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Nomenclature
D = diameter of orifice, m
d = diameter of gas molecule, m
D, = diameter of Mach disk

Kn = Knudsen number

separation distance of orifices, m
pressure, Pa

Reynolds number

T temperature, K

X,;, = location of Mach disk

Z, = rotational collision number
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= specific heat ratio
= mean free path, m

= background gas
penetration
rotational mode
stagnation conditions
= translational mode
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I. Introduction

HE interaction between rarefied free jets expanding into

vacuum has received some attention in recent years because of
the relevance to rockets and other space vehicles [1-3]. Rapidly
expanding plumes at high altitudes involve the entire range of flow
regimes, from continuum flows near the nozzle exit to transitional
and free molecular flows at large distances from the nozzle.
Furthermore, for flicht at different altitudes, the plumes from the
spacecraft exhaust may be expanded into a background with finite
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Among other things, the simulation in this Note is m
the adaption of the particle conservation method [5] for th
mentation of the pressure boundary conditions in DSMC.

II. Numerical Method and Its Validation

A parallel three-dimensional DSMC program was developed for
the present study, using procedures similar to those by Bird [6]. In the
current implementation, the variable soft sphere molecular model is
used, with Bird’s no time counter algorithm for the collision
mechanics. The Borgnakke—Larsen phenomenological model is
used for the rotational-translational relaxation process, and the time
step size is chosen to be smaller than the molecular mean collision
interval at the jet stagnation conditions. Automatic, adaptive domain
decomposition is used to obtain load balancing in the parallel
simulation of the problem. It is pointed out that the number of
particles, not the physical size of the domain, determines the compu-
tational loads, and hence the load balancing. As has been mentioned
above, the implementation of the downstream boundary conditions
follows the particle conservation procedure in Wu et al. [5]. To reduce
any statistical error from this method, the calculated mean flow
velocities in the boundary cells are averaged over time.

To validate the developed code, a single sonic underexpanded
nitrogen jet, issuing into a three-dimensional rectangular chamber at
specified levels of the background pressure and density, was studied.
The stagnation pressure (P,) and temperature (T;) of the jet were
30 torr and 293 K, respectively. Several values of stagnation-to-
background pressure ratios (P,/P;) between 10 and values that
approach infinity are investigated, while the background temperature
(T,) is set to the source stagnation temperature. Three values of the
stagnation Knudsen number (Kn,), 0.05, 0.005, and 0.002, are
computed for each P,/ P;, value. More than 27 million particles and
5 million grid cells are used for small Knudsen number calculations
(Kn, =0.002), and approximately 12 million particles and
1.2 million cells for Kn, = 0.02 case. The computational domain
is rectangular with size 30D x 7D x 7D (Fig. 1). The jet flow
exhausts through a circular orifice located at the x = O plane. Only a
quarter of the full physical domain is simulated on the assumption of
symmetry, with symmetry conditions imposed onboth the y = 0 and
z = 0 planes. For the x = 0 plane, sonic conditions are used for the
particles entering through the orifice and the orifice plate is assumed
to be a fully diffusive wall with a temperature value that is equal to the
background temperature. The background pressure P, and temper-
ature T}, are specified for all outflow boundaries.

For jets expanding into vacuum (P;/P, — oo) from a sonic
orifice, the only flow parameter is the jet stagnation Knudsen number
Kn,, which is also related to the Reynolds number at the orifice exit
Rejy:
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Fig. 1 Computational domain for the DSMC calculation of under-
expanded jets, showing a quarter of the full domain.
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Therefore, for a fixed temperature T, Kn, (Re}) is determined
only by the product of P, and D. Marrone [7] and Mori et al. [8]
experimentally measured the centerline properties of free jets for the
case where P,D =15 torr - mm (Kn, = 2.736 x 1073). In Fig. 2,
the density distribution along the jet centerline that is calculated with
the DSMC code is compared with the experimental data, an
asymptotic relation [3], the isentropic relation [9], and the result from
a Navier-Stokes simulation (using AEROFLO [10]). Two DSMC
calculations are shown: 1) P, =3 torr, D =5 mm; and 2) P,=
30 torr, D = 0.5 mm. These two calculations give essentially the
same results because the product P,D is the same. Also, the
Navier-Stokes simulations, as well as the asymptotic distribution
and the isentropic relation, give similar density profiles. The
experimental data also agree with these results for X/D < 12, with
deviations further downstream. We believe the deviations are due to
the inability to obtain perfect vacuum conditions in the experiment,
whereas the various calculations have no difficulties enforcing an
essentially infinite value for P,/ P,. In Fig. 3, the DSMC results for
the rotational temperature distribution along the jet centerline are
compared with the experimental data from Marrone [7] and Mori
et al. [8]. In this plot, an approximate relation

T, = 0.378'x T, x (X/D)™*% + 7.096 x (X/D)**® x 7 (2)

developed in a previous work by Li [11], is also shown. The DSMC
calculations and the distribution from Eq. (2) are based on Z, = 2.
Good agreement with the experimental results is evident.

For jets expanding into a background with finite pressure and the
flow in the near-continuum regime, a shock-cell structure is formed
due to the strong interaction between the jet flow and background
gas. In this case, a rarefaction parameter £ [12] can be written as

k 1 k
V2rnd®> (P,/P,)*Kn,  J2nd®

2 (y+1)1/<w> Rej

my \ 2 (P,/P,)'7

E=D(P,-P)' /T, =

3

Thus, rarefaction effects for jets expanding into a background
with finite pressure depend on two parameters: Kn, and P,/P,.
Figure 4 shows a comparison of the current calculations with the
experimental data of Ashkenas and Sherman [13] and Crist et al.
[14], with good agreement. The foregoing validates the pressure
boundary conditions used in this work.
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Fig. 2 Density distributions along the jet centerline for expansion into
vacuum (PD = 15 torr - mm. Two DSMC results with different flow
conditions are shown.
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Fig. 3 Comparison of calculated rotational temperature distribution
along the centerline with Marrone [7] and Mori et al.’s [8] experimental
data, and the derived rotational temperature decay model [Eq. (2)]. Note
that both DSMC and Eq. (2) are calculated for Z, = 2.

III. Investigation of Interacting Jets

The physics of dual, interacting jets were investigated. The com-
putational domain is similar to that for the single jet, except that the
orifice is now located at (0,0, L/2). The values of the stagnation
Knudsen number Kn; chosen for the study are 0.02, 0.005, and
0.002, and the separation between the orifices is within 1.0 < L/
D = 8.0. The values of the stagnation-to-background pressure ratio
P,/P, are 50, 100, 200, and values that approach infinity. The
stagnation pressure and temperature of the jet flow are P, = 870 Pa
and T, = 285 K, respectively. :

A. Expansion into Vacoum

The interaction between the two jets can be described in terms of
the penetration Knudsen number [3]:
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Fig. 4 Location and diameter of the Mach disk as a function of =
ratio, showing agreement between experimental data [13.14] zmé Wi
present DSMC calculations.
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15
X/D

b)
Fig. 5 Nondimensional translational temperature contours for
Kng = 0.002, L/D = 3 when a) jets expand into vacuum, and b) jets
expand into a background with P /P, = 220.

where A, is the penetration mean free path; [.; represents the
characteristic length of the flow, which is chosen as the distance from
the symmetry plane to the centerline of the plume; L/ D is the orifice
separation distance; g(6) is a function of the interaction angle 9; and

g(0) = [cos2 (g . Qi) sinze}~1 5)

where A =0.345 and 0,,, = 95.2° for y = 1.4. The interaction

between the two jets can also be characterized by Kn,, i, Which is
12 -
i [} EXP: Soga et al. [15]
L ——— DSMC: P/P,=220
8l DSMC: Expanded to Vacuum

Normalized Density

I b it el R Py S | I I
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Fig. 6 Density distribution along the (x,0,0) axis showing the
comparison with Soga et al.’s experimental data [15] for the case
L/D =3.0,P,/P), = 220, and Kn, = 0.002. Case P /P, — ocois shown as
a reference.

the value of K7, when g(6) attains its minimum value, which occurs
when 6 =~ 39°.

B. Expansion into a Region with Finite Pressure

In this case, the interaction between the molecules of the gases in
the two jets and that between the jet gas molecules and the
background gas molecules need to be considered. The three param-
eters, Kn,, L/D, and P,/P,, characterize the overall rarefaction -
effects.

Sogaetal. [15] experimentally measured the density and rotational
temperature in interacting jets when Kn, = 0.002 and P, /P, = 220
for several values of L/D. This provides additional validation data
for the present effort. The details of the conditions can be found
in [15].

Figure 5b shows the translational temperature at the y =0
symmetry plane for L/D =3, Kn, =0.002, and P,/P, = 220.
Compared with the results of the jets expanding into vacuum
(Fig. 5a), it can be seen that the existence of the background pressure
significantly changes the flow structure. Although the flow is sill
rarefied and the shock structure is much diffused, the primary and
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Fig. 7 Rotational temperature distribution along the (x,0,0) axis
showing comparison with Soga et al.’s experimental data [15] for the
cases L/D = 3.0, P, /P, = 210, and Kn, = 0.0027. Case P /P, — oo is
shown as a reference.
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Fig. 8 Calculated density distributions along the (x,0,0) symmetry
axis for Kn, = 0.002, P,/ P, = 220, with L/D = 1.5, 2.0, 4.0, 6.0, and 8.0.
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Fig. 9 Calculated density distributions along the (x, 0, 0) symmetry
axis for P, /P, =200, L/D = 3.0, with Kr, = 0.02, 0.005, and 0.002.

secondary shock-cell structures can still be observed. Note that the
interaction region between the two primary jets is generally referred
to as the secondary jet.

The calculated results are compared with Soga et al.’s experi-
mental data in Fig. 6, which shows the density distribution along the
(x,0,0) symmetry axis [15]. Note that two sets of DSMC results are
presented: P;/P, = 220 and P,/ P, — co. The monotonic decay of
density after the first peak for the case P,/P, — co appears
reasonable. Dagum and Zhu [2] also simulated this problem, but they
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Fig. 10 Calculated density distributions along the (x, 0, 0) symmetrs
axis for Kn; = 0.005, L/D = 3.0, with P, /P, = 50, 100, 200, and cc.

assumed that the jet expanded into vacuum. It is therefore nos
surprising that their result only compared well with Soga et al.’s dat=
[15] when X/D < 10. Other investigations using a similar back-
ground condition (vacuum) in their simulation do not show resuls
for X/D > 10 in their comparison with Soga’s experiments.
suggesting inaccurate results in this region. In our simulation, the
correct background conditions (P,/P, = 220) are used and our
predictions compare well with experimental data at all X/D values.
Figure 7 shows the rotational temperature distribution along the

1.2

3

0.8

0.6

T/Tg

0.4

0.2

e 5 ot ) s e e

o
(4l
-
o
I
(&)
n
o
N
(6]

b)

1.2

0.8

T
P I

0.6

T/Tg

0.4

e, e~ - -
-——--

0.2

LI B B St e B e

9] AUt L et e e e (o i L B T 0 LTS LU
5 10 15 20 25
X/D

o

d)

Fig. 11 Calculated translational temperature (solid lines) and rotational temperature (dashed lines) distributions along the (x, 0, 0) symmetry axis for
Kn; = 0.005, L/D = 3.0, with different values of P,/P,: a) P, /P, = 50; b) P,/P, = 100; ¢) P,/P, = 200; and d) P /P, — oco.
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(x,0,0) axis. The experimental data for this variable are available
only for X/D < 8.0, and the two cases P /P, =220 and P,/P;, —
oo agree well with experimental data.

The effects of L/D are further shown in Fig. 8, which shows the
density distribution along the (x,0,0) axis for Kn,=0.002,
P,/P, =220, at different values of L/D. It can be seen that
increasing L/ D values leads to smaller peaks, or weaker interactions
between the two jets. Although the Mach disk is weak and diffused in
the secondary jet, it can be found that, for all L/D values (except
L/D = 8.0), the location of the Mach disk in the secondary jet does
not differ significantly (Xy secondary/ P & 13). This may be due to the
large P,/ P, value used (P,/P, = 220). When X/D is large, based
on the definition of Kn,(#) [Eq. (4)], the plumes from the two jets
become much more rarefied and are fully mixed in the interaction
region. '

The effects of Kn, are shown in Fig. 9, which plots the density
distribution along the (x,0,0) symmetry axis for P,/P, = 200,
L/D = 3.0, at different values of Kn,. Reducing the Kn, values
increases the interaction between the two jets (higher peaks). When
Kn, isrelatively large (Kn,; = 0.02), the flow is strongly rarefied and
no Mach disk is formed in the interaction region.

The effects of P,/ P, (Kn, = 0.005, L/D = 3.0) are shown in the
density plot of Fig. 10. It can be observed that the peak values of
density occur at approximately X/D =3. Reducing P,/P,
strengthens the interaction between the secondary jet and the
background gas. When P,/P,, is small, a stronger Mach disk is
formed in the secondary jet and its location moves upstream. It can be
seen that the existence of the background pressure significantly
modifies the secondary jet flows, even when X /D is small. This is not
the case for the primary jets, where the background gas does not
significantly affect the expansion core within the zone of silence
when Kn is small. The reason may be found in the small density
values in the secondary jet, relative to the primary jets. Therefore, the
molecules of the background gas can penetrate into the secondary jet
flow more easily.

The thermal nonequilibrium effects in the interacting jets are also
investigated. Because the secondary jet is more rarefied, significant
deviation between the translational and rotational curves are
observed. Figure 11 shows the translational and rotational tem-
perature profiles along the (x, 0, 0) symmetry axis for Kn, = 0.005,
L/D = 3.0, and different values of P;/P,. The background gas
affects nonequilibrium in the secondary jet. Specifically, the figure
shows that the smaller the values of P,/ P, the smaller the deviation
between the two temperatures.

IV. Conclusions

The simulations carried out in this Note are the first for interacting
rarefied jets expanding into a background with finite pressure. The
findings, such as the effects of the background gas on the shock
structure, the rarefaction, and the thermal nonequilibrium effects in
the secondary jet appear to be correct and can be explained from the
physics of the problem.
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I. Introduction

OST fluid flows of engineering interest are turbulent, and
while numerous advances have been made in the numerical
solution of the Navier—Stokes equations, known as computational
fluid dynamics (CFD), turbulent flows still present challenges for
today’s methods. Turbulent flows are characterized by a very wide
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