force due to the dierence between the normal stress at the
nozzle exit section and the ambient pressure.

When and only when all the other terms exclhtand
the last term on the RHS are negligible, Eq. (8) is reduced to

D 4 v,
F—M1+L [p p—§ E-ﬁ-

D D
f PV%'Zﬂrdr‘Ff [p—Do—
J J

2p0(rvr)
+3 r or ©)

i.e., the force exerted on the plate by the impinging gas jet
(F) is equal to the thrust force produced by the nozzle flow
(T), and the thrust forc& can be accurately measured by the

|mpulse methodK = T).

Because those neglected terms are not really always
negligible,F may be somewhat fierent fromT. In the fol-
lowing, we will compare the thrust force and the forcer
exerted on the plate by using a computational approach. It
'§ noteworthy that Egs. (3) and (5)—(9) are written for the
aminar flow regime where only the molecular viscosity
is involved. For the turbulent flow regime, the molecular
viscosity u appearing in those equations are substituted by
(u + ), wherey, is the turbulent viscosity.

For the steady, turbulent and axially symmetrical flow,
the following governing equations are employed in the com-
putational study.

State equation

g& a(rvr)
3r or

4 ov,
3"z

2nrdr

]27rrdr =T,

p = pRT, (20)

Continuity
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10 &
:Z(p Vo) + = =-(rpw) = O, (11) +3¢ (C1G - Cope), (17)
Axial and radial momentum The generation ter@ in Egs. (16) and (17) is calculated by
0(oVaVy)  10(rpvyvr) v, OV, \2 Vi\2  (OV, OV \?
sz TT o=l Ge) < AGe) L)+ (G G| o
_ . 9p + _[(ﬂ )%] where, is the turbulent viscosity and calculated by =
0z oz H c,oK?/e. C,, Cq, Cy, Pry, Prg andPr, are constants in the
avz oV, K-& two-equation turbulence model and are taken to be their
+——[f(,u ,Ut)( 57 )] commonly-used values, i.e., 0.09, 1.44, 1.92, 1.0, 1.0 and

1.3, respectively.
—g—[(u + )V -V, (12) The domaimA-B-C-D-E-N-M-F-G-H-I-J-K-A (Fig. 3)
30 has been used in the computational study, containing the
Laval nozzle and the flat plate impinged on by the gas jet.
The throat radius of the nozzlgK = 0.4 mm, the width

d(pVz\r) + Ea(rPVrVr)

0z roor MN = EJ = 4mm and the convergent and divergent
_op L2 20 [ (u+ )%] semi-angles are 3Gand 10, respectively. The plate radius
o rar H HIl = 100 mm, and the distance between the nozzle exit and
9 oV, 5,\, the plate is taken to beftierent values in the computation.
r z
+a_z[(“ + )( 9z ar )] The boundary conditions used in the present study are

as follows. At the inlet section of the nozzle, the mass
—2(u + ) > - [(,u + 1)V - V], (13) flow rate is given and the gas temperature is taken to be
r 3‘9r 300K. For turbulent equation&k = 0.00005x v2 and
Energy e = (K%2)/0.004 175 are given at the nozzle inlet. Non-
slip conditions and wall-function treatment are employed a
9pvzh) + L0(rpvih) the solid wall; ambient pressure 1.04B8° Pa is adopted
0z rooor at free boundarie§-G andG-H for the atmospheric pres-
10 k oh1 af/k oh sure cases and 23 Pa for low pressure cases. Along the axis
- F@_[ (_ Prh)ar] + a_z[(c_p + Prh)az] of the computational domain, the axisymmetrical condiion
are employed.
p + vr@ + @, (14) The numerical computation was carried out using the
0z or FLUENT code. The reliability of the computed results is
Because compressible flow may be involved, the pressuthecked by inspecting whether the mass flux conservation in
work term v,dp/dz + v;dp/dr and the viscous dissipation the nozzle and Eq. (6) deduced from the momentum theo-
term® have been included in the energy equation (14). Theem are satisfied. In this computation, the residual errbrs o
expression for the viscous dissipatiorzin r cylindrical co-  Eq. (6) are less than 6% and 1% for all atmospheric pressure

+V;

ordinates is cases and low pressure cases, respectively.
2 2
o=l (0 (2]
or r 0z 3 Resultsand discussion
2
(2 P20y (15)
3.1 Atmospheric pressure environment, cold flow
Turbulent kinetic energy
ApvK)  18(rpv;K) Figures 4—6 show the typical results of measurement of im-
9z T or pinging force on the flat plate under various conditions. The
P w VK] 10 i \9K nozzlgs used in the experiments are listed in Tablg 1.
= 6—[(;1 + P_)a_] + —a—[r(u + P_)a_] Figure 4 shows that for each flow rate, there is a range
z fk/ oz ror fik/ or of axial distance from the nozzle exit within which the mea-
+G - pe, (16)  sured force is constant, and this range edéent for difer-
Turbulent kinetic-energy dissipation rate em gas flow rates, with the begmn!ng point farther away for
higher flow rates. In fact, for the highest flow rates in these
5(PVz8) 19(rpvie) tests, the plateau has not yet been reached. This plateau of
0z r or measured force is considered corresponding to the situatio
g de1 10 e \Oe where the presence of the plate has minimal influence on the
= —[(,u + ) ] + ——[r(ﬂ + —)— nozzle flow, and best represents the nozzle thrust. When the
0z Pr./oz or Pr./or
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plate moves close to the nozzle exit, a sharp decrease in mea- The measured plateau thrust becomes smaller when the
sured force occurs. nozzle is longer (larger expansion ratio). This phenomenon
can be explained by the fact that in these tests, the high en-
vironmental pressure and the not-so-high supply pressures
Table1 Structures and dimensions of nozzles used in these studiegsult in subsonic exit flow, with shock waves inside the di-
vergent section of the nozzle, especially for the longer noz

Nozzl Divergent section Divergent section Throat zles. Further expansion in the nozzle reduces the exit veloc
ozzie half-anglé¢(°) lengthmm diametersnm ity, thus lowering the thrust. For short nozzles, the flow can
1 15 11 0.8 be supersonic at the exit, and there would be no further de-

celeration inside the nozzle, causing lefiee of the nozzle
2 10 18 0.8
length on the thrust.
3 10 12 0.8 Figure 5 shows that the measured impinging force in-
4 10 6 0.8 creases approximately linearly with increasing mass flow
5 10 35 0.8 rate of the working gas for all the tested nozzles.
a b o6
0.3r 05k 45slm
45 slm |
% 02} % 04
: 305l : I 305l
E” 01k slm .%D 03+ slm
Eﬁ 15sim %ﬁ 4
S 001 g ol
g A= I 15sIm
0.1
0.1 L
I L ! I I 0.0 L L L L
0 30 60 90 120 0 30 60 90 120 150
Axial distance/mm Axial distance/mm

Fig. 4 Impinging force on the flat plate at various axial distan€asld N,, atmospheric environmerd.Nozzle 2;b Nozzle 5

0.6 Typical measurements of impact pressure distribution
@ Nozzle 5 by (1) a pressure tap at the center of a flat plate swept across
05F @ Nozze4 E the jet cross section and (2) an impact pressure probe swept
< 04l 4 Nozzle 3 /,;2?‘@ across the jet are shown in Fig. 6. The flow fields in these
S ¥ Noosllo 2 two cases are fferent: one corresponding to a stagnation
‘*;30 03 F P ol flow of a jet against a flat plate, and the other corresponding
ED e to a disturbed free jet. Thus the measured values of pressure
g 02 ﬂ U are also slightly dferent.
£ e The first kind of measurement shows that for the jets
0.1F ’;ﬁi/ e tested, the size of the flat plate is large enough to fully cap-
0.0 L oo ture the axial momentum of the jet, and the flow beyond a
' . ; . ; . , ; certain radius will not contribute to the axial force on the
15 20 25 30 35 40 45 plate. The pitot probe measurements demonstrate typical
Mass flow rate/slm flow field of a subsonic jet [15]. In an atmospheric pres-

sure environment, with the flow rates and nozzle dimensions
tested, the jet is either subsonic or quickly becomes stitbson
Fig. 5 Impinging force on flat plate at various gas flow rates. Coldafter the nozzle exit. Therefore, the results actually diesc
N,, atmospheric environment the flow of subsonic jets impinging on a flat plate.
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Impact pressure/Pa

-5 0 5 10
Radial distance/mm

b x10°

Impact pressure/Pa

-10 -5 0 5 10 15

Radial distance/mm

-15

Fig. 6 Impact pressure profiles (Nozzle 5, cold, ldtmospheric environment, flow rate 30 slmPressure tap on flat platePitot pressure

probe

Some computational results corresponding to these testhen used in such a complicated flow field, and unavoidable
conditions are shown in Fig. 7 for the case where the halfexperimental inaccuracies. However, the general pictfire o

angle and length of the nozzle divergent section afeatd

the flow field and trends of variation compared with experi-

3.5mm, respectively (corresponding to Nozzle 5 in the exments provide insights into the mechanism of impingement

periment).

force of the jet on the flat plate and the range of applicabilit
of using the impulse method for thrust measurement. Fig-
ure 7 shows that there is a range of axial distance from the

.- — % nozzle exit within which the computed impingement force
0.4 ﬁ T is constant. This variation trend is similar to that of exper
| mental cases mentioned above. It is also shown in Fig. 7 that
[ e p ~ 4 the computed impingement forces are slightliffetient from
02 ﬁ the nozzle thrust, especially for the case with a higher flow
z ,: rate. It is believed that this filerence is either an indication
B [&——— EE— of the deviation of the actual flow from the ideal conditions
-l 0 ] —e— £, —45slm which results in the equality of the two quantities, or calise
Zg | -0 - K, —45slm by the inappropriate boundary condition and other errors of
Lf i A F —30slm numerical modeling.
—02 z’&_ - A - Emp*30 slm . L . .
i —&— F,_ —15sim As mentioned above, it is not the purpose in this work
b - -~ F, —15slm to make accurate comparison between the numerical com-
Y R TS BT BUTE PSR putational results and the experimental data. Yet, compar-
0 20 40 60 80 100 120 ing the data in Fig. 7 and Fig. 4b, which both correspond

to the conditions of Nozzle 5, we found that the trend of a
force plateau is evident in both cases, and the values of the
Fig. 7 Comparison of computed variation of nozzle thrust and imimeasured and computed forcesfeli by only about 10%.
pingement force of plate with thefiiérent plate standbdistance This can be considered as a good qualitative agreement in
(atmospheric pressure) the present situation.

Axial distance/mm

Figure 8 presents the computed Mach number distribu-

In Fig. 7, Firust Fepresents the computed thrust of thetions within and outside the nozzle. Itis shown that thepres
nozzle and:imp represents the Computed impingement forceSure at the nozzle exit is lower than the atmOSpheriC pressur
It is shown that the computed thrust and impingement forc@nd hence the nozzle jet flow is in over-expanded state. The
are somewhat less than the corresponding measured res@@nputed data demonstrate that large fluctuations of Mach
of impingement force with the same mass flow rates. Exaumber exist at the downstream section of the expansion part
act comparison of values of thrust between the experimet@f the nozzle. Due to the viscous dissipation, the fluctuatio
tal and computational results is not attempted becauseof tihagnitudes of the jet parameters reduce rapidly in the flow
relatively arbitrary choice of some parameters used in thélirection, and the nozzle jet changes its flow regime from
computational code and the resulting quantitative inamur SUpersonic to subsonic flow.
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x107 influence when the plate is near the nozzle exit, and less in-
fluence as the plate is moved further away. These results
i agree with the experimental trends. When the flow rate is
small, influence of the plate becomes less, as can be inferred
from the flow fields shown in Fig. 9 and agreeing with the
force measurement results shown in Fig. 4.

In these experiments, with the given supply pressure
and the expansion ratio of the nozzles, the jet is either sub-
sonic at the exit or quickly becomes subsonic at a short dis-
tance beyond the exit, as seen from the computed flow fields.
Thus the influence of the flat plate would be felt throughout
the region between the nozzle and the plate. When the plate
- is far enough from the nozzle, yet not too far from it such that
P T R the plate is still large enough to capture all the momentum of

0 0.01 0.02 0.03 the jet, the conditions fof = F would be better satisfied,
and the measured force would be independent of the distance
where the plate is placed. When the plate is moved too close
Fig. 8 Computed Mach number distributions in the turbulent noz1g the nozzle (at a distance dependent not only on the noz-
zle jet for the case with the mass flow rates 45 sim. The Mach cory|e diameter but also on the flow rate), the flow in the nozzle
tour intervals are 0.2. The plate stafficttistance is 120 mm would be dfected. The exit velocity would decrease, and so

would the momentum and thrust. With varying lengths of
Figures 9 show the computed streamlines for the caséde nozzle, the exit velocity decreases with the longer noz-
that plate stand®d distances are 4 mm and 120 mm, respeczles (subsonic flow, larger exit area), resulting in the eiase
tively. The computational results show a region of strondn thrust as shown in Fig. 5.

6

Radial distance/m

Axial distance/m

a b
.1 — 0.10
010 o [
0.05 R H 0.05 _
) i ) |
s g |
Z 0 ) Z 0
= i 2 = i
R g |
& I & I 2
0.05 = 0.05 —/
O.IO_I"“I WLl L O.IO—IH‘ 1 LUl (1  HFA
-0.15 -0.10 -0.05 0 -0.15 -0.10 -0.05 0 0.05 0.10
Axial distance/m Axial distance/m

Fig. 9 Comparison of the computed streamlines in the turbulentleget for the case with the mass flow rates 15 slm in (uppei-sem
planes) and 45 slm in (lower semi-planes). Streamline vaterare 6.2810“kg/s. a The plate standd distance is 4 mmb The plate
standdf distance is 120 mm

3.2 Low pressure environment ist, which indicates that the conditions for the measuramen
principle are better satisfied. However, the plateaus are no
With the vacuum system in operation, the environment presxactly flat, especially at higher flow rates. This may have
sure could be kept to the order of 20—70 Pa, depending dreen caused by the variation in the impacted flow field which
the gas flow rate. Figures 10-11 show the impinging forcés complicated by the shock and rarefaction waves in the free
on the plate measured under various conditions. jet, and the condition of zemmomentum exiting in the con-
As shown in Fig. 10, plateaus of measured force extrol volume is not exactly satisfied. Or, when the vacuum
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pumps were running, there were some interference caused biie pressure distributions show the typical continuum unde
the vibrations, and the readings were not as steady as wherpanded supersonic jet flow with expansion and shock wave
there was no pumping. This situation needs to be further exeflections. The plateau of measured force at various dis-
plored or improved in the future. Figure 11 demonstratets thdances under these conditions of the jet demonstrates the ap
the measured impinging force also increases approximatepticability of the basic principle in all cases.

linearly with increasing gas flow rate for this low pressure

case.
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Fig. 10 Impinging force at varying distances from the nozzle exit 5 10 15 20 25 30 35 40
(cold N, low pressure environment) (Nozzle 1: flow rate of 10 sim, Mass flow rate/slm
Environment pressure 21.9 Pa; Nozzle 5: 10slm, 22.5Pani5sl o )
29.7 Pa; 20slm, 37.4Pa; 30 sIm, 51.8 Pa; 40 slm, 66.9 Pa) Fig. 11 Impinging force on flat plate at various gas flow rates (cold

N2, low pressure environment) (Nozzle 1: 8.7 slm, 19.6 Pa; 0 sl

21.9Pa; 12.6sIm, 25.2Pa; 15sim, 29.3Pa; 20sIm, 36.4 P&n30s

Pressure measurements with the pressure tap on the fidt4 Pa; Nozzle 5: 10 slm, 22.5 Pa; 15 slm, 29.7 Pa; 20 sim 3% .4
plate and the impact pressure probe are shown in Fig. 130sIm, 51.8 Pa; 40slm, 66.9 Pa)
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Fig. 12 Radial distribution of impact pressure (cold,N.ow pressure environment, 21.9 Pa), Nozzle 1, flow raterhOa&Pressure tap on
flat plate;b Pitot pressure probe

Computed results for the low environment pressuretrate that there exists a plateau for nozzle thrust and im-
case are shown in Figs. 13 and 14. For the low environpingement force. These results agree with the experimental
ment pressure cases, the pressure is set to be 23 Pa in tnends. Again, the computed value of force agrees with the
modeling. Figure 13 shows the computed variation of nozexperimental one, being within 10% (see Fig. 10).
zle thrust and impingement force on the plate witfedt

, With low environmental pressure, the pressure at the
ent plate standd distances. These computed data demon

nozzle exit is higher than the environment pressure andehenc
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the nozzle jet is in the under-expanded state as shown in Fig. 0.20
14. The jet will continue to expand until the jet pressure be-
comes lower than the environment pressure. The expansion
and compression waves will appear in the jet and they adjust
the jet pressure to finally match itself with the environment
pressure. Figure 14 shows that the jet keeps its flow regime
of the supersonic flow within a longer distance after exhaust
ing from the nozzle than that of atmospheric pressure cases.
Figure 14a also shows that the entrainment rate of the nozzle
jetin low pressure environment is much smaller than that of
cases in atmospheric pressure. 0.12
The computed pressure distributions on the plate sur-
face in low pressure environment also show some character- ool
istics diferent from the atmospheric pressure cases, indicat- "0 40 60 80 100 120
ing the existence of shock and expansion waves in the flow
field of the plume. However, direct comparison of the exper-
imental and computed pressure distributions is not attechpt Fig. 13 Comparison of computed variation of nozzle thrust and im-
because of the complexity of the flow field, which ighdiult ~ pingement force of plate with the fiérent plate standbdistance
to describe in detail by the present computation method. (low pressure)
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Fig. 14 Computed streamlinesand Mach numbel distributions in the turbulent nozzle jet for the case wita mass flow rates 10 sim.
The plate standddistance is 120 mm. Streamline intervals are 118t° kg/s in a and Mach contour intervals are 1.0bn

3.3 Arc-heated jet Some photographs of arc-heated argon jets impinging

on a flat plate are shown in Fig. 16. These pictures do
The force and impact pressure measurements for an anmget show the wave structures in the flow field of typical
heated N/H, jet operated in low-pressure environment areunder-expanded supersonic jets in cold flows. The expla-
shown in Fig. 15. The environmental pressure was kept atation could be sought in the rarefied nature of the flow un-
10Pa. A plateau of measured impact force at varying disder these extremely high temperature conditions and needs
tances from the nozzle exit is observed. The impact pressuferther study. However, these photos, being able to quali-
measurements show profilesfdrent from the cold gas flow tatively show the temperature distribution by the brigk®e
field at low environmental pressure. No clear wave strusturedemonstrate a region indicative of a normal shock near the
were observed. This could be caused by the high temper#at plate, high temperature regions near the plate and in the
ture of the gas with the corresponding low density, exhigiti flow away from the center of the plate. These observations
the dfect of gas rarefaction. agree qualitatively with numerical computations.
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Fig. 15 Arc-heated N/H; jet in low-pressure environment §f¥, volume ratio 1:2, total flow rate 4.5sIm, arc current 7.5 Altage
120V).a Impinging force at various distancdspitot pressure radial distribution

Fig. 16 Photographs of arc-heated argon jets impinging on a flaé @z8.4 sim, 8 A;b 9sim, 8 A;c9sim, 12A

Some discussion on thdfects of gas rarefaction is in shock waves, so the flow would exhibit characteristics of a
order here. The rarefied gaffexts show up when thkn  rarefied gas for these cases. However, because the flat plate
number, defined by the ratio of gas particle mean free path for measuring the impinging force is very large compared
the relevant local geometrical dimension, becomes lamge. lith A of the compressed gas near the plate in the present
the cases of the present study, we need to look at the rangeazfse, the #ect on the indirect method of thrust measurement
Kn numbers to see when it is necessary to take the rarefigsl still small. Only when the environmental pressure is very
gas dfects into consideration. low (near vacuum as in some test facilities, e.g., for testin

The gas particle mean free paths for the cases in thi§n engines or Hall thrusters) wherecould be very large,
study have been estimated from the parameters of the flofi€ Possible reflections of gas particles from the surface of
fields. For a cold subsonic jet under atmospheric envirorfhe flat plate are considered or avoided for the measurement,
ment,A (mean free path) is of the order of Qutn, definitely ~because they will possibly cause deviations from the regquir
a continuum for all cases considered. The cold supersonfgent of zero axial momentum flux out of the control volume.
jets at low pressures in the range of the present study hdd'e exact amount of error that might be introduced under
A of the order of 0.3 mm in the free stream when the pressuch conditions would depend on the degree of rarefaction,
sure reaches the low value of the ambient. However, at tH8€ surface condition afr the shape of the impinged plate,
pressure levels at the nozzle exit and on the surface of td needs to be studied further by both experimental and nu-
flat plate where the jet impinges, is very much smaller. merical methods.

Thus the continuum assumption and no-slip boundary con-  The above discussion indicates that the impulse method
dition are still valid in the computations. The arc-heattdj of indirect thrust measurement, when properly applied, is
at low pressure had of the order of severalmm in the free valid in all these conditions. However, care must be exer-
stream. This is large compared with the diameter of the meaised to know the range of applicability and limits of its ac-
sured hole of the pressure probe or the thickness of ordinaguracy, and to avoid possible sources of error.
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4 Conclusions

Aerodynamic aspects of the jet impinging on a flat plate in
relation to the indirect thrust measurement have been stud’
ied both experimentally and numerically. We concluded as
follows:
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