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The existence of noncondensable gases has a great effect on the condensation heat transfer coefficient.
It is necessary to exclude noncondensable gases and maintain the vacuum degree to improve heat
transfer in some industrial phase-change heat exchangers. Nevertheless, to better control the tem-
perature needed to increase thermal resistance to decrease or adjust the heat transfer, using noncon-
densable gases is an effective method. Understanding heat transfer and dynamics characteristics of
noncondensable gases at nanoscale are of great interest in both theoretical and practical applications.
In the present study, the influence of noncondensable gases to phase change in confined nanoscale
space was investigated by using molecular dynamics simulation. Vapor nitrogen was used as the
noncondensable gas put into the working fluid region that contains the liquid and vapor water. The
temperature and distribution of the density of working fluid was obtained and the trajectories of
some water molecules and nitrogen molecules were tracked. As time passes, more and more water
molecules condense at the cold wall, whereas a certain number of nitrogen molecules fluctuate in
the working fluid region beside the accumulated nitrogen molecules at the cold end to resist the heat
transfer and increase the temperature difference. The results revealed the influence of noncondens-
able gases to phase change from the nanoscale aspect. The enhancement of heat transfer could be
realized and controlled through the requlation of the noncondensable gases in the working fluid.
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1. INTRODUCTION

Phase change heat transfer plays an important role in dyafikigh-efficiency heat exchangers
because of the high heat transfer coefficient. A small amofinbncondensable gases mixed
in pure vapor has a great effect on the condensation heatferacoefficient. The noncon-

densable gases are considered a negative factor for inmgrénaat transfer in some industrial
phase-change heat exchangers such as air condensersidifioners, and standard heat pipes.
It is necessary to try to exclude the noncondensable gask&emp the vacuum degree to
guarantee the heat transfer efficiency. Nevertheless, dtietbcontrol of temperature or for
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NOMENCLATURE

q charge, C Subscripts

r distance between two a,b different atom
atoms A f fluid

x,y,z (X,Y,Z) direction (coordinate i j different charge site
axis) m,n  different oxygen atom

s solid

Greek Symbols CuCu copper-copper

o finite distance at which H hydrogen charge site in
the interatomic potential TIP4P/2005 force field
is zero, A M additional charge site in

€ depth of the L-J TIP4P/2005 force field
potential, J NN nitrogen-nitrogen

o) effective pair potential, J (0]0] oxygen-oxygen

overtemperature protection, which needs to increase tilemsistance to decrease or adjust
the heat transfer between heat source and heat sink, trepeesf noncondensable gas is an ef-
fective method, such as in the gas-loaded or variable cdimhureat pipe (Edwards and Marcus,
1972; Rohani and Tien, 1973; Edom and Vlassov, 2001). On dké&s lof a standard heat pipe,
noncondensable gas is added into the working fluid. At difiepower, various fraction ratios
of noncondensable gas are driven to adjust the volume ofest®at by different temperatures
and corresponding pressure to block various portions oEtimglenser. In addition, under high
working temperature that far exceeds the tolerance linfitaaterials, the existence of cooling
gas between the high temperature heat source and workihgipgirincrease the thermal resis-
tance to decrease the thermal damage of high heat to worlatgrials, such as the film cooling
technology in the turbine blade. Understanding the dynaiéracteristics of noncondensable
gases similar to fouling control (Kim, 2019) is very impartanot only for improving the con-
densation heat transfer coefficient but also for the tentperacontrolling and design of heat
insulation.

After the first experimental research on the effect of nodemsable gases to condensation,
many experiments and simulations were performed in thisnedylany macroscale experiments
of condensation on vertical or horizontal surfaces undesef or natural convection were per-
formed to study the effect of nhoncondensable gases suclr,asiteagen, argon, and so on.
The results of these studies show that noncondensable wasésimpede the heat transfer of
condensation. There are detailed descriptions about thigoae and results in review literature
(Huang et al., 2015). In recent years, many experiments iamaglaions have continued work-
ing on the effect of noncondensable gases from a point of gisadvantageous to condensation
(Ren et al., 2015; Yi et al., 2016; Zhou et al., 2017). Literas (Sugimoto et al., 2011; Leriche
etal., 2012; Lee et al., 2017) have experimentally and nigailéyr studied the effect of noncon-
densable gases on heat transfer characteristics and tbenpance of variable conductance heat
pipes to adjust the heat transfer depending on the heat load.
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The experiments and simulations in the literatures, magrticearlier, related to the effect
of the noncondensable gas basically focused on the mateasdas of flow and heat transfer.
With the development of science and technology, understgritie mechanism of nanoscale
and microscale phase change is crucially important to obtite heat transfer for better thermal
management. Besides, with the improvement of manufaglgirel, more and more micro- and
nanoscale heat exchangers are produced. The deep undergt@iphase change and the effect
of noncondensable gases inside the micro- and nanoscalexaengers from a microscopic
perspective can contribute to the further developmentedmhand technology.

The vaporization and condensation occurring at nanos@aealways been a hot topic in
both theoretical and experimental fields in the last few desali et al. (2017) and Zhang et
al. (2017) applied Lattice Boltzmann simulation to invgate the condensation in the presence
of a noncondensable gas from the microscale. The presenuenobndensable gas obviously
reduces the condensation mass rate and the heat flux compateslpure vapor. The molec-
ular dynamics (MD) method has been widely implemented teaesh the interfacial thermal
transport (Cahill et al., 2003). The statistical thermaayic information and heat transfer char-
acteristics are obtained by solving Newton’s equation ofiomoof atoms or molecules in a
system. Literatures (Nagayama et al., 2010; Morshed é@l1; Yu and Wang, 2012; Seyf and
Zhang, 2013; Diaz and Guo, 2017a,b) carried out MD simutatdunderstand the evapora-
tion behavior of explosive and normal boiling of argon orfatiént walls. MD simulation was
employed by Li et al. (2016) to study the condensation of arge smooth and nanostructure
copper surface. Both vaporization and condensation ofesgglatinum surface were simulated
by Liang et al. (2017) and Wang et al. (2007). Yang and Pangpid@estigated the evaporation
of a thin water layer into a vacuum using the MD method throb@iRTRAN code. The TIP4P
model was used for intermolecular potential of water in tiuels The molecular behavior near
and in the interface region and the effect of a hydrogen boasl studied in detail. Diaz and
Guo (2019) employed the MD simulation to study the improvenad the critical heat flux in
water boiling heat transfer through adding graphene totsatles. Hu and Sun (2012) studied
the effect of nanopatterns on Kapitza resistance at a wgdkt-interface during boiling. The
TIP4P/Ew model was used to calculate the potential of watarden et al. (2013) researched
the condensation coefficient of water using the SPC/E madéhfermolecular potential of wa-
ter. Mao and Zhang (2014) studied the rapid boiling of pureewan a copper surface; the TIP4P
model is also used in this simulation. Arismendi-Arrietaakt(2014) calculated the structural
and transport properties of pure liquid water using MD saioh. They found that by adjust-
ing the molecular dipole moment of the Niesar, Clementi ando@giu (NCC) model to the
value of the TIP4P/2005 water model, the values for seffidibn and viscosity coefficients are
in better agreement with experiment, compared to the valbégined with the original NCC
model.

Most of the aforementioned literature using the MD simuolatiocused on studying the va-
porization or condensation of the pure working fluids. As titared before, experiments and
simulations about the phase-change phenomenon with itgpurnoncondensable gas are fo-
cused on macroscale instead of microscale or nanoscaleefohe the present study concen-
trates on the effect of noncondensable gases to the naagstate change and heat transfer
using classical MD simulation, especially on the condeasain the cold wall. Water is chosen
as the working fluid and copper is used as the material of theé w@all. Nitrogen is designed
to add in the working fluid region as the noncondensable geepdtation and condensation of
the heated and cooled water molecule without or with difiermimbers of nitrogen molecules
in the processing are studied. The research is consideprdvamle a better understanding of the
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molecular level phase change process with impurity or nodensable gas. Regulation of the
noncondensable gas leads to better control or enhanceifrtegataransfer.

2. SIMULATION METHOD

The molecular simulation system consists of solid coppéisywaater molecules, and nitrogen
molecules with lattice structure of face-centered cubie@ly unit cells. Solid copper walls are
located at the bottom and top ends to work as heat source ading. Water molecules in-
cluding liquid and vapor phases were arranged in the worlirig region. Keeping the number
of water molecules constant, cases without vapor nitrogensath a number of vapor nitrogen
molecules were designed in the system to study the influehiérogen as a noncondensable
gas to phase-change water. The length (intk@ection) equals the width (in thedirection) of
the simulation box with periodic boundary conditions apglin the two directions. The height
(in the z direction) of the box was the summation of the heights of fedl topper walls and
working fluid region.

As shown in Fig. 1, for both the hot and cold walls on the bottd top of the simulation
box, solid copper walls were divided into fixed wall, heatmaisink wall, and heat conduction
wall. To prevent the thermal energy of the entire system ftbelosing and flying away of
atoms, copper atoms in the fixed wall were fixed without vibratThermostats were used to
maintain constant temperature of the heat source and sitik tiat are adjacent to the fixed
walls. A constant high-temperature boundary condition plased on the hot wall to supply
the heat to the liquid water for the vaporization. The cotiducwall at the bottom side was
implemented to conduct heat from the heat source to thalligater. Liquid phase working fluid
molecules absorb thermal energy from the heat source amdwagheir velocities to overcome
the attractive force from the copper wall, then translatesfmor phase and transfer the heat to the
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FIG. 1. Schematic diagram of simulation domain: (a) orthographégvy(b) the principle of the dimen-
sionless height
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top side through continuous collisions among moleculede®des with high energy condense
at the bottom surface of the conduction wall adjacent to &at hink wall to transfer the energy
to the cold side. The conduction wall at the top side was impleted to absorb thermal energy
from the condensed water to the heat sink. The constant lmpdeature boundary condition

was imposed on the cold wall to absorb the heat.

The liquid water region was in contact with the conductiorl whthe hot wall side, which
includes 13,043 liquid water molecules with the arrangeraERCC unit cells. Above the region
of the liquid water, 160 vapor water molecules were placedase 0, only water molecules in
the working fluid region. In Case 1, 160 vapor nitrogen mdlesuvere added above the vapor
water in the working fluid region (the number of vapor nitrogaolecules is 350 and 500 in
Case 2 and 3, respectively) to research the effect of nomemathle gases to the condensation
of water. What needs to be explained in advance is that thee\al the whole height of the
working fluid region was divided to calculate the dimensassl height of fluid molecules in the
z direction for a direct comparison of the position of diffet@uid molecules. Considering the
change of positions was limited in the working fluid regidre height of the working fluid region
(Z¢) but not the height of the whole computational domain box wassen as the denominator.
The two positions of dimensionless height equals 0.0 antbtded at the upper surface of hot
conduction wall and the lower surface of cold conduction wakpectively, which were labeled
in Fig. 1(a). The computing method of the dimensionlesshiteigs given in Fig. 1(b).

The noncondensable gas of vapor nitrogen molecules waglevoed a dual-atom molecule
without the internal bonding interaction. The interatomieraction between copper-copper and
nitrogen-nitrogen were described by the standard 12/6 atdrpial function (as shown in Eq.
1) with a cutoff distance of 14, which had already shown to be a simple and reliable paknti
function. The energy and lengtho parameters for same atomic interactions in L-J potential
function was calculated through unit conversion; refer® tlata {cycy = 65.63 x 10721 ;
Ocucy = 0.233 nm;eny = 1.3932x 1072 J; oy = 0.3623 nm) in literature (Jia et al., 2012;

Zou et al., 2010):
o =[(2)"- (D] »

For the vapor and liquid water molecule, a four-site watedeld TIP4P) with improved
parameters called TIP4P/2005 (Abascal and Vega, 2006zB&nd Rubiob, 2011) was adapted
to model the intermolecular potential interaction betweerier molecules. The TIP4P/2005
is a rigid planar model with OH bond length equal to 0.93vand bond angle between two
OH bonds equal to 104.52°. The intermolecular potenti@ramttion consists of the Lennard-
Jones interaction between oxygen atoms and Coulomb fotee=be hydrogen atoms and the
additional site located 0.154& away from the oxygen atom along the bisector of the HOH
angle. The calculation formula could be written as

¢ (ri;) = Z 4eo00 [(@) ’ - <@>T + %ﬁo Z % (2)

T T T
m,n<m mn mn ij<i

in whichr,,,, denotes the distance between oxygen atoms of two water olessand-;; denotes
the distance between charged sites of two water molecuteslohg-range Coulombic force is
computed by the particle-particle, particle-mesh techeicgome parameters in the TIP4P/2005
model used for same atomic interactions calculated thraughconversion refer to the data
(eoo = 0.7749 kd/mol;o00 = 3.1589A: qg = 0.556%; gy = —2qp) in literature (Péreza
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and Rubiob, 2011). Lorentz-Berthelot combining rule wasdu® calculate related parameters
between different atoms, nameby,, = (1/2)(04q + 04p) aNdeap = \/€aaob-

The simulation was performed by using the large-scale atfomailecular massively parallel
simulator distributed by Sandia National LaboratoriesdAme VMD software was used to ob-
tain the visual snapshots and position data of moleculeshiécentire simulation, the time step
was set as 0.1 fs. The simulation process can be dividedhinte tonsequent stages. The first
stage was to perform the relaxation in which the conjugatglignt algorithm was performed
and the number of steps was limited to 100,000 steps. Itémperature of the liquid and vapor
molecules was set as 273.16 K. The canonical ensemble anuichecanonical ensemble were
used to simulate 100,000 steps sequentially by keepingaansumber, volume, temperature,
or energy of working fluid in the simulation at the second stahe heat source wall was set
to a 700 K high temperature to supply heat and the heat sinkwes set to 273 K for the
absorption of heat. The heat conduction walls on the two endsacting the heat source/sink
walls and working fluid were set as an adiabatic wall to impkdat exchange between the
heat source/sink and working fluid. The working fluid molesuthowed stable profiles of tem-
perature evolutions, which indicated the thermal equilitor. Then the adiabatic control of the
conduction walls was removed at the third stage, which atbthe heat transfer from hot wall
to cold wall through phase change and moving of the workinigl fiaolecules. Cases without
nitrogen and with nitrogen in addition to the water were édeed throughout the simulations.
The average temperatures and numbers and trajectoriegimf/itapor molecules were recorded
to analyze the transport phenomenon.

3. RESULTS AND DISCUSSION
3.1 Effect of Noncondensable Gas

Figure 2 illustrates the average temperature of the watéeaukes including liquid and vapor
phases in the cases of with nitrogen and without nitrogemmAstioned before, the time coordi-
nation in this figure and the later figures is counted from #gitming of the working fluid being
heated by the conduction wall connected with heat souree iatnoving the adiabatic control of
the hot conduction wall. It can be seen that the average tetyse of water instantly responds
to the high temperature of heat source and leads to a shagasecof its temperature to nearly
450 K in a short time. As time goes on, the average temperafusater begins to slow down
at a relatively slower speed. Note that there is a plungeanmahge of 0.3-0.4 ns in the curves.
It can be analyzed that this phenomenon may be arriving atdlieside of the cluster of water
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FIG. 2: Average temperatures of water molecules in cases with atiautinitrogen
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molecules, after which the temperature of the cluster tapidcreases with the condensation at
the cold surface. After the plunge, the temperatures dsenéh further slower speed.

Comparing with the pure water in Case 0, the introductionimbgen in the working fluid
region helps to raise the average temperature of workingan€te average temperature of wa-
ter molecules increases gradually with the increase in timeber of nitrogen molecules (from
Case 0 to Case 3). To some extent, higher temperature differaeans more thermal resistance
between substances. The existence of many nitrogen meesists the heat transfer between
water molecules and the cold wall to increase the temperditference. The curve of tempera-
ture variation in Case 1 shows a similar tendency with theeir Case 2, which is a little higher
than the data in Case 0. With the further increase of the nuoflétrogen, the average temper-
ature of water molecules increases significantly. Furtioeenthe plunge in the range of 0.3-0.4
ns in Case 3 shows an obvious gentle tendency, which deratesthe noticeable impact of the
nitrogen molecules to the thermal resistance between waikscules and cold wall.

The increase and decrease of the average temperature efm@trules can demonstrate
that vaporization and condensation play a primary rolegeetvely, during the whole phase-
change process. The liquid water molecules initially pteaethe bottom of the working fluid
region are heated first. At the same time, the vapor water cul@de may move in the vapor
region and collide with the liquid water molecules at theeifdce to obtain the heat or run
into the liquid water region. With further heating by the daction wall adjacent with the heat
source, liquid water molecules at the upper positions @raecthe intermolecular attraction and
start to vaporize. The water molecules in the vapor stataragpfrom the liquid water may rise
and continue moving to other locations.

In the case of pure water, the collision between water médscduring the course of the
movement results in the continuous transportation of théenergy between the water molecu-
les and the increase of water temperature. The thermal yhargsport between various water
molecules continues until the water molecules with highrgymeondense on the lower surface of
the conduction wall at the cold side and release the renmanergy to the cold wall. More and
more water molecules continuously accumulate near theumtioeh wall of the cold side, and
the corresponding number of water molecules being heatttedtiot side gradually decrease.
Therefore, the average temperature of the water beginswdystiecline. Since the condensation
of most vapor water molecules transformed from liquid wedkes place after they pass through
a certain distance of the working fluid region, the processeafeasing the average temperature
is slower than the steep increase process. In the case afwititaitrogen, the collision between
the water molecules and nitrogen molecules occurs at the siame. The nitrogen molecules
get part of the energy from water molecules, which will nainsfer to the cold wall through
condensation. On the other hand, the accumulation of paitragen molecules near the cold
conduction wall reduces the condensation of water. Botthega effects lead to the relatively
higher average temperature compared to the case withoogeit.

Figures 3(a) and 3(b) show the variations of the number odwvapd liquid water molecules
for the four cases with different numbers of nitrogen molesurespectively. For the pure water
case, the instantly heated liquid molecules start to Idaednttially liquid region and move into
the vapor region, leading to a rapid increase of the numberapbr water at the beginning.
At the same time of the vaporization, the condensation atdtie wall side occurs when the
higher temperature vapor molecules transfer energy tatherltemperature copper wall. From
the beginning to 0.2 ns, vaporization may play a primary b@leause the number of molecules
of the vapor phase changing from the liquid phase is muctetatwgn that of liquid molecules
changing from the vapor phase, which leads to the sustaimagitly of vapor water number.

Volume 27, Issue 1, 2020



92 Li&Du

3500 13500

3000 | 13000 f'\
Tz Wil O q2500 | Case 1 il
5 2500 W MW“ T Case 2 e
g d . M £
g ™ WY g Case 3 e
Z 4 A Wiy 2 12000 |- il
S 2000 | Al W'\MW\ bt wﬁw W‘W
2 p Ve ety 5 e
E j AR, Wt £ 11500 | ! s
S 1500 | W\l% b, s ,,,A‘“ W
15} Mot © Mot
= Case 0 M"‘Iwﬁm v 5 11000 |- W W
€ 1000 [ Case 1 l\;j‘«”« 5
3 Case 2 RV £ wt

Case 3 e 5 10500 - ,(
500 |- e
10000 |-
0

. . L .
0.0 0.4 06 08 00 02 0z 06 08
Time(ns) Time(ns)

(@) (b)

FIG. 3: Number of water molecules in cases with and without nitrog@nvapor water, (b) liquid water

Then the number of vapor molecules starts to decrease dumee toondensation of more and
more vapor molecules at the cold side after 0.2 ns. The teydefindecrease gradually slows
down because of the coverage of condensed water on the laviacs of the cold conduction
wall and the substantial reduction of liquid water moleswdéthe hot side. The amount of vapor
water under the nitrogen condition basically results ingdnbr value than that of the case without
nitrogen at the corresponding time. On the other hand, theeswf the number of liquid water
present the opposite rule of increasing and decreasingubea the constant total number of
water molecules, as shown in Fig. 3(b). Combined with theigrfte of nitrogen to the number
of liquid or vapor water, the influence of heat transfer cafuother observed.

Figure 4(a) shows thg-z projections of the simulation domain in the case withoutagien
at different times. The initial subfigure shows the first ¢angtion of the simulation domain.
The section of vacuum space was left out to keep the samethdigiork fluid region in the
four cases. After steps of relaxation and equilibrium, thiaoules changed their locations as
shown in the subfigure of 0.02 ns. With the heating of the heatc®, the vaporization starts
from the upper surface of the liquid region. Some of the liquiolecules leave the liquid region
and move into the vapor region. On the other hand, a few vaptgcules begin to condense on
the surface of the cold conduction wall at the top side. Thmber of liquid water molecules
decreases gradually, while that of vapor water moleculg®ases. A cluster of water molecules
was divorced from the hot conduction wall and driven to thie conduction wall by the heating
directly because of the heat wall's high temperature, witieh be seen from 0.12 ns. After
0.17 ns, it can be seen clearly that the number of water migieat the hot end decreases,
while the value at the cold end increases. Combining thisgaf snapshots demonstrates the
turning point of the curves in Fig. 2, which corresponds ® ttuster apart from the heat wall
side near the time of 0.1 ns. Besides, the plunge of the teahperbetween 0.3 ns and 0.4 ns
corresponds to the processing of the molecules clustetiregrat the cold wall side. Moreover,
with the gradual decrease of the number of vapor moleculagees the hot and cold ends,
the total number of liquid molecules that increases slovilgraa period of time can be easily
understood.

Figure 4(b) shows thg-z projections near the lower surface of the cold conductiolh iwa
the pure water case at the corresponding time in Fig. 4, whéps to understand the distri-
bution of water molecules near the cold conduction wall.ré€ree no water molecules on the
cold conduction wall at first. As time goes on, the liquid watelecules condense at the cold
conduction wall and the number of the condensed molecutesases. After 0.22 ns, the lower
surface of conduction wall is nearly covered by the condeémsxer.
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Figures 5(a) and 5(b) show thyez projections and:-y projections of simulation domains of
Case 1 from initial to 0.32 ns, respectively. The nitrogerenoles initially distributed on the
upper section of the working fluid region. Comparing Figa)4(nd 5(a) after 0.12 ns, it can be
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FIG. 5: Snapshots of Case 1: (a)gnz projection, (b) inz-y projection on the cold conduction wall

seen that the velocity of the water molecules cluster mosimgjaggregating on the cold wall is
slower than that of the pure water case. Comparing Fig. 6(Big. 4(b) before 0.12 ns, a number
of nitrogen molecules gathering on the cold wall happenelieedhan some water molecules.
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After 0.12 ns, it can be seen that the number of water mole@ggregating on the cold wall is

smaller than those without nitrogen. As shown in the subéigim Fig. 5(b), there are still some

regions of cold that cannot be covered by the liquid wateremwes until 0.32 ns because the
existence of nitrogen occupied some space of the cold wadldist the condensation of water.

The nitrogen molecules play a major role in resisting thedemsation phase change of vapor
water.

3.2 Distribution and Trajectories of Molecules

In order to further understand the variation of the molesw]eantitatively, it is important to
investigate the spatial distribution of water moleculed aitrogen molecules. Figure 6(a) shows
the mass density of water molecules distributed along:ttigection in the case of pure water
and with nitrogen as time goes on. The evolution of phaseghaear the hot wall and cold
wall in the four cases could be clearly seen in Fig. 6(a) alingrto the variation of density.
The density curves generally show the movement of the pehlchwmeans the location of
cluster in the processing. The space outside of the peaksrséut the region is full of vapor
molecules with low values of density. At the time of 0.02 nlgrge number of water molecules
crowd near the hot end (dimensionless height equals 0.03hvdemonstrates the aggregation of
liquid water. With the beginning of condensation on the caldiace, the mass density of water
molecules near the cold wall (dimensionless height equB)sgtadually appears and increases.
Meanwhile, the mass density of water molecule layers neahtt wall decreases. From the
location of peak at different times, it can be seen that tipgidi cluster moves from the hot end
to the cold end. In time, the peak formed by the water clusires to the high position until
it arrives at the cold wall. For the cases with nitrogen, takpmoves slightly slower than Case
0, without nitrogen, because of the occupation of the nérognolecules. At 0.32 ns, the large
number of water molecules crowd near the cold side in the@&se nitrogen, but the cluster in
the cases with nitrogen is far away from the cold wall. Thgheof the peaks has a slight decline
with the progress of simulation except for the locations tieatwo walls, which indicates some
water molecules around the cluster may move from the clusténe vapor region gradually
through collision and diffusion in the course of movement.

Aiming to investigate the attribute of nitrogen moleculEg. 6(b) shows the mass density
of nitrogen in the working fluid region. It can be seen thatdkasity of nitrogen is far less than
the water molecules. From the density curve of nitrogeraritloe found that the variation of ni-
trogen has an interesting rule. A great number of nitrogeteoutes accumulates near the cold
wall as time goes on, while a certain amount of nitrogen mdéccontinuously keep moving as
noncondensable gas diffusion in the whole working fluideagirhe movement of nitrogen gets
wide distribution in the whole working fluid region but doest soncentrate in a small range un-
like water molecules. The existence of nitrogen has twotione—the accumulated molecules
near the cold wall could enhance the thermal resistancethenthovement of molecules may
increase the opportunity of collision between various males, leading to the reduction of heat
transfer between the water and cold wall.

To research the path of the working fluid molecules in the @ssf phase change, sev-
eral molecules were randomly chosen to track their trajetcand the detailed data of their
coordinates were obtained. Five water molecules (HAQH20O.L2, H20_V1, H20.V2, and
H20_V3) and five nitrogen molecules (N2, N2.2, N2_.3, N2.4, and N25) at different initial
positions were labeled in the initial subfigure in Fig. 7. Reniber that the labeled molecules
were named according to their initial locations, in whiclotmolecules (H2CL1 and H2QL2)
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FIG. 6: Mass density of molecules: (a) mass density of water madsdualcases with and without nitrogen,
(b) mass density of nitrogen molecules in Case 1

locate in the liquid water region and three molecules (H2D H20.VV2 and H2QV3) locate in
the vapor water region at the initial time. In the course eftiansportation, the water molecule
phase would change but the labeled hame remained unchamgfeel subfigures to avoid con-
fusion. The latter subfigures in Fig. 7 show the projections of the simulation domain with
the 10 molecules labeled respectively as time passes. beaeen from the subfigures that at
different times, the movement of the molecules occurs imthele working fluid region. All the
labeled water molecules condense at the top side after adoefitime whereas some nitrogen
molecules still keep in motion in the whole region between lottom side and the top side
without specific laws.
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FIG. 7: Snapshots of tracking trajectory of some molecules in Case 1

Figures 8(a) and 8(b) show the dimensionless height of tweser and nitrogen molecules
in thez direction versus the time. From these curves it can be se¢thindimensionless heights
of water molecules fluctuate between the vapor and liquithrefgr a short time until they arrive
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at the maximum location and vibrate near the cold condudtiath Besides, it can be directly
seen that some initial vapor water molecules (such as_M2Poccasionally entered the liquid
region and then returned to the vapor region (between 0.hd<& ns); some initial liquid
water molecules returned to the liquid region again aftevingpup to the vapor region during a
certain period of time (such as H2d around 0.41 ns). The same vaporization and condensa-
tion phenomenon through the interface was introduced ssaligsed in the literature (Yang and
Pan, 2005). On the other hand, the dimensionless heightsaden fluctuate in the region from
dimensionless height 0.0 to 1.0. Some nitrogen moleculesh(as N23) vibrate near the cold
wall and some of the labeled nitrogen molecules (such agd N\2 2, N2 4, and N25) moved

in and out of the liquid water region near the cold conductiatl and the vapor region with
different amplitude of fluctuation. Generally speakingynfrthese trajectories of randomly se-
lected molecules we get a glimpse of the characteristicsthrae water molecules may fluctuate
in the liquid region and vapor region, which means the vaadion and condensation of water
may change through the interface of vapor and liquid befoeg tondense at the cold wall. At
last, more and more water molecules condense at the coldwiareas some of the nitrogen
molecules continuously fluctuate up and down in the wholeimgrfluid region.

4. CONCLUSIONS

Molecular dynamics simulation was used to study the corat@sin a confined region at
nanoscale. Copper was chosen as the material of the hot méathe cold wall. Water at lig-
uid and vapor states were put between the hot and cold walieasedia of heat transfer. Cases
without nitrogen and with nitrogen added in the working flugdjion were designed to study
the effect of noncondensable gases on condensation in edrgjpace. The simulation results
indicate that the presence of nitrogen helps to weaken taettansfer of condensation because
of the distribution and movement of nitrogen molecules. 8avater molecules fluctuate in and
out of the liquid and vapor regions, which means the vaptidmaand condensation of water
may convert through the interface of vapor and liquid phésdere they condense at the cold
wall. Once the water molecules arrive at the cold wall thely @@ndense and vibrate near the
cold wall but no longer will move into the vapor region, whasenany nitrogen molecules con-
tinuously fluctuate up and down in the working fluid regiondsist the heat transfer all the time
without condensation.
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