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Abstract. The outflow of gas into a vacuum from a supersoizzle with a screen mounted at the nozzle exitleas in-
vestigated both experimentally and numerically. Tewel of back flux was estimated by the pressnside the probe placed
in the backflow region. The obtained results intica possibility to decrease the back flux by patta screen on the exit
part of the nozzle, though improper screen geommetty cause even the back flux to increase.
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INTRODUCTION

When a gas exits from a sonic or supersonic namttevacuum, the limiting anglé.., of jet expansion exceeds
90° relative to the nozzle axis. The flow of gas aglasd > 90 is known aackflow Such flows arise when operating
orientation and control thrusters of space vehjdleshe operation of high-vacuum jet pumps, ars & a number of
vacuum technological devices. As a rule, backfl@as & negative character and should be minimized.

Backflow control by means of special gas dynamatguting devices (screens) mounted at the exi@ibzzle is
discussed in the paper. This study is a continnatiopaper [1] where the flow inside the screen staslied both ex-
perimentally and numerically. Up to now the problefreducing gas phase backflow by means of scresssnot
practically considered.

THE EXPERIMENTAL SET-UP AND DIAGNOSTICITEMS

Experiments were carried out on the large-scalewaicgas dynamic facility VIKING of the Institute @hermo-
physics (Siberian Branch of the Russian Academ$ai¢nces), whose detailed description is presantf]. The dif-
ficulties for an experimental investigation of bclvs are related to the necessity of a very loespure in the ambient
space around a source of gas and, accordinglygue & high sensitivity equipment allowing to pemiomeasurements
in a rarefied gas. VIKING allows to generate a sspeic flow with a large gas flow rate and to havieigh vacuum in
the working chamber either in steady conditiongi{wise of rather expensive cryogenic pumping) goidlsed mode
(cheap alternative). The reported experiments warged out under a pulsed mode with pulse time®ubs. The in-
tensity of backflow was estimated from the valu¢hef total pressure in the corresponding pointspate.

In experiments a conical supersonic nozzle was,usid half-angle 14.2°, throat diameteér = 10 mm and exit

diameterd, = 20 mm (geometrical exit Mach number M = 2.94)eThozzle was associated to replaceable screens of
different heights. The ratio between screen andleadiameters wad, /d, = 1.75. The relative disposition of nozzle,
screen and total pressure probe is shown in Fi§cfieens have been selected so that the arggéwveen a straight line
connecting internal edges of nozzle and screentl@maozzle centerline varied from 3t 9C¢°. As a quick-response
gauge of total pressure an ion gauge head PMIAd@s2used and could be considered as a Pitot tube.

At the front end of the gauge a slot-hole mouthpietsize 3.829 mm was tightly fastened. The radius of the inlet
part of the pressure probe was 36 mm. The moutbpisidted the area of registration of back streaimgo 94°< ¢ <
106° for the nozzle with screen, increased apprateély the signal by a factor of 2 and, that is viengortant, reduced
the influence on probe readings of the growing gues in the working chamber during nozzle operatioue to geo-
metrical reasons the range of streamline anglethéflow entering the probe inlet was 339 < 101° for the nozzle
without screen.
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FIGURE 1. Scheme of working part. — supersonic nozzl@,— screen3 — pressure gauge PMI-1042;- slot-hole mouth-
piece.

All experiments were done at room temperature. Befmzzle gas feeding, the working chamber was gadndown
to a pressure 10° Torr. The working gas (Air) was fed from a comm@sthrough a buffer vessel consisting of 4 stan-
dard 40-liters tanks. Registration of backflow veasried out right after the formation of a gasvidtile the pressure
growth in the working chamber did nor disturb theamlines in the backflow region and the backgdbgas did not
start to get into the pressure gauge.

During the experiment the following parameters wesxasured: pressure of compressed air in the sagpbype-
line, pressure of gas in the nozzle stagnation bleapambient pressure in the vacuum chamber amtingsaof the
total pressure probe. The scheme of measuremestisven in Fig. 2.
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FIGURE 2. Scheme of measurements.

The gas pressure in the nozzle stagnation chamhemdjusted in a range 75—792 Torr and registeyezhlabso-



lute pressure gauge IKD-6TDa whose signal was mewed12 digit ADC and further to the computertiadiand final
pressures in the working chamber were registered tgpacitive gauge Baratron @2@ith full-scale of 0.1 Torr. To
know how the ambient pressure in the space neandbele varies during gas expansion from the nogefmrate ex-
periments have been made. For this purpose in ébtite Pitot tube at a distanee4 mm from inlet slot edges, a flat
screen of size 489 mm was mounted intercepting a direct streanirabahe sensor, and the measured pressure be-
hind the screen was assumed to be the value bitlground pressure.

The gauge PMI-10-2 measuring a backflow of gas seemected to a vacuum meter VIT-3, which providedigr
supply of the gauge and initial amplification ohiourrent. After amplification the signal was triamsed to the input of
a digital voltmeter AVM-4306 connected to a compukeough a RS-232 interface. The same computetraided the
electromagnetic valve which injected gas into tleezte. The developed software allowed operatingcissonously
nozzle flow and recording of measured signals. rAdgech experiment all chain of total pressure memsents equip-
ment was calibrated in static conditions with awngressure measured by Baratron.

The experiments were performed for three valuegibél stagnation pressugg: 75 Torr, 270 Torr and 792 Torr,
and 3 variants of screen geometry with angted 30°, 45°, and 90 in addition to the experiment for a nozzle without
screen. The total number of studied regimes waefhie 12. The results obtained foy= 270 Torr are illustrated in
Fig. 3 where the time dependence of the ratio efrtteasured total pressure to the current pressutesistagnation
chamber is presented. The command for opening gasysto stagnation chamber was given by the coerpait time
t= 0.5 s. A delay of approximately 0.1 s is duentriia of the electromagnetic valve.

It is possible to see that a rather quick (abolits).nozzle start takes place. Then during 0.2g¢hdings of the
pressure probe are nearly constant. Throughoutitihgtion of a short pulse the ambient gas has motigh time to
affect the measured pressure.

The presented results illustrate that screens de aaignificant influence on backflow. The mogeiesting is the
fact that this influence is not monotonous — theeags with angles 90° and 45° reduce backflow. Hewéor the
screen with angle 30° the backflow could be laaresmaller than for a nozzle without screen depsndn the stagna-
tion pressure. This conclusion is important forcpiaal applications and the probable reason of ¢ffisct will be dis-
cussed below in the comparison of the obtainedréaxeatal data with the results of calculations.
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FIGURE 3. Ratio of total pressure to stagnation chamber pregsuregime with p= 270 Torr .
1 — nozzle without screed,— nozzle with 30 screen3 — nozzle with 4% screen4 — nozzle with 90 screen.

NUMERICAL SIMULATION OF THE FLOW

The simulation of the flow inside the screen voluamtexperimental conditions was performed usingftiieset of
unsteady Navier-Stokes (NS) equations, that wekeedanumerically by an original algorithm based astaggered
grid (NS — algorithm) [3]. The domain of simulatioonsisted of two rectangular regions, as showddshed lines in
Fig. 4. The distribution of parameters in the nezekit section that was used as one of the bounztarglitions was
obtained by a preliminary calculation based on Ipaliaed Navier-Stokes (PNS) equations, that welgesoby a
marching procedure (PNS — algorithm) [4]. This aldtion was performed using 25 streamtubes, the ifothe throat



section was assumed to be sonic and uniform. Hetdalow the solid wall temperatufg was assumed to be equal to
the stagnation temperatufig. The air was assumed to be a perfect gas withifgpheats ratioc = 1.4. The tempera-

ture dependence of the dynamic viscosity of air ta#en for a Lennard-Jones (6 — 12) potential wahametersr =
3.617 A £/ k =97 K. The Prandtl number Pr was assumed to be anahd equal to 0.71. The simulations were per-
formed for typical values of stagnation paramet&gss 293 K,po = 75 Torr, 270 Torr and 792 Torr. The Reynolds
numbers Re based on the conditions in the nozebatlsection and its radius for the consideredmegiwere equal to
7501, 27004 and 79213, respectively. In spite tferalarge values of the Reynolds numbers the sitedlflow was
assumed to be steady, axisymmetric and laminar.
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FIGURE 4. Scheme of the nozzle with the screen. 1 — no2zescreen, 3 — border of the domain of
simulation for NS — algorithm, 4 — border of thenthin of simulation for DSMC — algorithm.

The simulation of the flow in the domain shown iig.F4 by dashed lines was performed on a uniforotarggular
grid with mesh sizedr = dx = 0.05 mm. The axial coordinakes counted from the position of the screen botttma,
nozzle exit section being locatedxat 20.4 mm, while the right boundary of the domigitocated ak = 100 mm. The
radial size of the domain is 17.5 mm. The interadius of the domain in the nozzle region is 11 that is 1 mm lar-
ger than the nozzle exit radius, which correspaadke thickness of the nozzle lipi{= 1 mm).

The conditions at nozzle exit and flow axis of tlenain were stated as usual [3]. On solid surfoeselocity slip
and temperature jump were taken into account asgpfall accommodation. The parameters on the ouipundaries
were found by interpolation from internal pointstbé domain according to the conditions of a sup@csflow without
any upstream disturbances. The simulations werferpeed for 3 values of angle 30°, 45° and 90.

In our previous paper [1] devoted to the analy$§ithe same experiment performed fgr= 900 Torr, the flow be-
hind the screen was simulated by two approachesglyathe Direct Simulation Monte Carlo (DSMC) methfb]
(PNS-NS-DSMC approach) and the above-mentioned Bly&ithm (PNS-NS-PNS approach) since PNS algorithm
was found to be an efficient one to describe th@heral part of the jet issuing into vacuum [6, &$ it was found in
[1] both mentioned approaches predict similar tssiolr the values of the back fluxes for all theegenis with 30< a <
90°. That is why in this study only PNS-NS-DSMC apmtoavas used to describe the flow behind the screen.

The rectangular domain ABCDE of simulation of thaaf by a DSMC-algorithm is schematically shown iig B.
The emission of molecules in the domain was peréatmadially through the surface AE based on th&ibligion of
parameters obtained earlier by the NS-algorithms@faces BC, CD and DE full absorption of incidertiecules was
assumed. The solid surface AB was assumed to fsely or specularly reflecting. The collisionabperties of mole-
cules were described by the VSS molecular modeafogpulsive interaction potential between molesifle = 0.75,
avss = 1.5325) [5]. To take into account the effectroffational degrees of freedom of molecules the kndarsen-
Borgnakke procedure [5] was applied. The simulatimere performed for the value of the rotationdlision number
Z, = 5. Since the main problem solved by DSMC sinioiats the distribution of parameters in the baokflregion ¢ >
90°) the axial and radial dimensions of the donmfeBCDE were chosen to provide acceptable accuracthfd consid-
ered part of the flow. Through a series of testwaltions these optimal dimensions were found toB# = AE =
10 mm, BC = 20 mm for the regime with screen andBAE = 10 mm, BC = 30 mm for the regime withoutesn.
Outside domain BCDE the flow was assumed to bdsamiless. To collect the asymptotic propertieshaf flow at
infinitely large distances from the device the mudijes of individual molecules leaving the domdirotigh surfaces BC
and CD were sampled with weighting factbfV, wherev is the absolute value of molecule velocity. Thaidations
were performed during 2-1@me steps with 10+ 3-10 simulated molecules at the steady stage.

To calculate the backflow region for the case witha screen the domain ABCDE was moved to the ramnzéuch
a way that the point A was placed in the nozzl¢ seg¢tion at = 11 mm f;, = 1 mm). The distribution of parameters
on the starting surface AE for this case was estichhased on the results of simulation the flovideshe screen with
a = 90 by NS-algorithm. This regime is characterized bpimum value of base pressure [1] with minimum devi
tions of the parameters on the surface AE fromdhaging place at expansion of gas into vacuum ftoennozzle
without screen.



RESULTSAND DISCUSSION

Since the asymptotic properties of the flow at éadistance®R from the device were illustrated in detail in pape
[1], only the numerical results for the values mead in our experiments will be reported here.

For the measured values of pressure in the prabenttan free path of molecules inside the probeidi¢se range
1.3 + 8.6 mm. The corresponding Knudsen number theeslot width 3.5 mm lies in the range 0.37 + 25e regime
of gas flow inside the probe is close, therefooefrée molecular. In this case the readings ofptiede should be com-
pletely determined by the flow rate of gas incomimgjde the probe through the probe slot. DuringVi@Ssimulation
this flow rate through the control surface corresting to the position of the probe slot was co#ldcthus allowing the
calculation of the absolute value of the pressos@le the probe.

All the obtained experimental and theoretical dadacerning the dependence of pressure inside thitwepon the
angle of screerr for the regimes witlpy = 75 Torr, 270 Torr and 792 Torr are presenteBigs. 5-7, respectively.
The data for nozzle without screen are also sh@vedmparison.

As it is seen from these figures, the measuredpaedicted values of absolute values of pressutiddrthie probe
are in good agreement. Maximum effect of the scteesards reducing the value of back flux takes @Hfmr the screen
with @ = 90° for all considered values of stagnation sues
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FIGURE 5. Measured (solid lines and squares) and numer
(dashed lines and circles) data for normalized @rpkessure
for the regime with p= 75 Torr for studied screens. The dz
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FIGURE 6. Measured (solid lines and squares) and numerical
(dashed lines and circles) data for normalized pmiessure

for the regime with p= 270 Torr for studied screens. The data
for nozzle without screen are shown by lines witteyumbols.
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For the regime witlp, = 75 Torr all the considered screens allow redytire back flux compared with the case of

nozzle without screen.

For the regime withp, = 270 Torr the situation is ambiguous: theory presdsmall increase of back flux for the

screen with@ = 30° compared with the case of a nozzle withotgen while the experiments did not confirm this re
sult.

For the regime witlpy = 792 Torr both experiment and theory reveal tioegase of back flux for the screen wigh

= 30° that means that improper screen geometryaaase even the back flux to increase.

CONCLUSION

The main results of the performed study may be sarized as follows:

. It is possible to decrease the back flux (by factosbout two in the considered conditions and getoyh by putting

a screen on the exit part of the nozzle, thoughrapgr screen geometry may cause even the backdflincrease.

. Maximum effect of the screen towards reducing takie of back flux takes place for the screen with= 90° for

all considered values of stagnation pressure.

. Both experiment and theory reveal increasing omadized back fluxes with decreasing the stagngti@ssure or

the Reynolds number.

. The numerical data for absolute value of the pmesgside the probe placed in the backflow regiomia good

agreement with the measured results, which pravasthe description of that region of the flow e tapplied
PNS-NS-DSMC approach is quite adequate.
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