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FIG. 9. (Color online) Averaged interphase temperature vs evolution time.

substrates, show liquid layers initially deposited from the
vapor phase that are much colder than T, especially for case
7 with the coldest substrate, but then they generally warm
with time, with case 7 exhibiting a warming peak. All of the
cases approach a quasisteady steady state with some apparent
periodic oscillation in the quasisteady portion of the curves.
The quasisteady state is reached after time, 1X 10*\mo?/¢
or 21.6 ns.

Figure 7 also compares the hybrid results with solutions
from the kinetic theory, steady flow moment method pre-
sented in the Appendix, showing good agreement with the
moment method at the quasisteady state. The moment
method as applied here requires specification of at least one
boundary condition that must come from the hybrid method
simulation in order to compare results. In this case, the mo-
ment method results were obtained by taking the hybrid
method quasisteady result for V., as the known quantity since
it is relatively free from the fluctuations in the other hybrid
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FIG. 10. (Color online) Fluid temperature at interface with solid vs system
evolution time.
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FIG. 11. (Color online) Number flux at vapor boundary vs evolution time.

results. Further details regarding the application of the mo-
ment method to obtain the comparative results are given in
the next section.

The evolution of the temperature at the vapor boundary,
T, is shown in Fig. 8 for the same cases. There are substan-
tial fluctuations in the temperature but some trends can be
discerned. The initial values are much higher than 7... A
reasonable explanation is that this is because of the large
latent heat released from forming the liquid in the sudden
phase transition from vapor to liquid and the strong solid-
gas-liquid interactions. This higher thermal energy is ab-
sorbed after a time by the cooled substrate, acting as a heat
sink, and then the temperature decreases with the time. On
average, T, is above T, in the quasisteady state. This in-
verted temperature phenomenon indicates that the vapor
phase near the interphase is superheated (i.e.,
undersaturated).’

The average temperature across the interphase, 7;, was
obtained through sampling the particle thermal kinetic en-
ergy in the region between y; and y,. It is shown in Fig. 9 and
generally followed the trend of the liquid boundary tempera-
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FIG. 12. (Color online) Energy flux at vapor boundary and wall heat trans-
fer vs evolution time.
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TABLE III. Quasisteady liquid-vapor interphase properties.

Phys. Fluids 22, 112002 (2010)

L L I T
Sim. case T, T, T, o, o, X Jeon RT, (1072)

1 1.024 0.979 0.978 0.827 0.849 0.872 0.862 9.208 —4.632
2 1.016 0.981 0.980 0.826 0.847 0.879 0.851 9.168 —5.885
3 1.021 0.983 0.983 0.826 0.847 0.879 0.854 9.245 —6.172
4 1.028 0.968 0.968 0.813 0.848 0.810 0.794 9.431 —=7.151
5 1.035 0.971 0.970 0.815 0.851 0.804 0.798 9.461 —7.635
6 1.025 0.972 0.972 0.816 0.850 0.812 0.799 9.436 —8.704
7 1.043 0.961 0.960 0.806 0.856 0.744 0.731 9.711 —8.713
8 1.043 0.963 0.962 0.800 0.851 0.744 0.729 9.799 —10.091
9 1.032 0.966 0.965 0.803 0.853 0.744 0.733 9.792 —12.086

ture with a value that is only slightly greater. At the quasi-
steady state, all of the simulation cases show an average
interphase temperature lower than T, at steady state.

Figure 10 displays the temperature of the liquid obtained
from the sampling bin adjacent to the cooling substrate, 7,
normalized with the substrate temperature for plotting pur-
poses. In the first portion of the simulation, the argon next to
the substrate is still in the vapor phase (as the dashed line
indicates in the figure). Due to the sudden formation of the
liquid film on the bare substrate, the solid-liquid-vapor inter-
action is strong initially and causes the higher T, value.
Later, the wall fluid cools down as the phase transition ap-
proaches quasisteady state, with only solid-liquid interaction
occurring near the substrate; finally, 7,, stabilizes at a near
constant value. A significant temperature slip,

AT, =Ts-T,, (8)

across the solid-liquid interface at quasisteady state is evi-
dent in the figure as the normalized temperature tends to a
value greater than one.

The number flux, J, of molecules across the vapor
boundary at y, is shown in Fig. 11. The large initial mass
transfer rates decline in the early stages of the simulation
before increasing again to a relatively constant level at qua-
sisteady state. The results are compared with the moment
method solutions and show good agreement with the mo-
ment method at quasisteady state.

The energy conservation flux, E, ,, at the vapor inter-
phase boundary is shown in Fig. 12. After reaching the qua-

sisteady state, Ey,g is approximately equal to its upstream
value, 1/2p..V.(1/2V2+5/2RT,,). At the solid substrate sur-
face, where the normal velocity vanishes, the only contribu-
tion to the energy conservation flux comes from the heat
flux, g,,, which is also shown in Fig. 12. The difference be-
tween the two quantities plotted in the figure is the time rate
of change of the energy within the liquid. It is obvious from
the relative magnitudes of the fluxes that most of the heat
removed from the liquid at the substrate is latent heat re-
moved from the vapor as opposed to the removal of sensible
heat and the flow energy and work converted to heat.

B. Quasisteady state

Based on examination of the unsteady results, all nine
simulation cases reach a quasisteady state after time, 7=1
X 10*ymo?/ . Beyond this point, time averaging can be ap-
plied along with the ensemble averaging used for the un-
steady results to eliminate some of the fluctuations in the
quasisteady data.

1. Liquid-vapor interfacial properties

Results obtained from averaging a number of liquid-
vapor interface properties are tabulated in Table III. The
standard deviations of the results are generally within 6%.

AH/ RT_‘, in Table III is the normalized latent heat, where
AH=h,~h; (h, and h; are the enthalpies at the liquid and
vapor boundary, respectively). It tends to increase with de-
creasing substrate temperature.

The condensation and evaporation coefficients given in
Table III can be defined, in terms of averaged number fluxes,
respectively, as

J JP
o.= < cnds> and o, = < evaE>, (9)
<Jcoll> <J0ul>

in which the vapor colliding flux, (J,.;), and the outgoing
flux, (Jou), are the number fluxes of molecules crossing the
gas surface that originate in the vapor region or in the inter-
phase region, respectively. The condensation flux, (J.nqs), 18
the number flux of molecules that originate in the vapor and
cross the liquid surface and the mass flux of spontaneously
evaporating molecules, (J&\,), is the number flux of mol-
ecules that originate in the liquid and cross the vapor bound-
ary. For convenience, the flux terminology and convention of
Ishiyama et al.*" were adopted in the present work.

In the simulations, the evaporation and condensation co-
efficients were obtained through tracking and counting the
appropriate molecules to determine the various fluxes em-
ployed in Eq. (9). The molecules were labeled according to
their initial phase and during the simulation the labels were
subject to change depending on the paths the molecules took.
As the liquid film grew, the liquid-vapor interphase bound-
aries (y; and y,) were also tracked. The gas molecules origi-
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FIG. 13. Illustration of mass flux across the interphase.

nally above y, became liquid molecules if they crossed y,
moving downward, while liquid molecules originally below
y; became gas molecules if they crossed y, moving upward.

As expected, g, and o, are not equal as they would be in
an equilibrium system. Larger differences are found to exist
between them for the stronger condensation cases (i.e., simu-
lation cases 7-9).

Flux conservation in the interfacial region dictates that
the upward flux, (J,,), at the vapor boundary is equal to the
sum of (J:fv’ap) and the reflected-back-to-the-vapor flux (see
Fig. 13), (Jrp (i€, (Joud=(Jehap) +{Jrep))- Analogously, the
downward ﬂux, (J.o)» at the vapor boundary can be de-
scribed as the sum of (/4 and the reflected-back-to-the-
liquid flux, (J), which is imposed by (J.o) (.e., (Jeon)
—<Jcnds>+< et>)

In Table I, (J,,)/{Jeon) is compared with y, which is
defined as

1- O Y= <J 0ut>< >
1- O, <]coll>< ref>

(10)

Differences between y and (J,,)/{J.) are small, but
e/ U [ien, X/ ((Joud/ Jeon))] is slightly greater than
unity and demonstrates the fact that, across the liquid-vapor
interphase, a small portion of the evaporating liquid mol-
ecules undergo collision with condensing vapor molecules
carrying larger kinetic energy and are reflected back to the
liquid phase region. The fact that (J.;)/(J5,) is only slightly
greater than unity implies that the nonequilibrium state in the
interphase is relatively weak. This is consistent with the de-
parture from Maxwellian distribution functions due to inter-
facial drift velocity observed in Ref. 19. There is also an
interfacial drift velocity in the present results as will be pre-
sented in Sec. IIT (Fig. 26).

The quasisteady liquid-vapor interfacial properties in
Table III are unaffected by the vapor tangential flow condi-
tion with the exception of heat flux at the vapor interphase
boundary, q_g, which is sensitive to the tangential flow veloc-
ity. Larger tangential velocities induce higher heat flux rates
at the vapor boundary. .

The interphase gas boundary temperatures, T,/T,
shown in Table III, are greater than unity due to the inverted
temperature phenomenon. As noted earlier, there is very little

Phys. Fluids 22, 112002 (2010)

TABLE IV. Quasisteady computed system parameters.

N Gw
Sim. case. V2RT,, U.. T,.-Ts
1 0.0861 * —0.702 —1.246
2 0.0866 0.007 —0.703 —1.285
3 0.0871 0.011 —0.716 —1.289
4 0.130 * —0.766 —1.931
5 0.132 0.006 —0.771 —2.005
6 0.130 0.012 —0.773 —1.949
7 0.173 * —0.776 —2.703
8 0.173 0.006 —0.787 —2.752
9 0.173 0.018 —0.789 —2.758

difference in the table between the interphase liquid bound-
ary temperature, T;, and the slightly larger, interphase-
averaged temperature, 7.

Two important computed quasisteady averaged system
parameters are shown in Table IV, the inflow condensation
velocity and the wall heat transfer. Both quantities must in-
crease with a decrease in the substrate temperature. Again,
there is no discernible effect of tangential flow velocity. The
result that condensation velocity is unaffected is consistent
with kinetic theory results for the Knudsen layer * The heat
conduction from the liquid into the wall is two orders of
magnitude larger than the heat conduction at the vapor
boundary, where a tangential flow effect is observed.

The quasisteady, liquid surface temperature, T}, hybrid
results have a linear relationship with the substrate tempera-
ture, T, as shown in Fig. 14. The quasisteady, hybrid results

for normalized condensation  velocity, ..
=V../\2RT.,, are plotted against the hybrid results for 7,/T.,
in Fig. 15.

The hybrid results in Fig. 15 are compared with the ki-

netic moment method solution for the liquid surface tem-

upstream
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FIG. 14. Linear dependency of liquid interphase boundary temperature on
substrate temperature. (Standard deviations of T;/7.. are within 3%.)
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FIG. 15. Relationship between condensation velocity and liquid surface
temperature at quasisteady state. (Standard deviations of V., are within 5%.)

perature, 7, /T, plotted as a function of S.,, which is a speci-
fied quantity in the present application of the moment
method (see Appendix). S,.. (i.e., U../V2RT.,) and the nor-
malized latent heat of condensation, AH/RT;, must also be
specified for the moment solution. The latent heat of conden-
sation parameter, AH/RT;, used in all the moment method
solutions was taken to be the average of the AH/RT; values
in Table III obtained from the nine hybrid simulation cases,
resulting in a value of 9.5. This is possible because the mo-
ment method is insensitive to small changes in the latent heat

parameter. T} is used as a proxy for T} instead of T} in the
computation of the latent heat parameter simply for the rea-
son that it is conceptually more representative of the phase
transition temperature. It is insignificant to the results since
the values for Ty and T are very close.

There is good agreement between the hybrid and mo-
ment method results in Fig. 15. In the moment method, the
Knudsen layer structure is solved based on the fifth power
repulsive interaction force law of Maxwell molecules [see
Eq. (A10)]. As suggested by Ytrehus,’ the interaction law
influences the spatial structure of the vapor flow, but not the
driving parameters. Figure 15 shows the close agreement be-
tween the moment method driving parameter, 7, /T, and its
quasisteady hybrid simulation counterpart for a given S..
The figure confirms that the interaction law and other mod-
eling assumptions made in the moment method do not have a
significant impact on the values of 7; computed from it. This
extends to the present modification of the moment method to
include tangential velocity, as shown by the good agreement
between the methods for nonzero tangential velocity in
Fig. 15.

In addition, for comparison purposes, the Knudsen layer
was simulated using DSMC alone (“pure DSMC”) with
these results for S, plotted in Fig. 15. The agreement be-
tween the hybrid results and the moment solution is also
good.

All the present pure DSMC results were obtained with
the DSMC equivalent of a kinetic boundary condition”**
applied at the liquid surface. 7;, the surface temperature, and

Phys. Fluids 22, 112002 (2010)

n,, the vapor number density at the liquid surface, were ob-
tained from the moment method solution, while the conden-
sation coefficients used were from the hybrid simulation. V.,
was not fixed but determined as part of the simulation.

The liquid surface interfacial boundary condition in pure
DSMC was treated, with some modification, as a DSMC
open boundary8 for zero streaming velocity. Molecules
evaporating from the liquid surface, whose velocities were
sampled by

F!=1/(2mRT,)*?exp(~ [c|*/2RT)), (11)

were generated with an outgoing density equal to o,n,. Due
to the nonunity condensation coefficient, unlike the tradi-
tional DSMC open boundary, only a portion, o, of colliding
vapor molecules was condensed (removed at the boundary)
and the rest of the colliding vapor molecules were diffusively
reflected back to the vapor phase with the temperature, 77.

The condensing molecules were stochastically selected.
A vapor molecule striking the interface was condensed (re-
moved), if a random number R;<o,, or was diffusively re-
flected back to the vapor phase, if the random number
R;> o . This process ensured that the ratio of mean condens-
ing mass flux to mean colliding mass flux was equal to ..
Carey et al.** used this condensation algorithm to simulate
molecular interaction at a droplet surface by DSMC and
showed it to be an accurate interfacial treatment for conden-
sation.

The inverted temperature profile phenomenon has been
observed previously in molecular simulations of condensa-
tion (e.g., Refs. 25 and 26). Ytrehus® introduced the inverted
temperature criterion number

32497
= +38

C
dar T

1= O¢le

; (12)

where o, is a single evaporation and condensation coeffi-
cient based on an assumption that o,=0c,. The thermody-
namic state of the vapor above the liquid is superheated and
an inverted temperature profile must occur if

ﬁC<A—H (13)

RT,’

For each case of the nonequilibrium condensation simu-
lations, the latent heat in Eq. (13) was taken to be the
AH/RT; value given in Table III. o, in Eq. (12) was taken
to be the average value of o, and o, in Table III, giving a 83,
of about 5.2 for all cases. Based on these values, the criterion
in Eq. (13) is met for all nine simulation cases.

2. Knudsen layer structure

To study the profiles of the vapor Knudsen layer struc-
ture and the moving liquid-vapor interfacial region, the mov-
ing coordinate, y', was introduced and its origin was fixed at
y, (i.e., y'=y-y,). The hybrid simulation profiles of tem-
perature, density, and normal velocity in the vapor phase
region were obtained by time averaging the hybrid results
during the quasisteady period in the region for which y’
=0. The Knudsen layer profiles for this region were also
obtained from the moment method and pure DSMC. Knud-
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FIG. 16. (Color online) Quasisteady kinetic temperature profiles in the va-
por region.

sen layer profiles for simulation case 7 are shown in Figs.
16—19 with the y' coordinate plotted in units of the reference
mean free path3 defined as

T
A, = u(Ty) T , (14)
mn, 2RT;

in which u is the vapor viscosity at 7;. The vapor viscosity
model used was the LJ spline potential model described in
Ref. 19.

The unity condensation coefficient solution for the mo-
ment method was extended to the more general condition of
nonunity, nonequal condensation and evaporation coeffi-
cients by scaling the y’/\, coordinate by the factor,”’

1.06
= hybrid DSMC/NEMD for simulation case 7
[ DSMC
—— moment method
1.04

1.02

1.00

y'/a

FIG. 17. (Color online) Quasisteady temperature profiles in the vapor
region.
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FIG. 18. (Color online) Quasisteady density profiles in the vapor region.
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where (n,/n.,), is the unity evaporation/condensation solu-
tion of n,/n., from the moment method. The moment method
plots in Figs. 16—19 have been scaled with Eq. (15) using o,
and o, from the hybrid results.

Unlike the hybrid method, the kinetic theory-based mo-
ment and pure DSMC methods for the vapor are not influ-
enced by the substrate temperature. They cannot indepen-
dently determine 7; without specification of another vapor
boundary condition, nor can they evaluate o, and o.. Since
the S.. values from the hybrid results were used in the mo-
ment method to determine the 7, and n, values, which were,

in turn, used to generate the pure DSMC results, the kinetic
results in Figs. 16—19 are not truly independent of the hybrid

(15)

1.10
1.08

B hybrid DSMC/NEMD for simulation case 7
1.06 | ——DSMC

moment method

0.76 |-

0.72 |-

FIG. 19. (Color online) Quasisteady normal velocity profiles in the vapor
region.
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results. Furthermore, the o, and o, from the hybrid were also
used for the DSMC results through the boundary treatment
and for the moment results through Eq. (15). As a conse-
quence of their dependency on the hybrid results and their
modeling restrictions, the moment and DSMC results cannot
be used to validate the hybrid method in an absolute sense.
However, the hybrid can be used to assess the utility of the
moment and DSMC methods for the present system. This is
of particular interest for the profiles, which are more sensi-
tive to the differences in molecular models than the driving
parameter comparisons in Figs. 12 and 15.

In Figs. 1619, the hybrid simulation and pure DSMC
simulation results for the vapor profiles show varying de-
grees of agreement with each other as well as with the mo-
ment method results. The figures reveal that fluctuations are
still prominent in the quasisteady profiles from simulation of
the vapor region by the hybrid and pure DSMC methods
even after smoothing by time averaging as well as by the
ensemble averaging used in obtaining the unsteady results.
The temperature gradients and flow velocities across the va-
por region proved to be too small (i.e., temperature gradients
less than 8% and condensing flow Mach numbers less than
0.19) to reduce the level of fluctuations further.

The vertical dashed lines in the figures indicate the ap-
proximate location of the boundary between the NEMD and
DSMC simulator domains of the hybrid. It is not the exact
boundary, due to the fact that y’ is a moving coordinate.
However, the movement during the quasisteady portion of
the simulation for which the data is plotted is only about
0.1A,.

Figure 16 shows the separate profiles for the kinetic tem-
peratures in the x direction and in the y direction, demon-
strating that they are both inverted as well as out of equilib-
rium with each other. In Fig. 16, the hybrid and DSMC
inverted interfacial kinetic temperature profiles differ from
the corresponding moment method inverted profiles in that
the distance above the interface at which they begin to in-
crease (around 5\,) is greater. T, and T, are strongly decou-
pled in the region within one A,, of the interface. T,, the
major contributor to the inverted temperature, rapidly in-
creases toward the interface, while 7, slightly decreases. The
thermodynamic temperature, 7, results are shown in Fig. 17
and also differ from the hybrid results in a similar manner.
The pure DSMC results for T, and 7, shown in Fig. 16 and
for T shown in Fig. 17 follow the trends of the results from
the hybrid simulations.

For density, p, and condensing velocity, V, shown in
Figs. 18 and 19, respectively, the hybrid simulations display
good agreement with the moment method, but pure DSMC
simulations show small deviations within 5\, of the inter-
phase. The different profile shapes in the Knudsen layer be-
tween the hybrid DSMC-NEMD results and the moment
method solutions in Figs. 16—19 are most likely primarily
due to the different molecular interaction laws employed in
each method since the DSMC profiles tend to follow the
hybrid profiles.

The p-T diagram in Fig. 20 displays the thermodynamic
state of the vapor domain at three different locations, y'=0,
y'=1.50(0.03\,), and y"=10\,. The p-T saturation line was
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FIG. 20. Quasisteady saturation states at various vapor locations. (Open
symbols indicate the hybrid NEMD/DSMC results at y’=10\,, half black
and half white symbols indicate the hybrid NEMD/DSMC results at
y'=1.50, black symbols indicate the hybrid NEMD/DSMC results at y’ =0,
and the solid line is the Clausius—Clapeyron relation numerical fit to data
from equilibrium simulations.) (The standard deviations of T and p are
within 3.5% and 5%, respectively.)

determined from numerically fitting data from equilibrium
simulations. The vapor is close to the local saturation state at
the vapor boundary, y’=0; however, just above, the thermo-
dynamic state of the vapor jumps to superheated. The sudden
change of the thermodynamic state is also reflected in the
density profiles near y’=0 in Fig. 18.

Hybrid simulation tangential velocity profiles in the va-
por for cases 2, 5, and 8 are shown in Fig. 21 and for cases
3, 6, and 9 are shown in Fig. 22. Agreement with the pure
DSMC results, also shown in the figures, is good. For the
strongest condensation and tangential flow case (i.e., simula-
tion case 9), the slip velocities (as a percentage of the upper
boundary tangential velocity) at the liquid-vapor interphase
are larger than in the weaker condensation and tangential
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FIG. 21. (Color online) Quasisteady vapor tangential velocity profiles for
lower tangential velocity cases.
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FIG. 22. (Color online) Quasisteady vapor tangential velocity profiles for
higher tangential velocity cases.

flow cases. The slip velocities range from 0.07% to 1.8% of
the upper boundary, tangential velocities, as shown in
Table IV.

The shape of the tangential velocity profiles is consistent
with those obtained by Aoki et al.* from their kinetic theory
solution of the Knudsen layer for condensation with tangen-
tial flow. They are different than the more linear profiles
typical of a Couette shear flow that the tangential velocity in
the reservoir at a fixed height above the interface might sug-
gest exists below it. The profiles’ shapes suggest that the
profiles are being compressed and displaced downward by
the condensing flow.

The stronger condensation cases produce flattened pro-
files at the upper simulation boundary for the hybrid and the
DSMC simulations. This implies that at least these profiles
could be independent of the boundary height. The modified
moment method in the Appendix employs an asymptotic
maximum upper boundary condition for the tangential veloc-
ity. The agreement in Fig. 15 with the moment method is
somewhat better for the tangential flow cases with the stron-
ger condensation. Moreover, previous kinetic theory
studies™ have demonstrated that the flow behavior above the
Knudsen layer for condensation with tangential flow is
equivalent to an Euler flow with inner slip matched to the
Knudsen layer edge flow. Hence, the present results are gen-
eral in nature for any condensing bulk flow in the absence of
a tangential pressure gradient and are not restricted to a par-
ticular bulk viscous shear profile.

Figure 23 shows the tangential velocity-driven shear
stress profiles from the hybrid and DSMC simulations for the
lowest and highest condensation cases. For the same upper
tangential velocity boundary, the stronger condensation re-
sults in a higher shear stress above the liquid-vapor inter-
phase. The shear profile follows from the form of the tangen-
tial velocity profile and indicates that the vapor flow is not in
a significant state of shear except within approximately 2\,
from the interface; therefore, it is nearly an Euler flow.
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FIG. 23. (Color online) Quasisteady shear stress profiles for tangential va-
por velocity cases.

3. Liquid-vapor interphase

The liquid-vapor interphase, which is on the order of ten
molecular diameters, was resolved by the hybrid within its
NEMD simulator partition. The moving interphase was stud-
ied with reference to the coordinate y’. The liquid-vapor in-
terphase thickness, d=y,—y;, is subject to the minor periodic
oscillations in the liquid surface location noted earlier but is
otherwise unvaried during the quasisteady final state of the
system (see Fig. 5). Thus, the quasisteady interphase region
is stable with respect to coordinate y'.

In Fig. 24, the density profiles across the interfacial re-
gion without tangential flow are compared with the equilib-
rium interfacial density profile obtained by a preliminary
equilibrium MD simulation of a liquid-vapor equilibrium
system at 78 K (0.97T.,), which corresponds to the liquid
surface temperature for case 4. The present liquid-vapor in-
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| & .
04 |
00 |
n 1 " 1 1 1 n 1 1 1 " 1
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FIG. 24. Comparison between quasisteady nonequilibrium and equilibrium
interphase density profiles. (The solid line identifies the equilibrium density
profile from equilibrium MD simulation at 78 K.)
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FIG. 25. Quasisteady interphase nonequilibrium temperature profiles.

terphase with a strong net condensation process has a differ-
ent density profile when compared with an equilibrium pro-
file with the same liquid surface temperature. The present
density profile is distorted and has a longer upstream tail.
This tail effect is caused by molecules accumulating ahead of
the moving liquid surface that are not accommodated to the
transition state from vapor to liquid. For the equilibrium
liquid-vapor interphase, the density profile is well-known to
have a shape close to a hyperbolic tangent28 so the nonequi-
librium distortion means that the present profiles deviate
from this shape.

The distorted interphase density profiles apparently in-
crease the ability of the molecules to cross the interphase
region. Hence, liquid molecules are freer to move downward
to the liquid phase and vice versa. This effect is shown by the
condensation and evaporation coefficients (o, and o) in
Table III, which both exceed their values at phase equilib-
rium (i.e., o,=0,.=0.7 at 78 K). Furthermore, the normalized
latent heat for cases 4, 5, and, 6 of about 9.4, as shown in
Table III, is lower than the latent heat for the equilibrium
case, which is 9.71.

T, and T, across the interphase are shown in Fig. 25. The
inverted kinetic temperature, T,, which is most strongly out
of equilibrium in the vapor interfacial region, decreases rap-
idly, beginning at the vapor boundary of the interphase, to its
equilibrium state at the liquid boundary and a value smaller
than T... T, begins the decline from its inverted state in the
vapor and continues to decline across the interphase, equili-
brating with 7, at the liquid interphase boundary, y;.

The interphase number flux, (J), and heat flux, g, are
presented in Figs. 26 and 27, respectively. The number flux
is a molecular drift velocity that first increases in magnitude,
beginning just above the vapor boundary, and then starts to
decline in magnitude just below it, continually declining to
its equilibrium value of near zero at the liquid boundary,
ZEero.

Figure 27 presents the heat flux across the interphase.
Note that the coordinate convention requires heat flow from
vapor to liquid to be negative. The magnitude of the heat flux
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FIG. 26. Quasisteady interphase number flux profiles.

in the interfacial region increases monotonically toward the
liquid phase. In Fig. 27, heat fluxes for the highest tangential
vapor flow simulation cases are also shown. Comparing them
with the cases for nontangential flow shows that tangential
flow in the vapor phase increases the magnitude of the heat
flux in the region of the interphase, but only slightly.

4. Solid-liquid interface

Figure 28 shows the temperature profiles in the liquid
film, which were obtained by sampling the liquid phase mol-
ecules during the period between 1.8 10*Yymo?/e and
2.0X 10*Vmo?/ e for simulation cases 1, 4, and 7. The linear
trending temperature profiles in the liquid reflect a thermal
Fourier flow. o

The quasisteady temperature slip at the solid wall, AT,,
is listed in Table V, which indicates an increase in slip with
a decrease in substrate temperature. The temperature discon-
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FIG. 27. Quasisteady interphase heat flux profiles.
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FIG. 28. Quasisteady liquid film temperature profiles.

tinuity across the solid-liquid interface can be characterized
by the interfacial thermal resistance or Kapitza resistance
defined as

Ry=—", (16)
9w

in which g, is the heat flux at the interface on the liquid side.
The computed Ry values from the simulations, which are
listed in Table V, increased with condensation strength.

Figure 28 demonstrates that the heat transfer at the solid-
liquid boundary approximately follows the Fourier law, g,
=—«k(dT/dy), where k is the thermal conductivity. The ther-
mal resistance length or Kapitza length, Ly, is related to the
temperature slip and liquid temperature gradient adjacent to
the substrate through the relation

AT, =Lg “ , (17)

Y | tiquid

where the temperature gradient is evaluated at the interface
on the liquid side. Lg=Rgk is the length of the virtual region
where the Fourier law extends to 75 and can be estimated by
numerically fitting the temperature profile inside the liquid
film by a linear function (see Table V). The statistical error is
within 10%.

TABLE V. Heat transfer quantities at the solid-liquid interphase.

AT, Ry
Simulation case (K) (1077 WK!'m™) L (0)
1 —3.50 3.45 —163.49
2 —3.52 3.35 —150.82
3 —3.57 3.40 —144.44
4 —17.61 4.81 —218.33
5 —=7.71 4.70 —236.40
6 —7.64 4.82 —216.20
7 —11.70 5.28 —242.47
8 —11.81 5.24 —264.87
9 —11.73 5.21 —264.16
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FIG. 29. Thermal resistance length dependency on substrate temperature at
quasisteady state. (Solid line indicates the least-squares fitting of data for
simulation cases 1, 4, and 7.)

Lk for a solid-liquid interface has been reported to be
dependent on solid-liquid intermolecular stiffness ratio
(squared), solid-liquid interaction strength, &, and substrate
temperature.zg’30 In the present system, the first two terms are
almost constant and so Lg should only be a function of the
substrate temperature, 7. Figure 29 presents Ly as a function
of Ts. For liquid argon, the dependency of Ly on Tg was
reported to be linear.*® This linear relationship is verified in
the figure.

The large temperature slips and thermal resistance
lengths in Table V can be attributed partly to the relatively
large solid crystal to argon molecular mass ratio used for the
simulations. The stiffness ratio in the present simulations is
essentially controlled by this large molecular mass ratio.
Therefore, the effect of its square on the magnitude of the
thermal resistance length is quite large. In addition, the solid
substrate was modeled with only two layers of solid mol-
ecules, which were controlled by the thermostat. It is difficult
to thermalize fully the nearby liquid molecules by a small
volume of temperature-controlled solid molecules because of
insufficient solid-liquid interaction. This also leads to larger
temperature slips and thermal resistance lengths.31

V. SUMMARY AND CONCLUSIONS

The results demonstrate that the atomistic hybrid
DSMC-NEMD method can efficiently resolve a typical un-
steady nonequilibrium, multiphase interfacial system with
disparate length scales. In the present work, nanoscale vapor
condensation onto a cooled substrate with a bulk vapor flow
parallel to the substrate was successfully simulated with in-
teresting results. The method permitted simulating the sys-
tem for an evolutionary time period that was sufficiently long
for quasistudy conditions to develop. A new scheme, within
the method, for identifying liquid and vapor interphase
boundaries was successfully tested on the nonequilibrium
phase change at the moving interface.

The structure of the Knudsen vapor layer from the hy-
brid simulation was compared with kinetic theory predictions
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from a modified moment method analysis and from pure
DSMC simulation. In general, the agreement was good, dem-
onstrating the utility of the kinetic methods. The pure DSMC
results were more accurate. Some of the differences between
the simulation results and the moment method results ap-
peared to be due to the different molecular interaction mod-
els employed by the two approaches. The kinetic methods
were not totally independent of the hybrid because they re-
quired information from the hybrid for their boundary con-
ditions due to their inability to model the solid-liquid inter-
action and liquid-vapor molecular exchange.

The growth trend of the liquid film height with time
became linear, while the thickness of the liquid-vapor inter-
phase transition region remained constant. The density pro-
file in the transition region was distorted from the equilib-
rium profile and the condensation and evaporation
coefficients were higher than the equilibrium case, while the
latent heat was lower.

The inverted temperature profile phenomenon was ob-
served in the vapor adjacent to the interface with accompa-
nying out-of-equilibrium kinetic temperatures in the direc-
tions normal and tangential to the interface. The state of
superheat in the vapor leading to the inverted temperatures
was verified.

Tangential flow velocity, which was of the same order as
the condensation-induced vapor velocity, had no observable
effect on most of the liquid-vapor interfacial properties. One
notable exception was the heat flux at the vapor boundary
with the interphase. Tangential velocity also had a small ef-
fect on the relationship between the condensation-induced
vapor velocity and the liquid interfacial temperature. It was
not a factor in condensation film growth or heat transfer to
the substrate, a result that has important practical implica-
tions and is consistent with previous kinetic theory results for
the Knudsen layer.

The tangential flow velocity profiles for the strongest
condensation cases were displaced away from the upper
boundary and compressed, suggesting that they were inde-
pendent of the height of the upper boundary. This result is
also consistent with previous kinetic results and, in the ab-
sence of a tangential pressure gradient, generalizes the
present results to be independent of a specific bulk tangential
velocity profile. The shear stress profiles are compatible with
this interpretation and are a further indication of an Euler
flow above the Knudsen layer.

The slip velocities at the liquid surface were less than
2% of the tangential velocities at the upper boundary and
increased with stronger condensation. The shear stress at the
liquid-vapor boundary also increased with stronger conden-
sation.

The major portion of the heat removed from the fluid at
the cooled substrate was associated with the latent heat of
condensation as opposed to the sensible heat and the flow
energy and work converted to heat. Temperature slip, ther-
mal resistance, and Kapitza length at the wall increased with
the condensation strength, with the Kapitza length exhibiting
the expected linear dependence on substrate temperature.
Large Kapitza lengths were observed due to the molecular
models used for the solid substrate.
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APPENDIX: MODIFIED YTREHUS MOMENT METHOD

The kinetic theory approach to describe vapor flow
evaporating from or condensing to a liquid surface was sys-
tematically introduced by Ytrehus.? The present development
adds the tangential flow effects into this model for compari-
sons with the hybrid DSMC-NEMD results.

The four-mode model used for the distribution function,
[, describing the condensing vapor above the liquid surface
with an asymptotic upper flow condition [i.e., u.
=(U,,V.,0)] is of the form

fv.e) =ai(y)fie) + at(y)file) + az(y)fz(c)
+a.(y)fi(c),

where ¢ indicates the particle velocity vector, (c,,c,,c,), y is
the coordinate above the liquid surface, and (a:,d;,a;,a;)
are y dependent amplitude functions. The four parts of the
distribution function on the right-hand side of Eq. (Al) can
be expressed as

(A1)

n, ef? )
¢)=fy=0,¢,>0) = ——“——exp| - :
f;—( ) fe(y C) ) (ZWRTL)S/ZGXP( 2RTL

(A2a)

fule) =fuly — ,¢,>0)

== ( e "°°|2) (A2D)
= arT,)2P\T arr, )
fole) = fooly — ,¢, < 0)
=t ( ool ”*'2) (A2¢)
= @ar7,)2P\T 2rT, ) ¢
7R lc—u,?
f:(c) =f*(Cy <0)= Wexp(— RT ), (A2d)

in which n, is the saturated number density corresponding to
liquid surface temperature 7; and R is the gas constant. The
parameters in Eq. (A2d) are defined as

n, 2 2RT;
n,=—, T,=T;\1-—/, and u,.={0, ,01.
2 3 T

(A3)

The space-dependent amplitude functions (a},ax,,a,,,a;)
must satisfy the boundary conditions for unity evaporation/
condensation coefficient,

a;=1 a;=0
at=0 at=1
at y=0: and as y —o: . (A4)
a,=p a,=1
a,=a«a a,=0
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The collision invariants, = (m,mcy+mcx,mcz), i.e., the
mass, momentum, and energy fluxes, across the Knudsen
layer are conserved as described by

%f ey fde=0, pu=1,2,3. (A5)

It should be noted that since mc, and mc, are indepen-
dent, an additional invariant is available to yield another in-
dependent equation if a five-mode distribution function is
constructed. Due to the fact that, in this work, we were seek-
ing a slight modification to the Ytrehus four-mode model for
condensation, mc, and mc,. Instead of using mc, alone as in
Ytrehus’s work, evaluation of mc,+mc, will include the tan-
gential vapor flow momentum effects to some approximate
degree without using the available additional invariant, mc,.

With simple algebra and applying the boundary condi-
tions in Eq. (A4), Eq. (A5) can be written in the form of
three linear equations with six unknowns (n,/ 7., 71/ Tosy See
S, @, and B) as follows:

'1-2/(3m) IT,

/1 — T n

(1‘\70‘1”1)_6 T_L—BF‘=2\"TTSOC, (A6a)
nOC oo

<1+1—2/(3w)

G—) ne Tl g plrs
oG, | —— -BF=F S
2 \/’7_7

Moo Tos
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-
H =~ ZS ( )[ 1 +erf(S.)]
1 2 2 S)zroo —
+ = (85 +2)exp(=S2) + —F", (A8e)
2 2
FE=\ZS< 5)[ 1 +erf(S,)]
+ %(Si +2)exp(— 52, (A8f)

where S.=1/\Vm-2/3.

In addition to specifying the condition that the vapor is
saturated in the upstream uniform state, p.(T.),
Clausius—Clapeyron equation,

(-1
—=exp| —(1-—1],
De RT; T,
can be used as the fourth equation to solve (1,/n., T;/Ts,
Seer Syoor @, and B) combined with Eq. (A6). If S, and S, are
known, four unknowns (n,/n., T;/T., a, and B) are solved.
The Knudsen layer structure solution is obtained by in-
tegrating the collision variant, mcy, which is the noncon-
served moment. For simplicity, if the molecular interaction is

(A9)

—4S2 4+ 4SS +2 (A6b) the fifth power repulsive interaction force (i.e., Maxwell
* e molecules), we will have
[1-2/3m)]"? n, T, [T - RT; n
(1 - > aH, n_ocT_w T_oo - BH —f c (mc )fdc— 27: H)'V, (A10)
= \’/7_1'500( 2+ 82+ i)’ (A6c)  Where I1}, is the viscous stress and X, is the reference mean
2 free path. After some simple algebra, the Knudsen layer can
in which be solved through the following equation set derived from
Eq. (A10) as:
S v ds U (A7)
0= T ANd Oy =" da, P.
VZRT., V2RT., —dy(y) == lay) = e ) -], (Alla)
F~, F,, G, G, H, and H, are the functions which can be ‘
shown in t:e following forms: 2 )= a(y) -1 ’ Allb)
F =78, [- 1 +erf(S.,.)] + exp(- S), (A8a) ¢ B-1
F7=\aS.[= 1 +erf(S,)] + exp(= 52, (A8b) a(y)-1
ay(y)=1-———, (Allc)
B-1
= (282 + 1)[1 - erf(S.)] - _S exp(-S2),  (A8c)
G ==l (Al1d)
2 p-1
-_(nq2 _ _~ Q2
=28+ 1)[1 —erf(S,)] \”;S* exp(=S7), (A8d) i which
- 2P
(B=1) (P12 = Si3) (A12a)

P.=
¢ 27 T. 1-2/37
12<&> Ty L 12267,
p.) T. T, 2

T. 2
Fl—-1+— |+
TL 3

T, ( | V1 -2/(3m)
T, 2

aﬂ)Sﬁw}
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2 2 2
oo P27 25001 S ~ 28 s
e 1o o '
—=_ -9 .
2 2 X (P3

1
o = ﬂ<:—: -2 +[1-erf(S.)]8+ g[l - erf(S*)]Z_j’

| T
o= ——1—282 4 TC L 24 B(1+ 82 )[1 —erf(S.)] +

B-1 n, T,

1= l- 24 1 - ert(5.) )61

Errors in Eq. (12), as it was originally presented in Ref. 3,
have been corrected along with the addition of extra terms
due to the tangential flow.

It P.>0;r<l1;B<ror P.<0;r>1;B>r, the ordinary
differential equation, Eq. (10), can be solved analytically as

ax(y)-1 ay(y)-r
B-1  B-r

Finally, the physical quantities as a function of distance, y,
are obtained, i.e.,

w%—&ﬂ—ﬂl} (A13)

Ae

n(y)=ffdc, (Al4a)
v T (A14b)
Uly) = LJ c,fde, (Al4c)
n(y)
L v
YKw—n@mea V(y)]fde, (Al14d)
R S ISR
T.(y)= n(y)Rf [e.— Uy)Jfde. (Alde)
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