Streamline Extrapolation Technique for Subsonic Outflow
Boundary Conditionsin DSM C Simulations

Ozhan H. Turgut and M. Cevdet Celenligil

Department of Aerospace Engineering, Middle Eashim&al University, 06531 Ankara, Turkiye

Abstract. A subsonic outflow boundary condition techniqueléseloped for the DSMC calculations. In this schetine
macroscopic boundary properties are extrapolatah fhe interior domain along the streamline trajges using the
Neumann boundary conditions. Simulations are peréar for the two-dimensional subsonic rarefied flosver an
infinitely thin plate (either finite or semi-infité) with zero angle of attack at constant presskil@ws with a Mach
number of 0.102 and 0.4 and a Reynolds number ngutyetween 0.063 and 246 are investigated, coveniogf of the
transitional regime between the free-molecule amel ¢ontinuum limits. The computed results are imy vgood
agreement with the available experimental datatlbedretical results.

INTRODUCTION

Micro-electromechanical systems (MEMS) are becomimgpre commonplace in today’s technology
advancements, but a number of features concerhasgtsystems are not well understood, such asathegtion in
these systems. These subsonic flows are rarefiegube the mean free path of the gas moleculesipamable to
the dimensions of these micron-size devices eveematmospheric conditions.

Subsonic rarefied flows have been studied in the psing the direct simulation Monte Carlo (DSMGathod
of G. A. Bird [1] by several researchers for chdrfteavs [2,3]. On the other hand, very few simutei$ have been
reported in the literature on the subsonic rareflatdplate flows [4] as a result of some additibdficulties
involved in the simulation of these flows. In fialate flows, the top part of the domain is an opeunndary and,
hence, simulations usually require much larger aaatppnal domains as compared to channel flowsurtddly, the
solutions for flat plates are also more sensitivéhe stipulated open boundary conditions. Thisoisplicated by
the fact that the simple freestream and vacuum demynconditions conventionally used at the opembdades of
the hypersonic flows [5] are not applicable in subs flows, and one has to resort to extrapolatifsosn the
interior domain to determine some of the boundaoperties. The scarcity of experimental data festhsubsonic
rarefied flows is an obstacle for the verificatiohthe extrapolated boundary conditions. Isolatihg statistical
scatter from the mean quantities is another diftfycin low speed rarefied flows, as this requires lageples.

In the present research, subsonic rarefied floves avflat plate are investigated. The two-dimerai@?2 DSMC
code of G. A. Bird is used in the simulations, #melinflow/outflow boundary conditions of the coale modified.

BOUNDARY CONDITIONS

For the subsonic DSMC simulations, several altéraatmay be considered for the open boundary condit
One option may be to use the freestream conditlinestly, but this is suitable only if the domaim very large.
Another choice is to use Dirichlet boundary comudiis if the flow properties at the open boundarieskamown in
advance, but this is usually not possible. Consettyyefor these flows, some of the boundary prapserheed to be
extrapolated from the interior domain. A commonlged technique is to apply “far-field” conditions thvi
characteristics if isentropic assumption holds leetwthe open boundaries and the freestream.

In the present simulations, characteristics ared umethe subsonic inflow boundaries since the is@it
assumption is viable. According to one-dimensioimaiscid characteristic formulation, at the subsomflow
boundaries, two characteristics come from the fream and one characteristic comes from the intelanain.



Hence, in this study, one property (one of the Rieminvariants) is taken from the interior domainl @ahe rest of
the properties (with the other Riemann invariaatg) taken from the freestream to determine thewnfiroperties.
On the other hand, for the subsonic outflow bouedalan extrapolation technique is developed becthes use of
characteristics is not always suitable as in thee @ semi-infinite plate flows or simulations anal domains. In
the present calculations, one property (pressiwwelpken from the exterior, and the rest of the erigs are
extrapolated from the interior domain. Extrapolaticare done along the streamline trajectories hegewith the
Neumann boundary condition8@/oé = 0, where¢ denotes macroscopic quantities ahds in the streamline
direction. Several other boundary conditions ase a¢sted [6], but the most satisfactory resuksadotained with
the present extrapolation technique.

In this technique, a “ghost cell” is introduced
adjacent to each open boundary cell and extrapokati
are made along the streamline trajectory passimy tfin /
the center of the ghost cell. In the calculatioas, A
rectangular domain is used and the top and righe®d
of this domain are outflow boundaries. Consider the
right boundary as shown in Fig. 1. Assuming tha th Ay B |
streamlines are linear at the boundaries, one caw d
the streamlines passing through the cell centeasd\B
with the help of velocity vectors. For this methta DR
work, the center of the ghost cell should lie invween X ) )
these two streamlines. If this condition is not met FIGURE 1. Streamline extrapolation.
searching process is started considering othemdzry (Arrows represent velocity vectors.)
cells until it is satisfied. Supposing that the teerof the ghost cell O lies in between the stréaasl passing through
points A and B, the macroscopic properties at Ocateulated by an interpolation based on the shodistances
between point O and these streamliries §, and $). Using a weighting facton = S\/(Sa+Sgs), the macroscopic
guantitiesg, of the ghost cell O are calculated fropg = (1—a) @A+ o @p .
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RESULTSAND DISCUSSION

Two-dimensional subsonic rarefied flows over annitély thin flat plate with zero angle of attack @nstant
pressure are investigated. In the computationsctamgular domain is used and both finite and gefimite plate
configurations are examined as illustrated in BigThe plate is located at y = 0 with its leadinlge at x = 0, and
the length of the plate in the computational donisiglenoted by L. The plate temperature is seDth2K.

In the freestream, two-species air, @nd N) is used with mole fractions of 21.2% and 78.8éspectively. The
freestream conditions considered in this studylisted Table 1 where L) n,, M, Kn and Re are the velocity
component in the x-direction, number density, Maomber, Knudsen number and Reynolds number, régplyct
Also, the velocity component in the y-direction,,\ zero and the temperature is 299.4 K.

In the simulations, a variable-hard-sphere modgig7applied to the molecular collisions with a fgemature-
viscosity exponent of 0.74, a reference temperaifiz98.15 K, and a reference diameter of 4.02%1f. Larsen-
Borgnakke model is employed to control the enepghange between translational and other modesrdathgonal
and vibrational relaxation collision numbers arar 50, respectively. Full thermal accommodatiod diffuse
reflection are assumed for the gas-surface inters:t Nearly 10 representative molecules are usaghch cell.
For the Kn = 0.02 calculations, cell sizes in the@md y-directionsife. Ax andAy, respectively) are approximately
equal to the local mean free path. In the morefied casesAx andAy are smaller than the local mean free path.
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FIGURE 2. Schematic of the domains.



TABLE 1. Freestream conditions.

U, [m/g n, [molecule/md M Kn Re
35.26 2.36x18 0.102 0.02 6.26
35.26 2.36x1¢ 0.102 0.2 0.626
35.26 2.36x18 0.102 2 0.0626
138.74 2.36x1% 0.4 0.002 246.27
138.74 2.36x18 0.4 0.02 24.627
138.74 2.36x1% 0.4 0.2 2.4627
138.74 2.36x1% 0.4 2 0.24627

" based on a length scale of 2.792%h0

On the other hand, for the densest test dasd<n = 0.002, althoughy is equal to the local mean free paily,is
taken as five times that to reduce the excessiugpatational time. Then, to get a feel for the ecaused by these
large cells, the Kn = 0.02 calculations are repgbath Ax five times the local mean free path, and it isesled
that the results change only a litteed.the drag coefficient changes by 3%).

Various flow simulations with finite and semi-iniie@ plate configurations are performed and resalts
presented in Figs. 3-14. (In these figures, théepis located between x/L = 0 and 1. Also, sampessfor the
simulations are not the same and, hence, statistiester may vary on the results.) Figures 3-&@meresults for a
finite plate with L = 2.792x10m at M = 0.4 for the freestream conditions listedows 4-7 of Table 1 (which are
obtained by varying the freestream number density keeping all other properties the same). Theli%ohless”
flow results in the figures are achieved by eliniimg the intermolecular collisions in the Kn = 2nsilations. The
size of the domain is varied with the degree oéfation. For the Kn = 0.02 case, the domain’s repsh and
downstream lengths and its height are 4L whichimeeeased to 8L for the more rarefied cases. FoKim = 0.002
calculations, domain’s upstream and downstreamthengre L and its height is L/2. Figures 5 and 6wstthe
pressure and skin friction coefficients, € (P-p.)/(0.5p..U..%) and G = 1/(0.50,,U..9), respectively, where,pis the
freestream pressurg,, is the freestream density ands the surface shear stress. The theoreticalmr@ecular
values for G and G are 0 and 1.69, respectively, and the computedliSiomless” values (averaged over the
surface) are very close to them, (€ 0.00023 and Qs within 1% error). Note that, (G 0.1 means that the surface
pressure is roughly 1% different from the freestrealue. The present calculations show that, agloledensity
increases, the use of small domains can easilynbettie surface pressures by a few percent calesigg variations
on G, while G remains relatively unaffected. This is suspectethé present Kn = 0.002 results, and they are not
included in Fig. 5. The effects of rarefaction asédent in the results,e. as the flow becomes more rarefied, the
slip velocities increase, the boundary layer hemgid the disturbance field around the body is geldy and the
pressure and skin friction coefficients approach ltmiting free-molecular values. Note that in Fiyalthough the
slip velocities decrease from x = 0 to x = L/2 éxpected), they increase from x = L/2 to x = L dmu¢he presence
of the flow in the downstream region. The drag fioets, G, = D/(0.5..U.°L), of finite plate flow calculations
are presented in Fig. 7 for all freestream condgtilisted in Table 1. (D denotes the drag forcéepfly, the results
are in excellent agreement with the experimentt {&. Note that the results in this figure chastghtly with the
Mach numbers, but as the rarefaction increasesdbeyerge to the same theoretical free-molecullureva

In Figs. 8-11, results are presented for flows alzosemi-infinite plate. These are essentially tigpas of the
finite plate calculations with the exception thia¢ tdownstream regions are removed. Comparisoneofesults in
these figures with those in Figs. 3-6 for the @éniplate flows shows the effects of different doweein
configurations on the simulations. In the preseaws$, density is nearly constant in the domain emehparison may
be also made with the incompressible Blasius smutHowever, it should be kept in mind that, in Blasius
solution uniform freestream velocity is assumethatleading edge; whereas the present resultsatedtbat when
the upstream portion of the domain is taken intoaat, a velocity profile forms there. Also, expeeints [8] show
that the Blasius solution underpredicts the dragffeents under rarefied conditions. Still, due ttee lack of
extensive experimental datmaking comparison with it may be useful. In thespures, the Blasius solution is
obtained using the freestream data of the Kn = @32 at M = 0.4. Notice that, according to the 8l& solution,
pressure is constant and, hencg,o@ the surface is zero;, whereas the present seBulEig. 10 are nonzero.
However, it should be considered that, for the Ifsminless” flow, a variation of 0.8 in LCalong the surface
corresponds to approximately 8% deviation of thdase pressure frompand also, as the Knudsen number gets
smaller (approaching the continuum) this deviatieoreases.

In general, when extrapolation boundary conditiare used, some errors near the borders are acapledg
as the main flow in the rest of the domain is ristaited. In order to check this for the presenhtéque, the semi-
infinite plate calculations (for M = 0.102 and M0=) with n. = 2.36x13° molecule/ni are repeated by doubling L
and it is observed that the solutions are not distiogas can be seen from Fig. 12).
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Also, comparison is made between the results opthsent “collisionless” flow calculations and theoretical
free-molecule flow which provides an excellent ogpoity for the verification of the present bounglaonditions.
Note that there is difference between the theakticee-molecule flow and the present “collisiosteslow
calculations. In the “collisionless” flow case, theesent extrapolation boundary conditions are ;usbéreas in the
theoretical free-molecule flow simulations, freestn conditions are stipulated to determine progeraf the
incoming molecules. The results of the two appreadbr finite plate flow at M = 0.4 are in quiteggbagreement
as can be seen from Figs. 13 and 4(a). Also, tbkisionless” G-M results for M = 0.102 and M = 0.4 calculations
are within 1% error of the theoretical free-molect@ibw value of 1.35 . This helps to build confidenon the
present boundary conditions because all the boyrutaperties (except for the pressure) are detesthiny them.
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It should be also pointed out that, at the top loauy, the V velocity components are much smallantb and,
hence, the streamlines leave the domain with vesllsangles with respect to top boundary. Conseiiyien using
streamline extrapolation at the top boundary it rhaynecessary to extrapolate properties from thie gaite far
away from the ghost cells. Besides, the streambéle top boundary sometimes direct into the domaring the
computations, and the local outflow boundary caadiis replaced by inflow boundary condition. (Glgathese
difficulties can be avoided by choosing the top rmtary quite different from the outgoing streamlines is
noteworthy that the present boundary conditionsoper remarkably well under these severe conditicarg]
produce satisfactory results.

The present boundary conditions are also succésdkdted on several small computational domairs. F
example, Fig. 14 shows the results of the M = @dllisionless” finite plate flow calculations corzted on a small
domain in which the upstream and downstream lengtits the height are L. Result of this flow are adhe
presented in Fig. 4(a) using a computational domdiith has an area approximately 45 times largen the one

used in Fig. 14. It can be seen that the resulEgn14 are still in quite good agreement with dmes in Fig. 4(a).
The G results for the two calculations are only 1.5%edt#nt.
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The rarefied flows are conventionally categorizetb:i continuum (Kn < 0.01), slip flow (0.01 < Kn (1),
transition (0.1 < Kn < 10) and free molecular regi{Kn > 10). The simulations presented in thisepajpver all
these regimes. The highest Reynolds number achieved6.27 and the computational time for this casplires
maximum usage of computer resources available i® ndsearch. The critical Reynolds number to preduc
turbulence on a flat plate is about 200,000 arelrt}, the present simulations are quite far froat.t

The present calculations have been performed wsintmtel XEON processor with 2.6 GHz speed and 1 GB
memory. A finite plate Kn = 0.02 run requires 2%sland uses 8.1% memory for a sample size of 2X$amples
are taken every other time step.)

CONCLUSIONS

A subsonic outflow extrapolation scheme is develbfe the DSMC simulations by carrying the propesti
along the streamline trajectories using the Neunteumdary conditions. The outcomes of this stu@yeer follows:

(1) With the present subsonic outflow boundaoydition technique, the results show little distortnear the
boundaries and the general features of the maim #liee correctly calculated. This technique may beduin the
simulations for which the characteristic open bamcdonditions are not suitable.

(2) The calculations are in very good agreemsetiit the experimental drag coefficient datad theoretical results.
(3) For the present flows, cell sizes in thenmalrdirection Ay) should be less or equal to the local mean fegh p
for correct results. However, large cell sizeshia streamwise directio\X) may be used with reasonable accuracy

(e.g.if Ax is 5 times the local mean free path, the dradficient changes by 3%).
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