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Abstract. In this work, we develop a new species weighting scheme tocethe computational effort associated with the
study of freely expanding homogeneous condensation flohs.pfesent work is an extension of our previous work[Kumar
et al, AIAA Paper 2010-818 (2010)], in which, we developed £@ndensation models in the statistical BGK framework to
simulate the experimental data [Ranedsl., Phys. Rev. A72, 3204 (2005)] for stagnation pressures &o@r. The present
work is aimed at the development of a numerically efficiemetical scheme that will extend the range of applicabilitthe
present condensation models to the more challenging floimeegof higher stagnation pressures. The accuracy anceeftigi

of the new species weighting factor method is compared wiittulsitions performed without weighting factors. Numetica
results are found to be in agreement, with the new approamhrsto significantly reduce the computational effort.
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INTRODUCTION

In our previous work,[1] the homogeneous condensation of @&s studied in the statistical BGK based computa-
tional framework. The work involved the development of a @emsation model suitable for BGK that included the
processes of nucleation, cluster-monomer sticking andsticking collisions, coalescence and cluster evapan§ijo
Simulations using the BGK based condensation model werg@aned with measurements of gas rotational tempera-
ture, cluster size and number density distributions[2] asede found to be in good agreement. These solutions were
however obtained without a species weighting scheme, theofisvhich can potentially reduce the computational
effort and in turn extend the range of applicability of BGKskd condensation model to even higher pressure flows.
Moreover, there are also situations in condensing flows aiiee condensate is a trace species compared to the
monomer gas, making the former difficult to resolve withdé tise of species weighting factors. In the present work,
we aim to incorporate species dependent weighting schehe icondensation and evaporation models to develop a
computationally efficient model.

A species-oriented weighting scheme was first proposed by Bi, in which an attempt was made to ensure
almost equal number of particles of each species in the ctatipnal domain. This was achieved by assigning a
different weight to particles of different kinds. The procee enables one to dramatically increase the sample size of
trace species. Since the particles now carry different htsighe collisional procedure needs to be revisited to take
into account an artificially increased number of particlésrace species in the computational domain. Bird found
that the weighting scheme mainly affects the computatiorotifsions. One of many examples for the use of species
weighting factors is its use in modeling trace species thadlypce sensible radiation. Ultraviolet radiation from the
the bow shock of a hypersonic rocket was measured and fronrmboaod spectrometer the source was determined
to be trace amounts of nitric oxide (NO) molecule formed ie How shock chemistry.[4] In fact the amount of NO
that existed in the flowfield was computed to be on the ordennbke fraction less than 183, which would present a
major difficulty and computational constraint for a paichethod. This is because in order to simulate one particle of
NO in a computational cell, 100,000 other particles woulthbeded and if this approach were followed, at least 100
million particles would be needed making a simulation thetidd have been of modest size extremely expensive. To
avoid this problem, species weighting factors were usedlmdomputational particles representing the NO molecule
were given a lower weight than those particles that repiteskthe abundant species o3 Bind G.[5]

For all of the simulated cases, two kind of species are chtséh the flowfield, CG gas and CQ clusters. As
CO;, clusters are produced from the gas as a result of nucleatiocan be assumed that the number of clusters may
be considerably small in number as compared to the gas leattio the new weighting scheme, a cluster has been
assigned a weighting factor of 0.1 as compared to that ofydoitthe gas, so as to have comparable number of
simulated cluster and gas particles in the computationalado. The fidelity of the new condensation model (with
species dependent weighting scheme) is checked againstitherical results obtained in our previous work using a
BGK based species independent condensation model.



DEVELOPMENT OF A NEW SPECIESWEIGHTING SCHEME FOR THE
CONDENSATION MODEL IN THE BGK FRAMEWORK

Existing Weighting Scheme in the DSM C Framework

In the weighting scheme proposed by Bird [3], each particldhe computational domain is assigned a weight,
with all particles of the same chemical species having theesaeight. The incorporation of this scheme in the DSMC
algorithm translates into affecting the computation oflis@ns in two ways. First, it affects the computation of the
number of collisions and second, it affects the collisiotcome.

In the present work, we use SMILE [6] as our baseline DSMC amldieh utilizes the majorant frequency scheme
(MFS) to efficiently select potential collision pairs. Thalision frequency is defined as follows:

QI}AFS =n;j [GCV]maxVVi (1)

whered is the collision cross-section of simulated molecules anéliated taoy, the true physical cross section by
Oc = U(/; - Frhum (2

whereFn mrepresents the ratio of the number of true to simulated @easti In Eq. 1n; represents number density of
simulated molecules alj is the weight of specief having a numerical value between zero and unity. Once agair
selected, the probability that a collision occurs is eviddy an acceptance-rejection test of the rati® ef %
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The number of collisions between pairg) is then
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where the bar represents the averaging over the cell.

If the two colliders have different weights, a second acaepe-rejection test is then performed to determine if the
particle participate in an elastic coIIisid?i(J- represents the probability that the a particle of spetiesselected to
collide with a particle of specieswhere

P =", and Whax=maxW,W;) (4)
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This probability accounts for the fact that when particléslifferent weights collide, the amount of change in the
properties of the particle with the larger weight is reduckalbe more precise, when two particles of different weights
collide, the probability that the properties of particlelofver species weight, i.e., the trace particle, would clesisg
unity. On the other hand, the velocities of the particle vifit higher weight would change with a probability given
by the ratio of the particle weight%ij, if speciesj is the trace particle [5, 7]. This procedure was also extdrid®ur
previous DSMC simulations of homogeneous condensatioa ficely expanding supersonic flow of @3]. In that
work, a weighting scheme was used in the study with a clugicries weighting factor of 0.04 with respect to a unity
value of CQ gas weighting factor to resolve the presence of carbon degiuster which becomes low as the plume
expands.

New Weighting Scheme in the BGK Framework for Condensing Flows

In a recent study of homogeneous condensation of @@n expanding flow, a statistical BGK based condensation
model [1] was developed and was shown to be able to simulgtegriessure flows previously not possible with the
DSMC method due to huge computational cost. The solutiotemdd by the BGK method showed good agreement
with the experiments, but, at a high computational cost bsea cluster-species weighting scheme was not used.
In presenting our new results with species weighting fagtare will refer to these solutions as the baseline results
obtained by the BGK based condensation model without speg@hts.

In the present study, we continue to use the statistical B&#hod [9] to model condensation of GOut with a
new weighting scheme which makes the method numericallgieffi and in turn allows the simulation of even higher
pressure flows. In order to understand the new weightingsehitis important to emphasize that in the BGK approach
the actual collisions between molecules and clusters arenodeled. Instead the effect of such monomer-cluster
collisions is approximated by an equilibration rate equaf{il0] which obviates the need for use of the acceptance-
rejection tests that are used in the DSMC method. Moreower,dondensing flow there are collisions which involve
phase changes and the energy transformation associatedhein. In addition to gas-gas interactions, condensing
flows include the processes of nucleation, cluster-growih @/aporation processes, and coalescence. If one is to
model all of these four processes in BGK, the weighting se&happroach must provide consistent results without
the use of the acceptance-rejection technique. Note hawhaeonly the cluster-growth (or sticking) and evaporatio



processes involve the simultaneous exchange of energyebatthie monomer and the cluster and a change of cluster
size. Therefore, the weighting scheme for the nucleatiodehim the BGK framework is the same as in the DSMC
method [8] and will not be described here. The coalescenagemavhich involves, cluster-cluster interactions, is
also not described here because it does not require any elautige weighting scheme since the interacting cluster-
particles have the same weighting factors. The non-stickiteractions of cluster-monomer computational parsicle
are modeled by the same procedure as used in the recent Woilhg implementation of weighting factors for the
cluster-growth and evaporation models in the BGK framevimkever require a new weighting scheme, as described
below.

A sticking collision between a cluster and a monomer is reféto as cluster growth event and an estimation of the
cluster growth rate is as follows. For a spherical clustemarage radius;, the molecular flux to the cluster surface
per unit time for a cluster immersed in a gas of number demsitjth mean molecular thermal velocityis given by
b= zllnC, wheret is the mean molecular gas velocity. A cluster of gigés therefore bombarded by the gas molecules

at a rate 4w2b and the cluster growth rat€, can then be given by the following equation:
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whereP is the condensible gas pressufgejs the gas temperature) is the molecular mass arglis the sticking

probability.

From the cluster growth rate relationship, Eq. 5, the nunabetuster growth events per time step can be obtained
for a cell. For each cluster growth event, a gas monomer iste@lfrom the computational domain, and added to a
set of randomly chosen/¥t number of clusters, so that the size of each of the choseteciusicreases by 1. A
schematic of the weighting scheme is shown in Fig. 1, in whiahicking interaction (condensation) between a gas
monomer and cluster computational particles is modeled.THS of the figure shows a computational gas monomer
particle (in blue) and a computational cluster particleréd) interacting with each other. The middle figure shows tha
due to the use of a cluster species weighting fatér= 0.1, the effective number of cluster particles participating
in the interaction will be W times the original number of cluster particles. On the RHigf 1, it is shown that
the condensing gas monomer is virtually split intdAL parts with each part interacting with one of\4; clusters
and carrying an equal fractional amount of momentum andggnéfote that the collision cross-section of each of
such imaginary split gas monomer remains the same as thiear@ne, as shown in the RHS of the figure. For each
of the /W number of clusters, the velocity and temperature are madifiefollowing the momentum and energy
conservation principles. In other words, it is assumed ti@tmomentum and energy carried by the condensing gas
monomer gets equally distributed to every chosen cluster.

One could consider an alternative procedure too, in whichall@v a gas monomer computational particle to
condense on only one of/\; randomly chosen simulated cluster particles and increas@ze by unity. However,
the procedure would be inconsistent, because in the nisestage [8, 1], the cluster species weighting factor tesul
in an increased number of clusters, while in the cluster ¢ii@tage, it would increase the size of a cluster rather than
the number. A solution using such a weighting scheme wasr@atdy this alternative approach and was found to be
weighting factor dependent and to differ from that obtaibgé BGK based condensation simulation without species
weighs. On the other hand, the procedure, as described avasdound to agree well with the baseline results as will
be shown in the next section.

Using the weighting scheme approach, the momentum andyoengervation for a cluster growth event are given
as

We- MV +mjer = m(j+1)Veo, (6)

whereé represents the number of degrees of freedom of gas monouabstptsm and ¢ refer to monomer and
cluster respectively, and 1 and 2 refer to pre and post algstsvth properties. The velocities and temperatures of the
gas monomer and the chosen clusters of giaee known before the collision. The cluster size increagasiity after
the collision becoming + 1. Therefore, the post-collisional velocities and tempers of cluster can be calculated
using Eqgs. 6 and 7. The latent heat of condensadtfigrassociated with the cluster growth process is adjustedan t
heat accommodation model [1].

In the evaporation process, monomers are removed fromectuand are returned to the computational domain as
gas monomers. The evaporation rate is obtained assumihthththe cluster is in a metastable state where its size
remains at the critical limit and is in steady state with tbaaensation process. The evaporation rate is given by the

following equation,
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whereo is the cluster surface tension amgdis the cluster temperature. For each computational celyster surface
area corresponding to the sum of the surface area of all tteterk in the cell is computed and an average temperature
is used to obtain the evaporation rate.

Then for each evaporation event, a gas monomer is randomdeglin the computational cell, with velocity com-
ponents sampled from a Maxwellian distribution at the laedl temperature. Likewise the rotational and vibrational
energies of the gas monomer are randomly assigned corréisgpto the local cell temperatur&,. To account for
the species dependent weighting factors, it is assumedvtiheiever an evaporation event takes place, an equivalent
number of JW clusters participate such that the size of each of tha;Iclusters decreases by unity. If the arrows
are reversed, Fig. 1 also shows the evaporating interabetween a gas monomer and a cluster. The velocity and
temperature of each of the'\ly; clusters are determined by the use of momentum and energgo@iion, given by
the following equations, while assuming that the momentaodhenergy of evaporated gas monomer is derived equally
from every cluster.

Mg = We-MVpp+m(j— 1)vC21 9)
1 . . 1 . 1
Em1v§1+ jComTey —HmM = ém(J — V%4 (j — 1)CpmTeg +We - 5m\/2mz+Wc- (RE+VE)nm. (10)

wherevp is the velocity of gas monomer sampled from Maxwellian dlistiion at local cell temperaturgg, is the
post evaporation cluster velocityRE+ V E)p are the sum of rotational and vibrational energies of gasanmar
evaporated from the cluster. Ongg, is known, the post evaporation velocity of clustgs can be obtained from
momentum conservation, Eq. 9. Likewise, the post evapmré¢éimperature of the clustdi,, can be determined once
the last term of the Eq. 10 is obtained by randomly assigrieggas monomer rotational and vibrational energies at
the local cell temperature.

VALIDATION RESULTSFOR THE CONDENSATION MODEL IN BGK FRAMEWORK
AND EFFICIENCY

The accuracy and efficiency of the new condensation weigtgaieme was tested by comparison of condensation
results obtained without any species dependent weighaictgifs. The latter simulations were shown to compare well
with the experimental data of Ramesal.[2] in our previous work [1]. Three cases were studied cqroesling to the
stagnation pressures of 1, 3 and 5 bars. The computationsidaised in our work is shown in Fig. 2. The domain
is 10-by-2 nozzle diameters from the starting surface ahtiezle exitj.e.,fromx =0 to 0.0032 m and frong= 0 to
0.006 m. Further details about the procedure to obtainistasurface can be found in Ref. [1]. The BGK numerical
parameters used are given in Table 1.

Figure 3-(A) compares the variation of cluster number dgrealiong the plume centerline obtained by the BGK
method with and without the species weighting factors faspures of 1, 3 and 5 bars. It can be seen that the two
schemes agree well with each other and capture the condmmpatysics. The cluster number density decreases after
reaching a maximum value because as clusters move throadlottfield, they have a tendency to collide and merge
with other gas monomers and clusters. Cluster particlesatssmevaporate because of the extra energy gained during
a collision with the other particle. These two effects alovith the nucleation rate variation with gas number density
result in the cluster number density profile as shown in F¢ARB

Figure 3-(B) compares the new weighting scheme with the limes8GK results for the cluster size variation
along the plume centerlines for different pressure cadds.dvident that the two schemes are in good agreement
with each other. It can be seen that the cluster size incse@leag the plume centerline for all of the cases. This
is expected because as a cluster moves along the flowfielan it@nsume gas particles or it can merge with other
clusters, resulting in cluster growth. At the same time,ustEr size may decrease because of evaporation. Therefore
cluster growth, coalescence, and evaporation affect tnsten size along its trajectory. All these effects becorss le
significant further downstream as the flow expands. Accalgirihe figure shows that the cluster size, on a log scale,
increases linearly initially with the axial distance fof af the cases, and then starts saturating at the middle of the
computational domain, i.e., afD = 5.

Now we discuss the effect of condensation on gas rotatiengbéerature. As explained above, the latent heat release
during the nucleation and cluster growth processes andtlaat removal during the evaporation process result in
increased thermal motion of the gas molecules and theitioot energy modes. Figure 3-(C) compares the gas
rotational temperature obtained by the new species weiglsitheme with that obtained by the baseline BGK based
condensation model without any species weighting schehtman be seen that the two schemes show very good
agreement with each other. Finally we compare cumulativeber density, i.e., sum of gas and cluster number density,
obtained by our new scheme with the old one. Figure 3-(D) shibvt the two schemes are remarkably close to each
other.
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FIGURE 1. Weighting scheme for the BGK based condensation and evamomodels. (a) Physical picture, (b) Conceptual
picture for a cluster species weighting factor of 0.1 , ajddemputational picture with an imaginary break-up of a gamamer
into 10 for a cluster species weighting factor of 0.1 .
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FIGURE 2. Computational domain used in the present work to simulae &xpanding flows in various stagnation pressure
cases.

A numerical efficiency analysis was conducted to comparentiraerical performance of the two computational
schemes. Table 1 shows the the comparison of computatioreaféquired for the 5 bar stagnation pressure case for a
choice of CQ cluster species weighting factor of 0.1 versus a value dfyfor CO, gas monomers. We also verified
that the new weighting scheme is independent of the choitkeotluster species weighting factor. We used a time
step of 1x 1072 s, which is smaller than the local mean collision time. Eaicthe simulated gas particle represented
5x 10’ CO, molecules. The simulation was carried out on Intel 3GHz Xpacessors for 5 bar case. It can be
seen that the new scheme is more than two times faster thaidlseheme. The computational enhancement is not
directly proportional to the reduction in the number of cartgiional particles because additional computationakeff
is required in the cluster growth and evaporation models.

CONCLUSIONS

A new species dependentweighting scheme was developeatdlioaéhe computational effort associated with the study
of a freely expanding homogeneous condensation flow of fo®a stagnation pressure range of 1-5 bars. The new
scheme was shown to perform as accurately as the schemaunédtimp species weighting scheme, which was already
shown to simulate the experimental data in our previousysttigdvas shown that the new scheme is about 2.5 times
faster than the previous scheme. The model developed fgrrdsent work will enable us to simulate condensation
flows for computationally more difficult cases in the future.

TABLE 1. Computational Efficiency

Method New Scheme Old Scheme
Time (CPUH) 320 750
Number of particles 2.0 mil 7.5 mil

Number of cells 0.162 mil 0.162 mil
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FIGURE 3. Comparison of centerline profiles obtained by the BGK metfarddifferent pressures with and without species
weighting scheme, (A): cluster number density; (B): clustee; (C): gas rotational temperature; (D): cumulativenber density.
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