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Abstract

Ji, Zhou. Ph.D. The University of Memphis. May, 2000. A Universal Model
of Droplet Vaporization Applicable to Supercritical Conditions. Majoof€ssor:
Jiada Mo, Ph.D.

An evaporation model of a droplet has been constructed with thernooice
the droplet under supercritical or near critical condition. Thartbdynamic process
involving liquid phase and gas phase as well as “blurred” stateeadroplet around
the critical point is integrated into a general framework. Tleynamic properties
and transport coefficients are modeled as functions of pressumperure and
composition of the mixture. These functions and the equations ofstatermulated
over the range covering gas phase, liquid phase, and supercritiealNstanerical
implementations of the model were made for an oxygen droplet id@dsn gas
surrounding. Preliminary numerical results have demonstrated ds@ifity of the

concept even though further validation of the model is necessary wpernneental

data are available.
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1. Introduction

Research on the gasification, oxidation, and dynamics of fuel dsapleitf both
practical and fundamental interest in energy and combustion sci@md¢ke practical
aspect one recognizes that petroleum oil constitutes a sagtifshare of the world
energy supply. Since these fuel oils are usually introduced hetacambustors as
sprays of droplets, it is reasonable to expect that the c¢wedegasification of
individual droplets would intimately influence the bulk spray vapaopatand
oxidation characteristics, which in turn determines the combusttorpemnce. The
droplet behavior is also considered as a major contributor to the epmayustion
dynamics in liquid rockets, advanced gas turbines, and diesel engnoes. aF
fundamental aspect, droplet combustion is a problem involving complexazigm
reacting multicomponent two-phase flows with phase change, righysical and
chemical phenomena typically of interest to the study of aeroti@remistry.
Furthermore, in spite of the various possible interacting physieoiical phenomena
which may occur during droplet combustion, in certain idealized situati@nfow
field is sufficiently simple so that the combustion process isnamle to detailed
theoretical and experimental study. Therefore, it is sometirsefsil to adopt droplet
combustion as a model to gain insight into the mechanisms governingesompl
heterogeneous combustion systems. Besides combustion, the phenomeiatedssoc
with droplet vaporization and the methods to predict evaporation ratalsoe
important in engineering operations like spray cooling, drying, absorption, tieposi

humidification, and even in ink jet printing devices.



Corresponding to the actual phenomena in different ambient environmengs, ther
are three levels of the models: 1) droplet staying in anatdégenvironment, 2) droplet
experiencing a natural convection, and 3) droplet undergoing a forceectiom and
undergoing chemical reaction. It has been suggested that reisvant to study
droplet combustion in that droplet vaporization, instead of combustion, is the
dominant process during spray combustion. However, in many applicahens t
vaporization happens at a very high pressure and temperature, whiclpaddly
be very close to or above the thermodynamic critical point. Atsthgercritical
condition, the droplet or the environment can be in the state of neghbat tior gas.

The surface between the droplet and the environment does not exisbanySm no
well-defined droplet is there. The primary question to be addresbesh is still kept
open, is whether the droplets can reach criticality beforehbeg been substantially
gasified. This depends on the droplet gasification rate, droplenpeatie and the
extent of elevation of the critical pressure due to dissolutioheofimbient gas into
the liquid. While the physics of criticality is an open question, @ogeling taking
the supercritical environment into account, or experimental technicpresucted
under supercritical conditions will be very helpful for further uni@deding the

phenomenon.

1.1 Droplet Vaporization

1.1.1 Phenomenon of droplet vaporization and combustion
The most important application of droplet vaporization is in fuel evéipara
and combustion. If the system pressure is much less than thel gissure of the

liquid such that the critical phenomena are not important, the vaponizaf a



motionless, cold, droplet after it is placed in a hot, stagnant,tgifage environment
of infinite extent can be described by Fig. 1a. The lack of forced or natumatation
implies that spherical symmetry prevails.

Since the droplet temperature, in particular its surface yvellewer than that
of the ambiance, heat is transferred towards the droplet thomrgtuction. At the
surface, part of this heat is further transferred to the droptetior causing the
droplet to heat up. The rest is used to gasify the liquid such thghaoncentration
of fuel vapor, generally at its saturation value, exists neadriyget surface. When
the fuel vapor concentration in the environment is lower than that autifece, a
concentration gradient exists through which the fuel vapor diffusesacdit The
depletion of the fuel vapor at the surface renders further gasicpossible. Thus,
through the above mechanism, a liquid mass can be continuously conversgbito
and eventually dispersed to the ambiance, i.e., vaporization is dffddie rate-
controlling processes are heat and mass diffusion.

The initial vaporization rate is slow because the droplet is @tiid. rate will
increase as the droplet heats up. For a pure liquid, droplet heatinghoptlg over in
the early part of the droplet lifetime such that the subsegegnession rate of its

surface area remains almost constant over a fair period of time.
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Figure 1 Flow configurations of droplet vaporization

Droplet ignition can be achieved either with an ignition stiméug. spark

discharge) or if the environment is sufficiently hot. The resgyltspherically

symmetric burning, shown in Fig. 1b, is of the diffusion-flame typavhich the

outwardly-diffusing fuel vapor and the inwardly diffusing oxidizer gagproach a

reaction zone in approximately stoichiometric proportion. In other wtindsg is no

accumulation or depletion for either of the two substances. Thengnsaction is

rapid and intense, implying the reaction zone is thin and veryrg#etants can leak

through the flame. The heat generated is transported both outwtre &mnbiance

and inward for droplet heating and gasification. Similar to the vegtiz case, for a

pure fuel, much of droplet heating is rapidly over and the dropletceutgigea then

regresses at a constant rate.



At this points it is appropriate to recognize the similarigtween droplet
vaporization and droplet combustion. Apart from the gas-phase reactiodstadhied
transport mechanisms within the droplet and gasification proces$s stirface are
gualitatively the same in both cases. Thus during combustion, the dsoplaly
perceives the flame as a hotter “ambiance” located at avgmahesloser distance.
This is an important point mentioned in the beginning section. Whilé stilcneeds
to be done to assess the dominant processes for sprays under dsftesdiuns, it
suffices to note herein that since droplet vaporization and combuséasinailar in
many aspects, understanding gained from studying droplet combustpreitly can
be applied to the modeling of droplet vaporization. Indeed, from an exg#am
design point of view, droplet vaporization in a high temperature envinancaa be
usefully simulated by studying droplet burning in a cold environmidrg.flame now
conveniently serves as a high-temperature, constant-pressureb&@fianthin which
vaporization takes place.

For the spherically symmetric configurations shown in Figs. la andnlyp,
radial transport is possible. In the gas phase this transporsitsontiboth diffusion
and convection; the latter, termed Stefan flow, is induced by theamsfer of mass
from the droplet surface to the ambiance. In the liquid phase onlysidiff exists,
although the continuous regression of the droplet surface also cassatytassive
mode of “convection transport” in exposing the droplet interior to the gas.

In the presence of either forced and/or natural convection, a non-radigkrelat
velocity exists between the droplet and the surrounding gas. Thesstess exerted

by the gas flow on the surface induces recirculating motiadmmihe droplet. When



the flow Reynolds or Grashof number is not large, a pair of vorigcgenerated, as
shown in Fig. 1c. For higher rates of blowing, flow separation occosg ¢b the rear
stagnation points such that wake regions are created, as shown in Fig. 1d.

The presence of non-radial convection enhances the transport rates a
thereby the gasification rate. There also exist two situat@nshich the intensity of
convection can actually result in qualitatively different combustidmaber. First,
for sufficiently strong blowing, the envelope diffusion flame can be extihgdisThe
droplet resumes its pure vaporization mode, with the fuel vapor gendraitegl
swept to the wake region where combustion takes place. The ngswhke flame
involves both diffusional and premixed burning as a result of oxidizeaientent.
The second situation involves multicomponent droplets. The existenceedfiaint
circulation generated by external motion may significantly eo@diquid-phase mass
transport which is otherwise extremely slow. When consideredhiegevith the
volatility-differentials among the fuel components, it has been shthah the
intensity of the motion may determine whether combustion occurs quiysos
explosively™,

However, the problem becomes significantly different when the peessut
temperature in the real chamber or the “flame chamber’ sk above the
thermodynamic critical states of the droplet liquid. It is daesthat the droplet is
heated up with its surface reaching the critical point prioh&end of the droplet
lifetime. Then the sharp distinction between gas and the liquid deepp€he
enthalpy of the vaporization reduces to zero, and no abrupt phase changdved

in the vaporization process. The density and temperature of the fegitiref both



liquid droplet and the ambient gases as well as their gradignteatinuously across
the droplet surface. The “droplet” itself does not exist in the usual sense. Thendiffer
physical states can be depicted in figuf&% The word “droplet” can still be used to
refer to a “blurred” region with high concentration of the origohaplet species. We

will come back to the supercritical phenomenon in section 1.2.

(a) subcritical (b) supetical
Figure 2 Droplet surface blurred at supercritical condition

1.1.2d%Law

The basic droplet combustion model was formulated in the 1950’'s by
Godsave, Spalding, Goldsmith and Penner, and Wise et al. for an isqated,
component, droplet burning in a stagnant, oxidizing environfiéhtThis model has
since been termed thé*-Law because it predicts that the square of the droplet
diameter, or equivalently its surface area, decreases linginlyime. In subsequent
years research on droplet combustion was mostly concerned with verifysngdtel
and extending it to include other effects. Even for this appareintiyles problem,
some of the fundamental mechanisms have only recently becometoondein the
1970’'s and 1980’s, much interest has focused on multicomponent droplet
combustion, which necessitated detailed investigation of the liquid-presspdrt

processes, and on what can be termed spray effects, which accdbetffmt that in



realistic situations the droplet is situated in the spray onteand therefore the
environment it experiences can be quite different from that ofsthlated droplet
assumed in thd*Law.

While d®-Law is an old and imperfect model, there are two reasons tasgisc
this theory as an important starting point of research on dropletizapon. First, it
was the first systematic model and still is a frameworke# models, and it also
provides important guidance to experimental study, although it hasy ma
shortcomings, some being concluded as qualitatively incorrect inirceréses.
Second, this simplest possible model provides some basic understandihg of
general physical phenomena of droplet vaporization and combustion ulatgr m
situations. It embodies much of the essential physics and yields estimates of the
droplet gasification rate.

It is instructive to first discuss the major assumptions built into this theory.

(i) Spherical symmetry: Forced and natural convection are ctedleThis
reduces the analysis to one-dimension.

(i) No spray effects: The droplet is aolatedone immersed in an infinite
oxidizingenvironment.

(ii) Diffusion being rate-controlling.

(iv) Isobaric process.

(v) Flame-sheet combustion: Chemical reaction rates are much fasterghan ga
phase diffusion rates such that the flame is of infinitesimakti@ss and can be
treated simply as a sink for the reactants and a source ofadidmat release and

products.



(vi) Constant gas-phase transport properties: The specific hehthermal

conductivity are constants and the Lewis numhe; =/ /(C gd,) is unity

Pgrg
throughout. These cause considerable uncertainty in estimating thieagjasi rate,
which can easily vary by a factor of two or three by usirfiemdint, but equally
reasonable, average property values. The most serious consequencerhswbe
failure of thed®Law to predict the flame-front stand-off ratio to any reasanabl
value.

(vii) Gas-phase quasi-steadiness: Because of the significantydeisparity
between liquid and gas, the liquid possesses great inertia sucks tiraipierties at the
droplet surface, for example, the regression rate, species a@tioent and
temperature, change at rates much slower than those of thghages transport
processes. As an example, in the standard environment the gasiphtised mass
diffusivities, a; and @, are of the order of 1 ci@', whereas the droplet surface
regression rate,

_d(ds)
dt

is the order of 16cn?s™ for conventional hydrocarbon fuels burning in the standard
atmospherd™. Thus their ratio is of the same order as the ratio of thadlito gas
densities, vizay/K~r/ry.

If we further assume that properties of the environment also chéowly,s
then during the characteristic gas-phase diffusion time the boufaztyons and
conditions can be considered to be constant. Thus the gas-phase proaeskes
treated as steady, with the boundary variations occurring atrldilge scales.

Combining with the first assumption, the analysis is now simplifietthat of steady,
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one-dimensional, flow, being described by ordinary differential egpusitinstead of
partial differential equations.

The quasi-steady assumption breaks down in regions far away from the
droplet, where the flow velocity is extremely slow, such that ¢haracteristic

diffusion is of the same order as the surface regressionTimedocationdy at which

this assumption breaks down can be estimated by equating the diffursengt dy

with the regression time df
dZ la, ~ d2/K.

But since @/K~ri/ry), therefore

(dy /dy) ~\(r /ry).

In particular, for near- or super-critical combosti (7/rg) = O(1). As a result, the
assumption is invalid everywhere to some extent.

Although some unsteady theories have attributeticeunique phenomena to
be caused by gas-phase unsteady diffusion, it @as hown that these are actually
consequences of initial conditions coupled with twivee called fuel vapor
accumulation effects as appearing in the next agsom Qualitative trends that are
uniquely effects of gas-phase unsteady diffusioreheet to be identified.

(viii) Simultaneous fuel gasification and combustid’his assumes that the
amount of fuel gasified at the surface is instamiypsumed at the flame, or the
instantaneous rate of gasification is equal to dfatonsumption. This neglects the
change of the amount of fuel vapor present betweerroplet and flame as a result

of the continuous variation of their physical sizassburning processes.
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(ix) Single fuel species: Thus it is unnecessargnalyze liquid-phase mass
transport.

(x) Constant and uniform droplet temperature: Timplies that there is no
droplet heating. Combined with (ix), we see thatiild-phase heat and mass transport
processes are completely neglected. Thereffreaw is essentially a gas-phase
model.

(xi) Saturation vapor pressure at droplet surfathis is based on the
assumption that the phase-change process betwped &nd vapor occurs at a rate
much faster than those for gas-phase transportefidre gasification at the surface is
at equilibrium, producing fuel vapor which is as isaturation vapor pressure
corresponding to the droplet surface temperalyre

(xii) No Soret, Dufour and radiation effects.

With the above assumptions, the overall continddy the steady one-
dimensional flow is

m
Sr-o,
wherem = 4,0rg,vsrs2 is the mass flow ratdt simply states thah = constant.

With the flame-sheet approximation, the inner anteoregions of the flame
are chemically inert. Therefore, conservation eignatfor energy and mass can be

separately written for these two regions.

Inner Regioni( £r £71,):
dY.
Fuel mY. - 4prd, FT: m

dT
EnergymC,,(T- T)- 4p/grza:- mH
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Outer Regiont(; £r £¥):

» dy,
Oxidizer mY, - 4pr g v g o™

dT
Energy mC,,(T- T)- 4p/grza:- mH Q

Boundary Conditions

r=r. Ye =Yg, T=T,

r=r.:Y%=Y4(=0), T=T,,Y,=0

r=¥: T=T,,Y, =Yy
Y in the equations is mass fraction, with subscriptand O for fuel and oxidizer.
Note that the lower casesubscript denotes flamel is mass diffusivity and is
thermal conductivity coefficients is stoichiometric ratio for oxidizer to fuel. Imeh
of the four equations, the first and second temspectively represent convective and
diffusive transport, while the RHS terms show ttiegir difference is a conserved
guantities in a given region. These equations atgadly slightly more general than
the assumption listed above in that the unity Lawismber condition has not yet been
applied, and that the parametérrepresents an effective latent heat of gasificatio
which consists of both the specific heat of gaatfan, L, as well as the amount of
heat,H,, needed to heat the droplet interior per unit naskquid gasification. In
crossing the flame, the flow gains the additionfamical heat releaseyQ, which
can be determined by requiring that

2 dT

. =mQ.
dr’" Q

dT
C., (4prga’grza)rf_ - C,,(4pr d,r

Finally an equilibrium gasification relation is reksel
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Yes = Yee(To)
to make the equations mathematically closed.

Integrating the differential equations with the bdary condition specified
and using Lewis numbeke, =1, the following explicit expressions can be derived
for the non-dimensional mass gasification rate m/ (4pr ,a, 1), the flame-front
standoff ratior; =r, /r_, the flame temperaturig, andH.

m=In(1+ B),

. p LI Cy (T, - T T H)
e +
" TRy, /5) In(1+Y,,/s}

Cpo(Ty - T)+(Yy /5)(Q- H)

Cpg(Tf - TS): (1+Y0¥ /S) ’

(- YRIC(T- DH( Y% /5) @
T Yt (Y /S) - V(% /s)

C. . (T.- T)+(Yy /5)/
ro(h S)H( o!9) Qis the Spalding transfer number. This solution is

whereB =

applicable to both vaporization and combustion hattit specializes to that of
vaporization by settin§oy = 0 andYgs = Yey, and to that of combustion by settivig

= 0. For example, witNox = 0, the “flame” is now simply the ambience, with=¥

and T; =Ty. For combustion of practical hydrocarbon fuels am, L<<Q, and

Yoy 5<<1, the transfer number for combustion becomes

» Cpg(Tf - Ts)
H

B
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which is just the transfer number for vaporizatioran ambience whose temperature
is the flame temperatui®. The finite location of the flame has only a smiafluence
because it is usually situated quite far away ftbendroplet.

To be more illuminating, the expression of the #amemperature can be
rewritten as

C Tf'T¥)

pg( ) —
{ Yo, /5 PH{H+C (T, - T} =Q,

which shows that the total energy needed to heapxidizer fromTy to Ty, as well as
to gasify the fuel and then heat it frofato T, is the total chemical heat releae,

ThusT; is simply the stoichiometric adiabatic flame temgpere of the given fuel-
oxidizer system.

The above solution is well defined on€gis known. For the present model
there is no droplet heating, implyik)® L. WhenYgs is given as a function f;, Ts
then can be determined from the expressioHl deratively. It is significant to note
that for this modelTs, m, r,, andT; are constant of a given system. An alternate
easier way to g€l is approximating it by the boiling poiiit.

The Spalding transfer numbBrrepresents the ratio of the ‘driving force’ for
gasification to the “resistance” to gasificatiormerldriving force consists of a thermal

source,C (T, - T;), and a chemical sourc€Y,, /s)Q. For combustion of practical

fuel, the chemical contribution is usually muchajez than the thermal contribution,
especially when the environment is cold such Thais close tols. Thusan accurate
knowledge ofTs is frequently not essential. Further realizingtthi@e droplet is

expected to reach its boiling state under the sttnaf intense heating during steady-
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state combustion, it is adequate to asstligreTy,. In a realistic situation, the state of
boiling can never be attained because of the pcesehspecies other than the fuel
vapor at the droplet surface. For vaporization, ahg/ source of heat available is
from the ambience anB is expected to depend sensitively ©n Therefore the

boiling point is not generally a good approximatiercept when vaporization is in a

very hot environment.
: , . . _d, 1 L
Finally, using assumption (vii) we hava=- a(gpdsr,). Considering the

above expression fom, the droplet surface regression rate defined presly
becomes

8rgag

K = In(L+B).

The parameteK is also frequently called the evaporation or bugniate constant.

Integrating yieldsd? = dZ - Kt, which forms the basis of th-Law, stating that the

square of the droplet diameter decreases lineattytiune as gasification proceeds.
The equations oK, r,, and Tr contain much information on the droplet

gasification characteristics. First it is seen tKatlepends linearly on the transport

properties, throughrg¢d)) or (/4/Cpg). Comparing this expression with the square root
variation, W , associated with laminar premixed flames, the dakifusive
nature of droplet gasification is evident.

Since K depends linearly onrgd) but only logarithmically onB, it is
sometimes even more important to strive for an mteuestimate forr¢d), or

(/f/Cpg), instead ofB. The difficulty here is thatr¢d)) is a function of temperature
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and composition, both of which vary over wide ram@ier hydrocarbon combustion.
These variations can cause much uncertainty imasitigK.

The overlooked points in*Law can be listed as follows in order of their
significance: 1) droplet heating; 2) fuel accumioiat 3) variable properties; 4)
multicomponent; 5) flame structure; 6) spray effé@tsupercritical; 8) dissociation,
etc. Although thel®Law sometimes seems to be able to predict K Bnthrough
judicious selection of the transport parameterscahnot achieve simultaneous

agreement for all the three observabksT:, and the flame-front standoff ratiq .

Experiments show several important aberrations’dfaw. During a short initial

period droplet size hardly changes. This is dudraplet heatingr; is not a constant

due to the vapor accumulation. And the value obthim experiments is much
smaller (<10) than the predicted value (about 3fparaffins burning in air). This

is caused by the simplification of constant prapsert The actual temperature
predicted is so high that dissociation must be g as well.

Many of improvements and modifications have been entdd®-Law by
improving these simplifications. Some have greatihanced the results predicted by
the law. Another important factor ignored so fahieh is the major concern of this
paper, is the supercritical phenomenon. When presswd temperature are very high
and the supercritical phenomena are involved, nddfeulties arise and invalidate

many of the assumptions @i-Law model.

1.2 Supercritical Phenomenon

Supercritical environment is one of the factors pet considered in many

studies of droplet vaporization. Although it islisi question whether, or how, the
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droplet can actually reach critical point beforengecompletely gasified, the pressure
and temperature in actual environments like liquieled engines is well above the
critical point of the fuel.

From the aspect of thermal equation of state, titieal point is such a special
state that the substance behaves quite differaritgn above or even near it. See Fig.
3 for ap-v diagram. When liquid is heated at constant tentperanuch lower than
critical point it will go though the process of meachange to vapor. During this
period, the pressure will not increase and bulksdgrwill decrease dramatically.
Continuous change of pressure accompanies an abhagpige of density. If the
procedure is isobaric instead of isothermal, thmperature change accompanies
abrupt change of density. But when the temperasuabove the critical point, there is

no sharp difference between two phases. Densitgy@whanges continuously with

pressure in an isothermal procedure, although ¢nvative (j_v)T is still very large
p

near the critical point.

From p-T diagram of Fig. 4 and 3-dimensionav-T diagram of Fig. 5, we
can observe the relation in Fig. 3 from differer@wpoints and the singularity around
the critical point is more manifest. Fig 5, whosejections are actually Figs. 3 and 4,

is a very instructive tool.
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Figure 3 Equation of state p-v diagram) Figure 4 Equation of state p-T diagram)

Figure 5(a) Figure 5(b)
Figure 4 Equation of state p-v-T diagram)

If the droplet arrives at the critical point, thiéfefence between liquid phase
and gas phase does not exist any more. So théairgebetween the droplet and the
surrounding does not exist either. Furthermoregctalition on the interface used for
previous modeling is not applicable here. The drbpind environment cannot be
processed separately under supercritical conditidfisat can be conceived is only
the different concentration of different speciesegeometry of droplet itself cannot

be determined simply by a radius. The value of ignalong with pressure and
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temperature, may be used to determine if liquig, @asupercritical state is present at
a particular location.

As mentioned in the previous section, without asitgndifference between
two phases, the gas quasi-steady assumption istasfiinvalid. While patching two
adjacent regions does not work, because the almsgptim the equation of state
reduces to very high derivative around the critigaint, it is also very difficult to
model and solve accurately as a whole.

In one sense, the problem becomes easier becaysese change means we
do not need to enforce the relation for phase g and do not need to describe
the procedure of phase change. But we have to neeoall the approximations that
are impossible to be valid under this conditiorghsas constant properties of fuel and
oxidizer. We have to describe these properties rately and we have to have
accurate equations of state to describe the ral@gdween these properties, while all
these have never been implemented successfullgemeral form.

The problem of supercritical condition is one obth aspects that had least
development and breakthrough in modeling droplgtoviaation in the past years.
Even just close to critical point, the vaporizatfmocedure will be quite different and
has not been modeled satisfactorily. Actually, #mall amount of the existing
experimental research doesn’t even build a creditsiedard to judge any theoretical
model.

In fact, the difficulty in the critical phenomenamore pronounced than the
singularity of the equation of state. It is imaglnas a system in which mutual

diffusion of components practically stops, a sowade is dampened after traveling a
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distance of only a few wavelengths, a laser beastastered diffusely to prevent its
transmission through an optical cell, heat capaaitgt thermal conductivity diverge,
and thermal perturbations do not relax for manyr@un even days. The fundamental
and most amazing feature of critical phenomenonble@s the discovery of critical-
point universality: the microscopic structure afiifis becomes unimportant in the
vicinity of the critical point. Reliable understand and description of critical
behavior of fluids and fluid mixtures are needed fimany innovative applications
such as supercritical extraction, enhanced oil wvegqg supercritical pollution
oxidation, etc.

The idea of universality appears to be also applécto phase transitions in
complex fluids: polymers and polymer solutions, mnulsions and liquid crystals,
fluids in porous media, gels, and foams. Largetflatons, strong susceptibility
(response) to external perturbations, and mesos@bpicture are characteristics for
all such systems. The research on critical phenomenould bridge the gap between
the modern concept of the fluctuation-caused usalgy and new challenging
application that involve these fascinating matstrial

Until a few decades ago, it was thought that theetation function in fluids
of molecules with short-range interactions wouldats remain short ranged except
in the vicinity of a critical point. It now appearthat long-range correlation
phenomena are ubiquitous in such fluid, and thécstand dynamic-correlation
function are always long range in nonequilibriureasty states. This is related with

what has become known as self-organized criticality
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In short, the behavior of thermodynamic propertds fluids and fluid
mixtures are strongly affected by the presenceibtal points. The presence of long-
range fluctuations is associated with critical @htansition phenomena. The
presence of long-range fluctuations in fluids ahddf mixtures near-critical-point
phase transition also strongly affects the behavidransport properties. The effects
of long range fluctuations on the transport prapsrtan be understood quantitatively
with the methods of generalized hydrodynamicss H topic in research in physics to
obtain an accurate representation of the thermadiymbhehavior of fluids and fluid
mixtures both close to and not so close to thescalr points, and accurate
representations of the transport properties ovésng range of temperatures and
densities, which incorporate the crossover of therrhodynamic behavior from
singular critical thermodynamic behavior to regutaermodynamic behavior far
away from critical phase transitions. It is stiltlaallenging task to obtain equations of
chemical engineering applications that incorporéte universal (affected by
fluctuations) critical behavior of fluids and nornversal (affected by specific
intermolecular interactions) behavior far away frtm critical point. In the present
model, the accuracy of these representations iserdted with experiments and the
equation of states are restricted to specific gselike hydrogen and oxygen. But
what is of more concern in the proposed model imtegrate these equations into a

universal vaporization model.
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2. Equations of Modeling

2.1Fundamental Equations

2.1.1 Conservation Equations

The conservation equations are the fundamental framework of thee whol
model, although many coefficients which usually are considerednasant will have
to be modeled as functions of independent thermodynamic properties like temgerat
and density. Furthermore, the accuracy of their models becongsfacant factor in
the validity of the whole model enclosing the critical point, while difficulty to
achieve it is still not overcome from the aspect of physics.

The following conservation equations of mass, momentum, species and
energy are valid even under supercritical conditions, although the m®blehow to
determine the coefficients of diffusion and what the exact equafictate is still
remain.

Mass:

7r 7

+

toorx,

(ru,) =0, (1)

Momentum in directiom:

7 7 7p 7
A, T = 2
”t(rua)+’/xb (ruaub)+’/xa ’/Xb l‘ab’ ( )
Species.
7r, 7 -
7t U T M ) =0, (3)

Energy:
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7 7 7p 7p 74,
—(rh) + rhu,) =—+u - +7,, 4
g rhu) =, R (@)

u u
fu, 7 by . gdab h] , viscous dissipation

where viscous stress tensoy, =/ [(
7x, Ux,” 3 7x,

u : : .
f, =t , % andm is the molecular weight of species
X

' b
In these equations, the unknowns are densityelocityu,, species density;,
and enthalpyh, as functions of independent variables titrend spatial coordinates

Xa.

2.1.2 Transport Relations

To make the above system of equations completeexpeession of molar
flux relative to mass-average velocify, heat flux, g, and pressurgp must be

formulated. Pressure formulation will be discussadthe next section of the

eqguations of state.

1) J, is given by:

3 =- LNm)+ LN b (5)

j
where b =1RT, mis the chemical potential of specig¢s which is related to
temperatureT, pressurep and mole fractionX, Lj is the matrix of transport
coefficients for generalized Fick’s diffusion ofespesi in specieg, andLiy are the
coefficients for Soret effect (thermal diffusiorf)species. According to the Onsager

relation, L; = L; .

2) q is formulated as:
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q=- LN®m)+ LN b, (6)
i
where Ly are the coefficients for Dufour diffusion (heatrtsfer induced by
concentration gradients) of specigsandLyq is the coefficient for Fourier diffusion

(conductivity). Onsager relatidg, = L; holds for the interconnection of the Soret

qq _quq.

RT> T

and Dufour effectd q4q can be related to thermal conductivitipy k =

The formulas (5) and (6) are rigorous descriptioihsansport processes using
the fluctuation theory based upon molecular distrdn functions. Both heat and
mass transport are related to a transport matrik @nsidered to be driven by
gradients of chemical potentials. Fick’s diffusifam species, thermal mass diffusion
(the Soret effect), Fourier diffusion of heat asatsd with thermal conductivity, and
the Dufour effect are all taken into account. Taigplthese formulas into the
conservation equations, the chemical potentiahust be eventually expressed in
other variables of the system,; andh. The remaining problem is how to represent

all these elements in the transport matrix.

2.1.3 Equations of States

Similar to m pressurep also has to be related 19 i andh. To put in a
common formp, h andmcan all be expressed as functions of density, éeatpre,
and mixture composition. The first two appear deeamal equation of stag=p(r,
T, X) and a caloric equation of stdteh(r, T, X). Composition, represented by the

molar fraction of species X;, is related to species density Thus the system of
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equations consists of 5*() equations of, u,, T, andX; as functions ot andx,,

wherea=1, 2, 3j =1, 2, ...n, andn is the number of species.

2.1.4 Chemical Potential

Besides diffusion coefficientd;, Ly, and the equations of state, the
expression of chemical potentials as a functiorv ¢br p), T, and X; need to be
developed as well. More precisely, we need the tefrrﬁl(brq) that appears in the
above expressions (5) and (6) of fluxes to be feated.

For chemical potential gth components, we have

bm = briT,p)+In X, g, (7)

where X is the mole fraction ofth component andy is its activity coefficient.
/ﬁ] (T, p) is the chemical potential for pure substance

The activity coefficient describes the deviatidnbehavior of speciegin a
particular mixture from the behavior it would haue an ideal mixture. If we
substitute for the mole fractiok; in the equation derived for an ideal system the
activity or the productgX;, these equations are valid for real system. A# th
deviations from ideal behavior are lumped into tastor of activity coefficient.

When the mole fractiorX; approaches 1g also approaches unity. K
approaches 0, the Ilimit ofg is infinite dilution activity coefficient

g‘j’(p,T) = exp(DG%o / RT), where G is the excess Gibbs free energy of infinite

dilution. The excess Gibbs free energy or excessdnthalpyJG- is defined as
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DGmix - I:x;r*'nix: n, RTIngi = DC’E
for real systems, where
DG,,= nRTInX,+ nRTIng

is the change of free enthalpy in mixing the purguitl constituents, and

DG.. = nRTInX, is for the corresponding ideal solution. If thecess free

mix
i

enthalpy is known as a function of composition thy relatively simple operation of
partial differentiation with respect tg it is possible to obtain a relation giving the
dependence of the activity coefficient of this ddoent on the composition of the
solution, which automatically satisfies the GibbgHBm equation. If the excess free
enthalpy is expressed as a function of the effectholar volumetric fraction, the
coefficients in the expression have to be deterdhbneexperiments.

Then the relations for rewriting equation (5) &6ylin term of thermodynamic
propertiesT, p instead of chemical potentiatzneed to be established. First, the
differential of the first term of the right-handisiin equation (7) is

dT « . dT

dbri)= b+ - =)= @ m A ®)

For pure substance7 = G/ n and the total differential of Gibbs free energy ¢ee
written as dG =- SdT+ Vdp- #n dn where the capital letterg and S refer to the
properties of the whole system. Thus

dm =-s,dT +v,dp, 9
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in which s andy; are the partial molar entropy and volume of spgici€onsidering
G =H- TS, it can be rewritten as
m =h - Tg, (10)
whereh; is the partial molar enthalpy of specjeSubstituting Equations (9) and (10)
into (8), it follows thatd(blﬁj) = Hv,dp- hdn T or
N(bm) = Hv,Np- hNInT). (11)
Then,dIn X;g; = dIn X + ding,

fing,

=dIn X, + dX,
7X

J

j

din Xj

Ing.
=dlIn Xj +Xju
77X

Foltp

fing,

=X = )din ;.

T.p

j

Ing.
u , and use equation (11), equation (7) would lead

If we denotea, =1+ X;

Fltp

to
N(bn,) = bV,Np- hNIn‘D+aDjNIn X . (12)
From Gibbs-Duhem relation X,dn, + X,d7,+ + X d7, =0, using

m- = RTIna andg, = %, whereg; is activity of species andk is the number

of species, we have

7/|ngl+x fing, +

gk, TR X
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For the case of two specieX, =1- X,,s0a, =a, =a;.

2.2 United Equations

To unite all the fundamental equations to a clogesiem, we will rewrite the
fundamental equations only for the case of two iggein this section, and by using
molar concentration instead of density, molar foactnstead of species density as
unknowns in continuity equation, species equatang the expressions of mass and
heat fluxes.

2.2.1 Conservation Equations
First, several new variables must be defined. Tlw@amconcentration of the

mixture is defined ash=r/m, wherer is the mixture density anch is number-

mean molecular weight of the mixture.
m= X, m+ X m, (13)
where my and mp are the molecular weights of the two species. Tiaar

concentration of each species; =nX; =r,/ m, where rj is the density

concentration of species appeared in equation (4). Thermal expansion regio

defined as a, = in . The operator of substantial derivative
vV 7T o.X,
D o, . . .
b7 +ubi, where subscripb is the index of coordinates, will also be used
Dt ft 77X,

in the following presentation.
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Equation (1), the equation of mass, can be fortadlan terms oh

fn_ 7 nDm_ n DX
7/t+7/xb( ) =Dt m, Dt' (14)

where the second equal sign is only to show annatee form.
For two species, only one species equation (3)eeded in addition to the

global mass equation. Substitutimg = nm_ X, equation (3) becomes

’/(rnlxl)_l_rnlx ’/ +nub ’/(nlxl) +rnlxl ’/(nub) N

7t 7t X, 77X,

Using equation (14), it becomes
D(ITH Xl) n DXJ' N
n——-mX,— m ———+ mNxJ, =0.
Dt M X Mg T

For two species this simplifies to

DX, ) n,._ . Flx
SCInme M (me m)E - R g,

nm- X, (nm- nmp)
m, = -

: n
Using n- Xla(ml-

_n(Xym+ X,m)- X(nnp- np
m

- n(l' Xl)rrb + XJWQ
m

_hm

m
it finally becomes

DX, __ me‘Jl :_DXZ.
Dt nm, Dt

(15)
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The right-hand side of the second equal sign idoafsly the same as the left-hand
side of the first equal sign considering =1- X,.
Now let us consider the energy equation as tHevioig, which is in a little

different form from equation (4).

D(rh)+rh7/ub=Dp_7/qb+f
Dt 7x, Dt gx, "

(16)

where h= (X h+ X,h)/ mis the enthalpy per unit mass of the mixture. By

fu,

X,

utilizing the continuity equation[[))—:+r =0, the left-hand side of the above

eqguation is reduced tog—?

According to the fundamental thermodynamics refgti the following

equation holds for a multi-component system

k-1
TH] gy |
j=1 ’/X] T,

p

dH =C dT +[V - T(%) ox, 1P+

where C'p is the specific heat of the system.

For the case in hand, the number of the spekiés2. So the summation in the above
eqguation only contains a single term. Thereforehenee

Dh_ DT, 1Dp Dp, fh DX,

Dt "Dt rDt Y Dt gX, Dt

(17)

The definition ofay has been incorporated in the above equationCamid the molar
specific heat.

From the definition oh,
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7/h — 7 [thl+(1' Xl)hZ]

77X, TX, m
_1 0y Kht Xh fm
= - h)s SRR

7
X,

= mh - - O X B -(me X, m)]

= IOGm e+ Xm)(h- B (XF X BCm o

1
_F[hlrnz- hm],

m

NxJ,.
nm,

. X
and from equation (157PDTl =-

Then by pluging equation (17) into the left-handiesof equation (16), we can get the

energy equation as

DT _ Dp - h h, .
rCy o =avT 4, ~Nxa i +m(ﬁ -EZ)N><J1 (18)
Keeping the momentum equation in its original form
A 7 7p 7
—(ru,)+ ru,u,) +——= t,,, 2
”t( ) 7x, (ru,u,) X, gx (2)

finally, equations (14), (15), (18), and (2) conge the fundamental equations of a

binary mixture fluid which is independent of thetimodynamic phase.

2.2.2 Expressions of Fluxes
The next task is to develop the expressionsJoand q . First, consider the

transport matrix. In the two-species case we omgdnto express the flux for one

species. Therefore only one of the two “main te{diagonal elements)L;; in the
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transport matrix needs to be considered. Thenriesderms (off-diagonal terms) in

the transport matrix can be determined by usingritimsic relation.
Since J, is the molar flux relative to mass-average velgaite have
mJ +mJ =0. (29)
In the case ofN(4) =0, N(n,) =0, equation (5) becomes
Jh=-LN(m), J,=- LN(m). (20)
Substitute (20) into (19), we get L, + m, L, =
Similarly, we also need., besidesLq in the formulation. In the case of
N(bn,) =N(bn,) =0, equation (5) becomes
J, = Ly,Nb, J, = LNb. (21)
Substitute (21) into (19), we get L, + m, L, =0.

If we define the mutual diffusion coefficiem,, = LML(E)Z, and ratio
xl X2 m2

101 bmz

11

of thermal diffusion to mutual diffusiok, = where partial molar volume

of the mixtureV =$ % we have
L, = xlxanm(%)z, (22)
L, =- X, X,nD, (—= )2 m (23)
m,
Ly = Ly = LllkT%% = X, X, anDm—Z%, (24)
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q2

1m
L, = X, X,k D,n=—=. 25
te b m (29)

Substituting equations (22) and (23) into equali{®p and using equation (12), it

yields that
=-[LNom)+ LN bm]+ LN b

=- X, XD, (AVR p- 1 T+ aflin X
-%[b(vﬂp D afiin X X %k nRK in T

< 1 1 V, V, .« h -
X, X0, e fa 0, o Ty p M Ve Ty (T o g
m m- X m X m m m m m

i xlxsznQnﬂN InT

- X, X,nD, 2 = aoN 1+bmm[(ﬁ-v4mp+(i- M- Kn T
X X, m m m m, m

Denoting
J, = nD{a NX, +0LX1X2[( Vogor( s Mimmy . 26)
m, m m
finally we have
J =- mZ(J+XXkrnDrNIn'I) (27)
1

Similarly substituting equations (24) and (25) ietpuation (6) generates
g=-[ quN(bnl) + LqZN(bn )] + quNb

ki m_ = < - KT -
=-——[LN(bm)+ L bm)]+ —Nb.

5 m LN (o + LN om]+ =

g=-(kRDJ- & T (28)
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2.3 Spherically Symmetric Case

If we constrain ourselves to the spherically symioetase and spherical
coordinates are used, as illustrated in Fig. 1f@)Yb) of the situations without
convection, we can significantly simplify the fooegg fundamental equations further

as follows. With spherical symmetry, velocity compats v, =0, v, =0, and

partial derivativesﬂi =0, 7/—’/]( = 0. Therefore, the material derivative becomes
q
D_1,,1 @9)
Dt ft 7r
and
7A
NA=-"— 30
7 (30)

wheree, is the unit vector in the radial directiohcan be any scalar,
o == (7)), (31)
refr

whereB; is the radial component of any vector.

Conservation equations corresponding to Eg. ({3)X¢hen become:

fr 19 2
: = 2
Mass " +r2 - (rrov,) =0, (32)
Species: LAAY +——[r (r,v, +mJ,)] =0, (33)
7t Z oy "

e oy TV

Momentum: r(%+ 7p. 1.7

- _ 9 = 2
r ’/r)_ ’/r r2 ’/r (r trr)! (34)

4
in which ¢, = —h(”v %),



Energy: r(”—h+v Ih :ﬂ+v A 12

oot

4 Y

wheref, = - op (Y. Yryz,
3 7 r

Similarly to equation (14), we can also formuldte mass equation as

@+izl(nrzvr):-£D_rn.
eoro fr m Dt

The formulation of species equation (15), energyatign (18) and the expressions of

flux in equation (27) and (28) are still applicablexcept that the substantial

17
r ”r(r q)+7,,
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(35)

(36)

derivative and nabla operator are calculated byawgus (29) through (31) and,

takes the simplified expression as well. Now thstay of equations to be solved

consists of the equations (36), (34), (15), (18)hwthe fluxes expressed in the

equations (27) and (28).

With all the fluxes expressed as spherically symigehe resulting system of

the fundamental equations is summarized as followsyhich n, X;, u, T are the

unknowns of the system.

g, 19 L ngm g
gt g (W= Cor i)
fu_ fu_ fp 17 ,
r(7/t+u7/r)_ f/l’ r.2 ’/r(r [rr)

7%, X, _ m 19,
T nm, r? 7/r(r Ju)

gty _ e fpy 17
GC(ﬂt+u7/r)_aVT(7/t +u7/r) r2 gr
h h 17
+fv+ml(ml mz)r2 mrJ

(37)

(38)

(39)

(40)
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where
;= %m(%- =) (41)
f,=- g (42)
3= T X0 X) kD, TE (43)
a =~ (kR 3- Ko (44)
3, =D fap T pT X Xy Vo Vo TP, (P Doy 17Ty g

7r

m mom’from, m’Tfr

Also needed are the exact caloric equation of stateh; (V, T, X), and the

thermal equation of statp,=p (V, T, X) for the mathematical closure of the system,

which will be discussed in details in section 3.1.

2.41nitial Condition and Boundary Condition at the Interface of Droplet

In this section we will discuss the initial conditiand boundary condition at the

interface of the droplet in general. Suppose weslaalrquid spherical droplet with its

radius of Ry surrounded by gas at the initial time. We can sanma the initial

condition for the substance distribution as:

Ir <Ry,
r> Ry,
r =Ry,

indexb.

liquid, indicated by an inddxin the following discussion;

gas, marked by an ind€x

interface between droplet and the surroundihgws by an

If expressed in the independent variables as megdicabove, the initial physical



37

condition of the problem can be written as

u=0;
P = Po;
X1=1,T=Ty, forr <R;
X1=0,T=Ty forr >R

Although the droplet may be at critical and supgocal conditions, it has an
interface at least at the initial time. The coratiton the interface at initial time has to
be specified. More about the influence of theselitams will be discussed later.

Since only one velocity component, exists for the radially symmetric case,
it is more convenient to use instead ofv; to denote the radial velocity in the

following discussion.

The mass balance can be expresseg,as ‘Li?)rg = (u- dd;?)r ° . After

rearranging, it becomes

rk dr, .7
u =0yt Tyl gy 46
°rg dt s ) (46)

Now let us consider the energy relation on therfate. On the outside
interface of the droplet, the partial molar entlyalpf each specieg is
h®> =h(R.T. X;). so the partial molar enthalpy of mixture is

hy = Xph® + X310 = B +(1f - 1) X.
Similarly, the partial molar enthalpy on the insidgerface of the droplet is
hy, =h +(h - h) Xg, whereh! =h (p, T, X;). h® - h is called latent heat of

evaporation of species 1 (basically the droplet) & - h) is the heat of solution of
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species 2 (the surrounding). So the differencenthapy per unit mass between the

surroundings and the droplet is

S
LI e

whereh® andh' are enthalpy per unit mass of surrounding andletap® andm are

number-mean molecular weights of surrounding awgldt. The enthalpy increasing
rate on the interface due to the changing dropldius would be- Lb%tl’, wheremy

is the mass of the droplet. Thus the energy balandibe interface can be expressed

as
6 Ly dm,
A(dy - g)=- Lb—dt : (47)

where g2 and g, are the heat fluxes at the gas side and the ligidd of the
interface, respectively. This flux is supposed & fdwsitive when flowing into the

droplet along the radial direction. The surfaceaafthe droplet isA, =4p R;.

) d ) . .
Slnced—rzlj is unknown, let us define mass emission flux as

F =

1d
= Ed_nth' (48)

It can be calculated at the molecular level as

I:ems = [a cjmjuTj( n(JTJ,equiI - rf)] ) (49)

j=1,2
where a ; are the accommodation coefficients;,,.; is the molar concentration of
specieg at equilibrium, andy;; is the mean normal velocity of a molecule of speci

J due to thermal fluctuations.



39

T,- T, .
31 whereT; is the

Accommodation coefficient is defined by, =

2 1
temperature of gas molecules striking a surfacehvisi at a temperature ©f, andTs
is the temperature of the gas molecules as these ldee surface. It is, therefore, a
measure of the extent to which the gas molecukregrg the surface are in thermal

equilibrium with it.

W
r]:Ii;equil = :llj-agl:l_b psat, 1( E)ﬁ ’ (50)
b
L
» Vo dp, 1 and factor Z, = pV/(RT) is the

where W =f._.ex
1 ].Sﬂt p( psat,l R-I;) f](.;:‘b

compressibility. £, :% Is the fugacity coefficient, in which the fugacity is

defined bydn, = RTdIn f.

s L nzL _ /*Tf
Ny = —= X (F2) exp( : 51
2,equil m(; 2b eg;;b ) p\ R-ll_) ) ( )
RT .; o
For a perfect gagy;; = (Z,D—m)2 . For a pure liquid, it can be calculated from
j
RT V .;
Eyring’s theoryu, = T h (N—)3 exp(- bDG, ), whereNa = 6.02 10%/mole is the
Allp A

Avogadro’s numbeth, = 6.62 10**joulesec is the Planck’s constant, ab@, is the
barrier height or activation energy, which can bkwlated in either of the following
two ways. From experimental data for correlatingcosities, we have

DG, = 0.408Dh,,, - RT)r ,
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where Ty, is the temperature of normal boiling poidty,, is the enthalpy increase
per mole (latent heat) of the vaporization. Or \&aa get barrier height from diffusion
coefficients as

N .h 1
DG, = - S22 e (Naysy

b a RT 'V

1

whereD is the diffusion coefficient and = (NL)3 according to J. Harstdef. It is
A

not clear why botla and1/a are kept in this expression.

As long as the interface exists, there are 9 uwkisoto be determined, i.e.,
us, u’, Ry, Xg, Xo, T, By, 7, andrg. The extra unknowns besides those not

at the interface come from the differencewfX;, r across the interface and the
position of the interface in term &. Correspondingly, the following relationships
are needed to define them:
1) equation of statp =p(r, T)
2) conservation of mass (37)
3) conservation of species (15) or(39)
4) conservation of momentum (38)
5) conservation of enthalpy (18) or (40)
6) evaporation law (49) and surface heat flux (47), or
Oy - O = Ly Fome (52)

whereFensis calculated by equation (37).

. . . d
7) the relation between mass emission figxsand radius change ra{?%:



: - Ry :
The time derivative of, = r-4p r?dris

am _
dt

LR

apriRe g L (o

dt " oo gt
Considering mass equation (32}%0 r?)=- %(r ru), we get

am, _

dR, d—R’-r “ur) .
dt dt

4PR§ftW"prR§%L: At "

The relation should be

8) mass balance at the interface:
Using the equation (53), equation (46) becomes

1 1
ubG :ull- - (_G- _L) ems"
b b

9) continuity of species fluxJs = J;.

41

(53)

(54)

(55)
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3. Implementation and Numerical Scheme

With the proper initial and boundary conditions, the system of equations (37)
through (40) can be solved for unknowfasn, T, andu, with the expressions of mass
and heat fluxes in equations (43) to (45). Also needed are the foll@ripgrties:
mixture viscosity”, heat conductivity of the mixtude mutual diffusionDy,, the ratio
of thermal diffusion to mutual diffusioky, and the following information related to
the equations of state (EOS): thermal EQS V; (p,T), caloric EOSh; = hi (p,T)

Colp, T)= (7 T Tp,x andap(p, T) = 1+ Xi(fing/ X p.

3.1 Implementation of Equations of State

Physically, equations of state are the key issue in studyiagproblem
concerning supercritical phenomena. To make the system of fundareguéions
complete h;, hy, andp in these equations need to be expressed in term of arguments
n, u, Xg, T.

The equations of state in the present model are based on the PengiRobins

equation of state

p=_RT_ a , (56)
V-b V(V+bh+KV-H
272
where bZM’ a:%[l+f(l-ﬁ“)]z, in  which

[ Cc

f (w) = 0.37464+ 15422a/- 026992 is a function of acentric factow. The
subscriptc indicates the critical propertied, = T/ T, is reduced temperature. This

equation was developed in 1976 and has been used widely since thenajohe m



43

advantage of this equation over previous ones, like the Van der Wahks $oave-
Redlich-Kwong (SRK) equation of state, is the improvement of acguior liquid
state. The caloric EOS will be considered first.
3.1.1 Caloric EOS

Basically, the caloric equation of state for enthalpy for g§®@ds expressed

as

h =h° +Dh, (57)
whereh?® is the reference enthalpy abY; is the departure function. It is necessary to
note that the enthalpy of a pure component is different from the molar partiapgnthal
of a species in the mixture. The enthalpy of the mixtyree X, h + DH, whereh,

is enthalpy of pure component abH is the heat of mixing. In the current model, the
heat of mixing is ignored, so thiatis the same as molar partial enthalpy.

The reference enthalpy used here was proposed by J. H&ftachich is
developed by subtracting the departure function from the Cryodataesxaation of
state, then curve fitting. The departure function used to get tlememee enthalpy
and used in (57) are derived from the Peng-Robinson equation of statespéct to
an ideal gas.

The first term in equation (57), reference enthaify does not necessarily

assume an ideal gas. It is evaluated by the procedure &solffitain the departure

function Dh® using Peng-Robinson equation of state; then, use the exact equation of
state from Cryodata Inc. fd cryodaato calculaten’, i.e. h® =h o ...~ Dh’; finally,

curve-fit the result oh® to be used in equation (57). According to Harstad, the curve
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fit agrees extremely well with the EOS from Cryodatatfe range “that those EOS
exist and that are of interest here”. However, a questionsansthis comment that
how the curve-fitting can be compared with EOS from Cryoddteeifange “that are
of interest here” is not in “that those EOS exist”. Harstad alsmmarized the
advantages of this approach over NIST and Peng-Robinson equation of state: 1) Exact
EOS from NIST do not cover the high temperature range; 2niog rules have
been developed for exact EOS; and 3) Peng-Robinson EOS has been defegloped
hydrocarbons and does not necessarily agree with the exact EOS fapeatties like
H,-O,. The last point suggests that there is no problem using Peng-BoliQx:S if
hydrocarbons instead of oxygen and hydrogen are modeled. The fesoltshis
method show: 1) agreement with exact values within the sameramge as the
NIST correlations and 2) small departures from non-ideality for enthalpy.

Similar to the case of a pure component, the enthalpy for aimixg also
evaluated by departure function and referemc&Ve can still use the Peng-Robinson

EOS to calculate departure functidi!. can be calculated through the mixing rule

h®= X,h’, whereh’ is the reference enthalpy of a pure component as discussed

previously. Similar concepts and relationships can be used to calculated the entropy.
The result of curve fitting of the reference enthalpy for &hd Q is

respectively

h = RT(3413+ 00193 p/ p,). (58)

h? = RT(3514+ 0013 p/ p,). (59)
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Generally the departure function can be obtaineanfipressure explicit

equation of state using
v RT v p R
-, (P 7)dV+ T¥[(ﬁ)v' V]d\/‘f RTZ D, (60)

whereZ = pV/RT.From the Peng-Robinson equation of state (56),ave h

oy - R L Ta. (61)
TV "V-b VNV +b)-V(V-Db) T

T
f L
fa_ a (W)\/;

where— = - = .
1+ f(w)(2- \/T?)

Substituting equations (59) and (61) into (60),

(

ph=-RTINY. Py 1y V+b- */_b( T—)+TRInV_b+RT(p—V-1)
Y, 2\/_b V+b+\/_b v RT
1 V+b- \/_b
)+ pV- RT.
2\/_b V+b+\/_b( ) P

For each species, this can be written as

1, Vi+h- J2b
Dh = a -
2\/_b V+b+x/_b

) pV; - RT. (62)

3.1.2 Thermal EOS
The thermal equation of state is at first an esgimn with the molar partial
volume V as function oP, T andX;.

V =V, +DV, +DV,, (63)
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where Vpr is molar partial volume in the Peng-Robinson eiguatof state;

RT,
DV,= X,DV,,in which DV, =V, -03074—,is to give the proper
- - 7h°  fFhP :
compressibility factoZ. for the pure limits;DV, = ( 7o - 7o )o.n. gives effect of

the calculated reference state, in which supeitsprigefers to perfect gas while 0
refers to actual reference state. The last modificaterm OVp corresponds to the
technique when the reference state is not an igiesl Note that both modification
terms are only related to the mixture compositistead of functions of pressure and
temperature. But, the hidden problem is the mixulg of critical properties, which

has not yet been well established yet. The onlyousse is an empirical

H
approximation. We have the general thermodynaniatios (;//_p)T =V - T(%) o

The form ofDVp comes from assuming thﬂ%)p is the same. To estimatd/p,

p

considering =0 for prefect gas and supposi@gis constant with respect i

substitute (11) int®Vp, we get

ov, = (QOLSRT, o O0ISRT, . T, 60,
2/Pa 2\/p. Jpe

Using the Peng-Robinson equation of state (56)atou (63) is rearranged as
pressure-explicit form

RT a
TV-DV- DV; b (V-DV.- DV)* 20V DV DV%) B

p (65)
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Equation (65) is used for mixture, so the critipedperties in coefficienta andb are
of the mixture, which will be discussed in nexttgat The partial pressure in (62)
will be p; = X p.

The EOS for fugacities is also based on the Peng-Robinson EOS. It is

discussed in detail in the next section wherelsisd to determine the coefficiegs.

3.2 Physical Properties of Specific Species

The species studied in this work afle andO,, denoted as species 1 and 2
respectively. To actually carry out the computatiiins necessary to evaluate the
physical properties of the substances appearinganfundamental equation. Some
basic information for hydrogen and oxygen is listecappendix 1. The purpose of
this section is to describe these properties astifurs of pressure and temperature,

and of the components, i.e., the mixing rules.

3.2.1 Critical Properties

The critical properties dfi, andO, used in the model are listed here.

Species Pressure (atm) Temperatl@ (| Density (g/cc)
H, 12.8 -239.9 0.0310
0O, 49.7 -118.8 0.430

The pseudo-critical temperatufie. and pressur@,: are applied instead of
true critical properties for the mixture, since thepresentations are much more
simple while resulting in a considerable improvemeh correlation®®. Pseudo-

critical temperature is give by Kay as

T, = XT,. (66)

c i ‘ci
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Pseudo-critical pressure is calculated in this rhadth the modified Prausnitz-Gunn

relation.

RT,, X4

— P ST 67
ch XV ( )

ivei

where the critical compressibility factor may béraated by using Kay-type relation.
Zcm = Xi Zci ' (68)
3.2.2 Diffusivity
To use any numerical values for the mutual diffiigiD, in the model, the
following question needs to be answered first, ihat is the relation betwedy,

defined in the previous section as

m
D =L —
" " X1 X, (mz

)%, (69)
and the available tabulated values of diffusionffo@ents such as in R. H. Perry’s
handbook®?

Using the general expression of mass flux (5) theddefinition ofDy, (69), it
can be verified first thdD, has dimensions of fT™], which are the same as those of

the ordinary diffusion coefficient, oD ,, andD;; in equations (16.2-3) and (18.4-8)

in Transport Phenomertay R. B. Bird et al®*!

. d
Jay = - DABd_y(rA)' (70)

" M M.D[x n(776") Rx.]. (71)
CRT T xR T

kt j
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The lower casej indicates mass flux relative to the mass-averagecity. Thus,

J; =m J, wherem is the molecular weight of théh species. The upper caskein

equation (71) is the same as the lower case the previous sections. Lower cage
is the same aX, as well.c is the same aB = r/m. The superscriptxf describes
ordinary diffusion, excluding pressure diffusionprded diffusion and thermal

diffusion (Soret effect) in the total mass flux EBnmulticomponent systenﬁ_sj is the

partial molar free enthalpy, or the chemical paténty. If only the ordinary diffusion

is considered, equation (71) can be written fomaty system as

C2

rRT

jl = (M1M1D11X1Nm+ M 1I\/I 2D 12X N 179 . (72)

Equations (18.4-12), e, D, =0 and (18.4-13), le.

{M,M, D, - M,M,D,}= 0 of Bird’s book®¥ are equivalent toD,, =0 and

i=1
D,, = D,, in the current application. Thus, equation (7)dmees

C2

J, =—
L rRT

- r -
M, D,,x,Nm =Fbszlzx Nm, (73)
When the temperature gradient is absentNdr=0, equation (5) can be

- - Xm o
written as J, =-L,bNm- L,B nF- L, & %I)l m through considering
2

- X,
Gibbs-Duhem relationX,dn, + X,d7,=0, or Nm = - X—lN m Substituting the
2

definition of Dy, (27), we have
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X X,
\%

X, o

Py X m

i =- X X
2”‘5 1

m
(-2)D, b(1+
m (74)

r .
=z bm, D, X;Nm
Comparing (73) and (74), it can be seen tatis identical to diffusivityD;, based

on free energy force. This diffusivity is the sam® the ordinarily used binary

diffusivity ;2 documented in experiments for ideal solutions .,(i.activity

m
=— and

proportional to mole fraction). To get (74), retets V = p

Sl

m= X m+ X, mare used.

So the ordinary diffusivity oH,-O, system iDy, in the present model. There
are many methods to predict diffusivities in gasliquid. A generally applicable
formula is not available. Furthermore, mutual dgfan of components could actually
stop in a system under supercritical conditiontekhperature of @ and pressure of
1 atm, the diffusivity of theH»-O, pair (gas) isDi» = 0.697 crysec. This, in
conjunction with a linear relation to temperatuseysed in this model to determine

diffusivity,
Dmhm
—T = constant
T
where/n, is in centipoiseT is absolute temperature 94, andD1» is in cnf/sec. This
equation was originally used to adjust data fofugdivity in liquid and/,, is solution

viscosity. The value oh, and its relation with temperature will be discusse the

next section.
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3.2.3 Thermal-To-Mutual Diffusion Ratio

Let us consider the term of Soret effect in eque(@®), i.e., J{” = L, Nb.

With the definition of thermal-to-mutual diffusigatio ky from section 2.2.2

L
k =9 pT (75)
L, m

the following equation can be derived

IV =-bLNInT

L, m.
=-kang InT

= -k X, xznqn(%f%ﬂ InT

= -k X, xznqn%ﬂ InT (76)

From (18.4-11) of [B3], we havg ™ =-D/N InT. A “thermal diffusion
ratio” kr is defined ask, =(r/c*M,M;) " (D} / D,,) for a binary system. To

show the difference of this “thermal diffusion ddtifrom the above used; in

r D/
equation (5), it is denoted €K, ) 5,4 = — . Then
T / Bird nann} Dl2
1 n’ . N
3= k) DAINTE - () B, R T (77
K-) .
ConsideringDn, = D1, leads tok; :% by comparing (76) and (77). In
17%2

other words, the thermal-to-mutual rae in this model is actually the “thermal

diffusion factor” a defined by Bird et df*, instead of the “thermal diffusion ratio”



52

(k1)sirg- @ is almost independent of species concentratiogdses. In table 18.4-1 of
[B3], experimental thermal diffusion ratios are gjivfor some liquids and gases,
among which the most similar components vi¢aH, areN,-H,. These values are at
the temperature of 26)K. The corresponding are calculated and presented in the

following table.

Xa (N2) (k1)Bird K+
0.294 0.0548 0.264
0.775 0.0663 0.380

According to these results, an approximationkef= 0.3 is used in the
implementation of this model.

However, the partition of diffusion as ordinarydathermal portion is arbitrary
to some extent, depending on the choice of thamdyiforce. Different driving forces
and reference velocities are also used by somansks®s for multi-component flux

equation, but most of the answers are of very éthitalue [B-6].

3.2.4 Viscosity

The viscosity # of the mixture is also needed in this model. Aliyo
comprehensive research has been conducted andiexaide data and formulas are
available for viscosities of liquids and gasedleliis known of the viscosity near
critical condition. It is even more difficult for anixture of multiple species. A
relatively simple form of correlation is used instimodel to calculate the viscosity of

mixture, i.e.,
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1

_ X i(m)E

= (78)
X (m)?

m

It should be mentioned that this equation was dagesl for a low-pressure gas
mixture, and has a larger deviation for mixturetaomng muchH,. In general, it is
impossible to relate the viscosity of a liquid moibé to the pure-component
viscosities alone. Equation (78) is satisfactorthis preliminary implementation.
Even the viscosities of pure species used in &r&)still strong functions of
the species and thermodynamic condition. Althouglgeneral formula is available, a
computerized diagram based on R. H. Perry’'s hardfd8 has been developed to
calculate the viscosities of various substancedifégrent temperatures and 1 atm
pressure, shown in Appendix 3. The effect of pressan gas viscosity becomes
significant only for pressures exceeding 10 atnr. [fmid, the effect of pressure is
rarely significant for pressures less than aboutadih. The pressure effect is

neglected in the current stage of model development

3.2.5 Thermal Conductivity
In section 2.2.2, thermal conductivity is defined a

L bL
k=—H -__% 79
RT? T (79)

Comparing the second term in equation (28) andi€dsilaw, q =- kN T, it can be

seen thak in equation (79) is just the conventional coeéfidi of heat conductivityR
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= 8.3144 kg rfsec'mole®°K tis the universal gas consthas used in the equation of

state of ideal gap = nRT.

Similar to diffusivity, different formulas to caltate thermal conductivity of
liquid and gas are applicable to different situagioRegarding thermal conductivity,
especially for gas, considerable knowledge is abél in literature. For instance, the
effect of pressure is small for liquids, but oft@gnificant for gases if the pressure is
larger than a few atmospheres. Nevertheless, therdtical background of actual
methods is not convincing for the case in hand. folewing equation, which was
developed for a gas mixture, is chosen to evaltleemal conductivity of mixture

from individual component conductivit§/*®.

Xiki(m)?
X;(m)?

(80)

Linear function fitting from tabulated experimentdhta is used to get
conductivities for pure componenity, and O,. Considering the initial temperature

range of the current practice, we use the datamapératures of 100, 150, 200, 250,

300°K.

100°K 150°K 200°K 250°K 300°K
Ho 6.7 10.1 13.1 15.7 18.3
02 0.93 1.38 1.83 2.26 2.66

! The “mole” in this unit is “g-mole”, not “kg-mole’which may be used in other references. Reference
[B3] denotes the two in explicit different formsvégadro’s number isl = 6.023 10” molecules g-

mole™. If the molecular weight of a gasNg one g-mole of it i¢1 g, while one kg-mole of it iM kg.

In other words, one g-mole is 6.02%7 in number, while one kg-mole is 6.0213%. Or 1kg-mole =
1000 g-mole.
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The unit is W/MiK” 10* in the above table. Fitting with respect to terapaneT with
minimum absolute deviation, the results are:
k; = 2.289+0.053T (81)
ko= 0.043+0.009T. (82)

The details are given in Appendix 4.

3.2.6 Coefficientap
The coefficientap defined in section 2.1.4 denotes the effect of-ideality

of the mixture, i.e.,

fing. __ fing, __ 7Inf
7X =1 X =1 X’ 83)

a, =1+X,

whereg is activity coefficient and is fugacity coefficient. Considering the similar
correction (63) with molar partial volume, fugactgefficient ofi component in the

mixture satisfies

L'
-

ci

1 0
Inf, =(Inf ), +RLTDV- - - @) ponl (84)

“ RTT
where (Inf,),., can be obtained from the following general formwith the Peng-

Robinson equation plugged in it.

7/(nZ)]

([ 1)0\1/—\/- InZ, (85)

whereZ is for mixture.
Using the Peng-Robinson equation of state (56),

nZ—np—V t a1
RT V-b RTV2+2bV-Db?"
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1 A

T 1,
ConsideringV = nThen gn V2,

7/(nZ) 1 2 b a 1 ) 70

=" -V©- - —I- A +2b)(-V?) + (2V - 2)b—

7y (V- b)z( 7/n1) RT[ (V> +2bV - bz)z][( VI ) 7/n1]

) fa 1 1
n, RTV?+2bV - b?

b T 1 g
where b _ 0.0778cRi —2), T3 _ 457282 [1+f, @- T,E)]ZL(T—W- In
’/nl ”nl pc ’/n]_ ’/nl pc

the derivative ofa, reduced temperaturé, is assumed independent tg for
simplicity. Using pseudo-critical properties of mixe in section 3.2.1 instead of true

critical properties generates

_”L _ 7/ Xchi _ 7/ nchi
7/nl(pc)_7/n1(R xizci)_’/nl R ani)
Vcl nchi
= - 2 ch,
R nz R( ng)
T Xi T N
Tesy= AR
y be” Tn R X Z
Vcl r]i Vci Xchi Tcl ni Tci
= XiTci[ - 2 ch]+ (_- 2 ) .
R nz R( nZz) R Xz 'n n

In the second and third terms on the right-hand efd84), noX; is involved, so

finf, _ 7(nZ) 19V (9SInz

ot K R L oL

7X, g TN VX, 91X,
_ 1 2, by, a 2 ) o Tb
= {N-b)2N +m) RT(V2+2bV-b2)2[(V+b)(V )+ (Vv b)m]
fal 1 1V 1lp N |

fn, RTV?+20V-b> "V #X, ZRT 7X,
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Using equations (63) and (64), and taking the oaefftsa andb in the Peng-

Robinson equation to be constant with respe# tior simplicity, we have

AR DV, + 0.019RT, -V, - 0_3074RTcl N 0.019RT, _m 0.2977RT, .
’/ Xl 2pc1 pcl 2pc1 r cl pcl
Finally,

1 2
a, =1- + -
P {(v- b)? Ve 7, ) RT(\/ +2bV - b?)? v 7n, (86)
fa 1 1 } m1 0.2977RT, a) '
© fn, RTVZ+2bV - b? P
where

b 1 nVcl c2 Xz(Vclzcz - ch ch)

=007780———="[V, - (—)ZC ]=007780 :

”nl ant:l+ nZZCZ ! n ch+ nZZCZ ! (Xlzcl+ XZZBZ)Z

” 1ZC2 \/CZZCl)
m_045724Q[ Hf,(ET)? ] UAXTH %) (x 7.+ X,2.,)

+ Xchl + XZ\/CZ x
>(lzcl + X2 ZDZ n

( cl” C2)

3.2.7 Thermal expansion ratio

Information for the thermal expansion ratio, or fliceent of expansion,

1
a, = \7(%) is availabld®*! for H, andO,. At an initial pressure of 760 mm Hg,

they are 3660:310° and 3674 10° respectively. At 1095 mm Hg, it is 365910°
for Hp. At 1000 mm Hg, it is 3676.30° for O,. But for a mixture, no experimental

data is available, so it is estimated with the falarof Smith et al®* as

0.04314
ay = (T. - T)oo
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whereT. will be replaced by the pseudo-critical tempemiiti. (66) of the mixture in

the present model.

3.2.8 Acentric Factor
An acentric factorw is used in the Peng-Robinson equation of states It

defined as
w=- |oglo(prsat)T,:07' 1.000, (87)

sat

where p* = p**/ p, is reduced vapor pressur€, = T/ T is reduced temperature.
At T, = 0.7, actual temperatuiie= T, T, = 0.7T,.

For H, T = 0.7T¢ = 0.7(-239.9+273.15) K = 23.275 K = -249.8%5. From

reference [B14],p** =2 atmat T = -250.2°C, and p** =5 atmat T = -246.0°C.
Using linear interpolation, we gepT™ 17 =22321atm,

(P7™)1 =07 =2.2321atm/12.8 atm = 0.1744 .
Substituting into equation (87), the value of theeraric factor is obtained as
w, =- 02415

Similarly for G, T = 0.7T. = 0.7(-118.8+273.15) K = 108.045 K = -165.105

°C. Interpolating betweep** =2 atmatT = -176.0°C and p** =5 atmatT = -164.5

°C, we get p*)_,=48422atm, P )_ ., =48422atm/49.7 atm = 0.09743.

Finally, the acentric factor becomesg = 0.01132
For a mixture, the following evaluation of the agenfactor is used in the

Peng-Robinson equation of state.

w=- |0910(X1F)riat + XZPrSZat)TP,:OJ - 1.000
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Ter is a function ofX;, so P™* must be evaluated by interpolation. Sifgemust be

betweenT,; andT,,, P’ is also between 2 atm and 5 atm as in the previass of

rn

single component.

3.2.9 Heat Capacity

The model of constant-pressure heat capaCify= (1%—?'_),) is rarely accurate

at high pressure. In the present model, it is ¢aled with the mixing rule of enthalpy

hm as

h, T,
( )pxl_ ﬂT ZﬂT’

the heat of mixture being ignored as mentioneckatisn 3.1.1.

0
From equation (57),ﬂ h _fih, 7oh . It is straightforward to get from
T 97 9T
(58) and (59) that
0 0

0 _gaR, M _g51ar. (88)

T T
From (62), it can be derived thaﬂﬂ & 5 v pﬂ-

1T +2bV, - b° T T

ConsideringV = X,V, = X,V,, we have% =X % From (63), it is obvious that

T, _ T

T 0T Taking the time derivative of the Peng-Robinsqguation of state

(56),
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R RT V., a@i+2h) 1V,
v b V- b)* TT (V+2bV b?)? T

Thus,
R
Vi _ V.- b _ RV-B)V V- B’
1T RT  a@,+2h) ~ RTVZ+2bV,- b)?- 2a(V, +b)V; - b)?’
V- b)? (V7 +20V, - b?)
Finally,
1o a R(V, - b)(V +2bV, - b)

- R. (89)

[ ' +X,pl

1T V2 +20V, - b? RT(V? + 20V, - b?)- 2a,(V, +b)(V, - b)?

3.3 Numerical Scheme

3.3.1 Computational Grid

For the spherically symmetric problem, only a omeahsional grid is
needed. A uniform interval along the radial directwill be used inside the droplet at
the initial instant. Considering the variation dfygical variables, a grid stretched as
power function is used outside the droplet, whielnagyates a relatively fine grid in
the vicinity of the initial interface, but a coarged at the far field.

(Dr),, =R, I N,

(DN = (Dr)(1+ €)™, iow=1,2, ...

iout
Wheneis 0, it is reduced to uniform grid.

In this practice, 10 nodes are used inside thelelrapth 1mm diameter. A
finer grid was also tested, but no significant eliéince was observed in the solution.

The outside grid region has a choice for bothnilmaber of points and the size of the
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solution domain. The criterion is to ensure thatdisturbance from the interface will

not arrive at far field during the period of intstieg.

3.3.2 Finite Difference Scheme

Since more attention is focused on proving the ephof the model at this
stage, the quantitative accuracy of the numerida¢iie is not a key point. A simple
explicit backward scheme (FTBS, forward-time-bacidvspace) is appropriate. This

classic scheme is numerically stable for the medeahtion

u + a."—u =0 (a>0), (90)
9 x

It
when/ = aE £1. (91)
Dx

But, in the case of droplet evaporation, the radigocity would not be
necessarily positive everywhere. The discontinattyhe interface is also difficult to
catch. To get a more stable result, an explicit {@acmack two-step predictor-

corrector method is used. The discretized schemegieation (39) is:

Predictor stepX; = X/ + DX/; (92)
Corrector stepX,/*! :%(Xf + X! +DX), (93)
. j . Iooxd o
where DX =[- — 1 (R3,)i - Jia” X iy (94)
ﬂ' (mz)iJ - 0
DX, =[- #(NJQ? - wuj]ui : (95)
n (M), -l

For clarity, the original subscript “1” for specissdropped. Equations (37), (38) and

(40) take similar formats.
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The gradients of fluxed; and g actually result in terms of second order
derivatives of the primitive variableX;, p, T in the difference equations. In this
implementationJ; andq are evaluated using forward differences and tlaglignts
calculated using backward difference, resultingaircentral-difference scheme for
those second-order derivatives. Takas an example. From equations (44) and (45),

g =- kRT(J,), - kre i (96)

i+1

where

Xa-X .11 X, X .

(Jb)i =n(D )_{(aD)_ i+1 iy [(mz -m 1) P~ B
i+1 7 ri RT m n Mevin = T,

T . (97)

+ (X, X,);(mh, - mzhl) Ti]}

The second order derivative in the viscous st;%egs is discretized by
r

2

[( U~ ') ( Y- i'1)]. The first order ofu in the dissipation of energy
(ri+1' ri) ] - fi
equation is discretized a&[( Ui~ I)+( u-u i'1)]. They are standard central

i+1”
difference when the grid is uniform,.; — U = uj— Uj.1.

Referring to (91), the time step size is chosen as

Dt = O.SM. (98)
|U| + amax

max

Because this is not a strict derivation, the spesbund is only roughly estimated as

if it is in the aira,,, = /14 Pax! 7 min -
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A complete explicit method is used here. In spftelbits drawbacks, it seems
necessary with need to model all the various ocdefits. The time-proceeding
computational procedure is outlined here.

1) Give initial condition in pressugg temperaturd, mole fractionXy, velocityu and
geometry.

2) Use the thermal equation of state (63) to geittear major variable during
solution, molar concentratiom. Since Peng-Robinson is ndtexplicit, a numerical
method to solv&/ from p and other variables is important. See Appendix 2.

3) Calculate time step size.

4) Solve fundamental equations (37) through (40ngustwo-step prediction-

at first

correction to gen, u, X; andT at new time step. Solve (39) to ggtand 1 >:1
in each iteration, as it will be used in (37).
5) Calculatep from equation (65) for use of next time step.

6) Output result at specified time step.

7) Repeat from step 3).

3.3.3 Formulation of Pressure

Since pressurp is one of the major driving forces in the wholegedure,
and the finite difference form of its derivative iimiportant to the result. When
calculating mass and heat fluxes, a forward diffeeeis used. For the spatial

difference in the energy equation, it takes a edalifference form:

ﬂp _1 P- B P - Py
G =Rl (99)

I’|+1 i i-1
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Pressurep depends on other major unknownsu, X;, and T through the
equations of state in a complicated whyis very difficult to evaluate from EOS
(65) accurately. Especially for the liquid state fact “incompressible”) or the state
of high temperature (above critical point) but lowthe deviation ofp calculated
from n could be significant to the result. To improve ttwnmputation,[p = p — po,

wherepy is the initial value of the pressure, is updatesieaad op in each time step.

3.3.4 Atrtificial Viscosity
The discontinuity at an interface needs to be deil, at least at the initial
instant. Artificial viscosity is applied to catdhet discontinuity better.

(DX ) e = (DX); + (X3 = 2X, + X,). (100)

i,modified
The same forms are used in all four fundamentab&ops. The coefficient is

chosen around 0.005, but the coefficient usedemtbmentum equation must be 100
times larger than the other 3 equations to obtastable result. A possible reason is

that since the velocity in this problem is actually around zero, oscitiateven in a

limited range would overrun the physical changeeabcity.

3.3.5 Numerical Model of the Surface

There are at least two ways to treat the interfagmerically. The first is to
solve the two separated regions inside and outbiglenterface, whenever it exists,
and use the boundary condition at the surface tchpthem together. The obvious
problem with this approach is when the interfacesdaot exist, e.g., when the droplet

surface is heated over the critical point, or wilea existence of the interface is
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unknown, the solution will subsequently fail. Trecand and preferable choice is to
consider the interface as part of the solution #n@dwhole region is treated as one
solution domain. The problems to be addressed ©h san approach include:
determining whether the interface or discontinwfydensity exits; identifying the
moving of the interface or the radius regressiothd interface does exist; using the
latent heat relation instead of the energy equatidhe system when phase transition
occurs.

When the surface is between naodendi +1, the conditions (52) through (55)

will be cast in the following form:

Q.-G = Lb Fems (101)
d_Rj =Uu - i I:ems (102)
dt r
Uy =U - ( 1 - i) I:ems (103)
ri+1 ri
3,23, (104)

As one of the most interesting variables to beistijdhe radius of the droplet
will change (regress) continuously during the psscef evaporation. Thus the
surface of the droplet cannot be kept on a knowdh wde for a fixed grid network.
To calculateFens an interpolation of variables is made on the twedes around the
interface by using the distances as weighting facto practice, if the surface is very
close to a node, saywe always suppose it is betwaeandi+1. In other words, we
suppose nodeis inside the droplet, or on the surface, to aymdsible ambiguity in
the formulation. As for the variables like mass @t fluxes at the node near the

surface, it is more reasonable to evaluate thasestérom neighbor nodes on the
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same side with itself. At next time step, the if#gee condition will move to a new
interval of nodes when the solution indicates dwdd do so.

Besides the detection and moving of interfaces riantrivial to comput&ens
It is an extra unknown, and not determined by theildrium physical properties,
although we are using thermodynamic properties asa an equilibrium

approximation.
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4. Results of Numerical Experiments

4.1 EOS and Properties

4.1.1 Equations of State

Basically, the EOS in this model is a modified P&abinson EOS. The
Peng-Robinson EOS is a widely used cubic EOS. Eigéris a graphical
representation of this equation for the case otentration X=0 (pure oxygen). The
eleven curves, respectively, correspond to the éeatpres T = 59.75, 78.67, 97.59,
116.51, 135.43, 154.35, 173.27, 192.19, 211.11.033@nd 248.98. The &" curve
displays the result at the critical temperaturé.25°K. Actually the pattern of these
curves is very close to that of Van der Waals E®Sile it may describe both the
liquid and gas phases, the region of phase chaagddbe inserted artificially, as
shown in figure 7. Then figures 8 and 9 show thaultefor pure hydrogen, at the
temperature of 19.05, 21.89, 24.73, 27.57, 30.81253 36.09, 38.93, 41.77, 44.61,
and 47.45°K. Figures 10 and 11 present the results for aturéxof equal molar
concentrations oD, and H, (X;=0.5), at the temperature of 39.40, 50.28, 61.16,
72.04, 82.92, 93.80, 104.68, 115.56, 126.44, 13aBd 148.20K. Figure 12 shows
the result when the EOS is in explicit form of vole (getting v from p), using the
same EQOS as figure 6. It seems trivial since timeesuare the same as figure 7, but it
is important and non-trivial to solve for the volarftom the EOS. See appendix 2 for
the numerical method to solve the equation.

In the present implementation, pressure can be gtedpas a function of

temperature, molar volume and species concentratipthrough different types of
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EOS’s which have been incorporated in the model eand be chosen by a flag
variable in the code. EOSs include the Van der ¥/a@éng-Robinson, and Peng-
Robinson with phase-changing region inserted. figoe is a choice as to whether to
include the volume modification.

Figures 13 and 14 show the effect of species cdraten X; on the molar
concentratiom and density” of the mixture, in which temperature is given a200
°K and pressure P = 1 atm. The density’s dependam¥g is approximately linear in
the present case, but that is not necessarily alivag.

Figure 15 is an enthalpy graph. In other wordslisplays the caloric EOS’s
based on equations (88) and (89). The graph is m@lgdor 1 atm pressure. The five

curves correspond ¥ = 0., 0.25, 0.5, 0.75, and 1, respectively.

4.1.2 Heat Capacity and Viscosity

Figures 16 to 21 exhibit the specific h€gi. Figures 16 and 17 are for pure
hydrogen, 18 and 19 for pure oxygen, and 20 anfb24 typical mixture (X = 0.5).
Two figures are made for each case since the vednge at sub-critical and
supercritical conditions are different in the ordémagnitudes. Note that for the sub-
critical caseCp s infinite (or not defined) in the phase-trargitregion.

Figure 22 shows the viscosity at temperatures fiO@K to 300K, but the
pressure is fixed at one atm pressure. The fivevesurcorrespond to different
hydrogen concentrations of mixture from O (pGxg to 1 (pureHy). The curve on the

top is for the case of; = 0.



69

4.1.3 Other Coefficients

Figure 23 shows diffusivity at 1 atm pressure. Tifeusivity evaluation has
to be improved after considering the fact that lgas a much larger diffusivity than
liquid, typically 1d times.

Figure 24 shows the thermal expansion rag, at l1atm initial pressure.
Figure 25 is for conductivity. It is not formulateg a function of pressure. Figure 26
is for the coefficientap plotted at 1 atm pressure, which describes theatlexi from

the ideal mixture.

4.2 Vaporization and Diffusion Processes
4.2.1 Typical physical and geometric condition

In the experiment of reference [P-8], the diamefethe n-Pentane droplet in
nitrogen surrounding is 180@(1.8 mm), where the temperature is 88)(1335.65
°K), and the pressure varies from 200 to 1400 g=®ial.4 to 9.7 MPa). In reference
[P-9], the operating conditions of three differe@atket motors are listed as in the

following table.

Motor Type Condition Fuel Injector Oxidizer Injector | Combustor
H-1 (Saturn 14 Temperature (K)| 297.0 90.2 3329.5

B S-1B Stage) | Pressure (MPa) 5.36 5.43 4.5

F-1 (Saturn V| Temperature (K)| 294.3 89.5 3546.0
S1-C Stage) Pressure (MPa) 12.8 11.0 7.8
Space Shuttle Temperature (K)| 879.0 126.0 3700.0
main Engine Pressure (MPa) 24.8 33.0 22.58
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Critical properties of three typically involved sténces are in the following

table™ .,

Substance Critical Pressure (MPa) | Critical Temperature (K)
Hydrogen 1.3 33.3

Oxygen 5.04 154.4

RP-1 2.344 685.95

In a typical example, the fuel (droplet) and oxatifsurrounding) are chosen
to beH, andO,. Referring to the foregoing actual condition almdsidering that the
present computation is focused on supercriticainpheena, the following initial
parameters are typical. The radius of droplet390.001m. The initial pressureps =
10 atm = 1.0132510° N/m?. The temperature i§ = 300 K. For demonstrating the

model, various parameters and configurations atedan the next section.

4.2.2 Simulation Results
(1) Above Critical Point

The first numerical study presented here is the d¢eeginning at an initial
temperature of 20& throughout the solution domain. Pressure is 1. atvile
pressure is low, the temperature is above thecalitondition. At the initial instant,
the spherical "droplet” region is occupied by poxggen. The outside surrounding is
pure hydrogen. The oxygen sphere is actually in gae phase, but there is a
discontinuity of density and concentration at theeiface. Inside the interface, the
density of oxygen is 1.957kgfmOutside the interface it is 0.1219 kd/rfor

hydrogen. Since the density difference is relayivaghall compared with a real liquid
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droplet, and the equation of state is not used thestwo-phase and transition region,
the numerical solution is easier than for the eaiie a two-phase initial condition.

The choice of putting oxygen inside is based onititent to extend to a
higher nearly uniform initial temperature whéx is in liquid state andH, is in gas
phase.

Figures 27-1 through 27-6 show the time-dependeotgss in which the
initial distribution of temperature (27-1) chandgesa valley and peak pair around the
original interface between two species. Figured 2G-27-6 present the distributions
respectively at six computational time steps of@), 200, 500, 1000 and 2000. The
corresponding physical time is respectively 0, @, 0.9 10°, 2.3 10>, 4.6 10°,
and 9.2 10° seconds,

From analysis of the actual computation procedases by the model, it is
revealed that the major contribution of the tempeeachange comes from the term
for the mass flux gradient in the energy equatibn Though initially there are no
gradients of temperature and pressure, the disuotyti of species concentration
combined with the difference of unit mass enthalpgults in the change of the
temperature, in spite of the fact that the moldaha&lpies of the two sides are actually
very close to each other.

As time proceeds, the range of this valley-peaktistched out. However,
because there is still a larger gradient of comeéinh and unit mass enthalpy, the
amplitude keeps growing at least until 0.1 millzed.

Figures 28-1 to 28-6 show the velocity distributatrthe same time sequence

as in Fig. 27. The pattern of the valley-peak dbeiy is more complicated than that
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of temperature, but it is quite obvious that thelsstortions are being smeared.
Basically the results show that the mixture inghieinterface moves globally toward
the center, while outside the interface, the glefeddcity is outward. The result is not
surprising after considering the fact that hydrggehich has a lower density than
oxygen, diffuses inwards.

Figures 29-1 to 29-6 present the changing pressAlthough at the
beginning, the pressure jump results from the teatpee discontinuity and the large
gradient of concentration, the pressure tends ¢orbe uniform as the time proceeds.

Figures 30-1 to 30-6 are the time sequence ofdheemntration distribution. It
is clear from these figures that the two speciesuadergoing mixing. Figures 31-1 to
31-6 show the density changes, which are calcul&tech the results of molar
concentration of mixture and mean molecular weight.

To show the results more vividly, Figs. 32 and 38spnt the sequences of
concentration and temperature distribution, respelgt in a photo type of image. In
Fig. 32 the white color represents hydrogen andkbtxygen. The grayscale shows
concentration. In Fig. 33, the median gray staraisiditial temperature and the
lighter color shows higher temperature.

(2) Higher Pressure

Figures 34 to 38 are the results for the casepaessure of 10 atm, which is
much higher than the previous case, at the tinpe 2000. Figure 34 shows pressure
keeps constant because either perturbation or errdiis case is smaller comparing
the absolute value pressure. Figure 35 displaysalarost identical temperature

distribution as at 1 atm. This shows that pressaie no significant direct influence
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on the temperature change near the interface. &loeity change in Fig. 36 is larger
than at 1 atm. The distribution of the species eatration and the density in Figs. 37
and 38 are almost the same as at 1 atm, exceptehsity is proportionally larger.

The next numerical test is for the case of 50 atesgure, which is above the
critical pressures of both species. Pressure $99.has a larger change near the
original interface than the low-pressure case. Oplagameters do not change much.
Figure 40 shows a temperature “valley” that is ¢$emalFigure 41 shows a
proportionally larger density distribution.

(3) Liquid Droplet

When the droplet is in the liquid phase, the dgndifference across the
interface is much larger than in the gas phase egations of state will be used over
the two-phase transition range. Since the modebrbes less stable numerically,
computational cases at the lower temperature ichvbnly gas phase is involved are
tested first. Figures 42, 43, and 44 show the tesofl density, temperature and
concentration for the case of initial temperatu®°’K at 500 computational time
steps, while pressure is still taken at 1 atm. pileeedure is then to gradually lower
the initial temperature, which makes the numergmltion tend to be less stable.
Figures 45, 46, and 47 show the modeling results am initial temperature 9K.
This temperature is slightly above the boiling pa@hoxygen. The results from these
two cases are rather similar qualitatively. Alsoe only difference between these
results (at initial temperature 100and 9EK) and the higher initial temperature case
presented earlier, is that the temperature changesarger scale and the distribution

curves are more complicated around the interfabe.résults shown in Figs. 48, 49
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and 50 have an initial temperature°R1for inside the droplet while outside the
droplet, the temperature is T®0 That is, there is a difference in the initial
temperature of the two species. There is no sianti difference in the results of
these three cases. It should be mentioned thatl smaberical oscillations of

concentration appear on the hydrogen side of tleeface in all three test cases.

As the initial temperature is lowered under oxygdnoiling point, the results
become quite different. The temperature changes rdaastically during the mass
transportation process. The artificial viscositys Ha be adjusted in the numerical
scheme to get a stable solution. Figures 51, 52 58rare the distributions of density,
temperature and concentration at the time step@ng from an initial temperature
of 9C°K uniformly. Numerical oscillation of the concertita is very obvious on the
oxygen side. After applying a physical constraiot €oncentration, which ranges
from O to 1, the corresponding results are showrigs. 54, 55, and 56.

What is most remarkable in the solutions is thditpieve difference between
results for initial temperatures of & and 90K. The latter, i.e., at the initial
temperature of 9K, is under the boiling point of oxygen, 90°k5 The change of
temperature around the interface is in oppositection of all the gas cases. That
change comes from the inward diffusion of hydroges, whose enthalpy is much
higher than that of liquid oxygen. In reality, ttiéfusivity in the liquid phase is much
lower than that of gas, as mentioned before. Timéirmaous model of diffusivity over
the two phase range is too rough. The latent Hesdraed when liquid changes into

gas also counteracts that trend of temperature gehaimhe results imply that
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modeling diffusivity accurately and integratingdat heat in the caloric EOS are very
important to make the present model complete.

The density near the origin of the droplet is iaficed strongly by the
numerical oscillation, which is closely relatedti® numerical boundary condition
there.

The interface treatment was not implemented in #bm®ve result for
simplicity. So the whole process is dominated bijudion. On the other hand, the
difference between liquid and gas diffusivitiesnist modeled accurately enough.
There is a difference of the order-of-magnitudéhm diffusivities between the liquid
and gas phase. Both problems are coupled to makeaesult of liquid droplet
tentative. Nevertheless, the temperature distobuin the above results strongly
suggests that the droplet could be heated up ¢wecritical condition before it is
completely vaporized.

One of the fundamental difficulties in incorpor@tim separated interface
condition into the model is how to establish a ptalyy accurate model of the
interface condition; especially how to calculatel arse the mass emission ré&ig,s
The possible implementation of the interface bowpdandition is discussed further
in the next section. As long as the interface saaly blurred for the supercritical
conditions, the above stated problem does notentta the model.

An interesting phenomenon in the two-phase casbhespressure peak that
appeared around the interface. Figure 57 showsetudt: the conditions are the same
as in Figs. 54 to 56. It is not clear which factorthe model contributes to this

phenomenon the most.
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(4) Effects of Numerical Schemes

As mentioned above, artificial viscosity is im@ont in obtaining meaningful
results. In the gas cases, a 100 times largercatiViscosity is used in momentum
equation than in other equations to obtain thelstatlution. In modeling two-phase
cases, an artificial viscosity 100 time larger ineegy equation is also needed.
Without adequate artificial viscosity, the temparatchange rate due to discontinuity
is actually of infinite, so numerically it bringsher parameters outside the physical
range. As a result, the numerical solution fails.

The boundary conditions at the origin affectsrémults as well, as we can see
in the above two-phase case at an initial tempegatti 90K. Another example is
presented here to show the difference. Figure$%8and 60 display the results at a
lower initial temperature of 8&. They are similar to the case of°80 The origin
conditions used are

T(1) =T(2);

p(1)=p(2);

X1(1)=Xa(2),
and molar concentration of mixtune at origin is calculated from them. These
conditions are basically interpreted as no gradiérgolution variables at the origin.
If a difference condition fon, i.e.,n(1) =n(2), is imposed, the results are shown in
figures 61 to 63. The density distribution is moeasonable than before since the
density is directly related ta

Other factors that could affect the numerical sohs include computational

grid, time-step length, different methods to diizee pressure derivative, far-field
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solution conditions, and far-field boundary locatidMost of these were tested and
chosen to have the present values as introdudde iprevious section. All the results
presented here were obtained on a uniform gridlof@ints. Ten nodes of the grid
are in the inner part (“droplet” region) and 300des are in the outer region
(surrounding). A finer grid and a corresponding kendime step, a grid which is

gradually stretched away from the droplet, and allemtime step on the same grid
have all been tested and they hardly make a nblieedanges in the results. Since
the pressure is computed from the basic variableishvare solved for system of
equations at each time step, a smoothing treathmnbeen used, which is in effect,

to add a term of artificial viscosity.

Figures

Figure 6 Peng-Robinson EOS for Oxygen



Figure 7 Peng-Robinson EOS for Oxygen, transitiomicluded

Figure 8 Peng-Robinson EOS for Hydrogen
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Figure 9 Peng-Robinson EOS for Hydrogen, transitiorincluded

Figure 10 Peng-Robinson EOS for mixture
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Figure 11 Peng-Robinson EOS for mixture, transitiorincluded

Figure 12 Peng-Robinson EOS, volume explicit
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Figure 13 Molar concentration of mixture to speciezoncentration

Figure 14 Mixture density to species concentration
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Figure 15 Enthalpy to temperature

Figure 16 Cp of hydrogen, low temperature
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Figure 17 Cp of hydrogen, high temperature

Figure 18 Cp of oxygen, low temperature
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Figure 19 Cp of oxygen, high temperature

Figure 20 Cp of mixture, low temperature
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Figure 21 Cp of mixture, high temperature

Figure 22 Viscosity to temperature
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Figure 23 Diffusivity

Figure 24 Thermal expansion rate
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Figure 25 Conductivity

Figure 26 Coefficientap
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Figure 27-1 Temperature, 200K, step 0

Figure 27-3 Step 200

Figure 27-5 Step 1000

Figure 27-2 Step 100

Figure 27-4 Step 500

Figure 27-6 Step 2000
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Figure 28-1 Velocity, step 0

Figure 28-3 Step 200

Figure 28-5 Step 1000

Figure 28-2 Step 100

Figure 28-4 Step 500

Figure 28-6 Step 2000
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Figure 29-1 Pressure, step 0

Figure 29-3 Step 200

Figure 29-5 Step 1000

Figure 29-2 Step 100

Figure 29-4 Step 500

Figure 29-6 Step 2000

90



Figure 30-1 Species concentration, step 0

Figure 30-3 Step 200

Figure 30-5 Step 1000

Figure -20Step 100

Figure 30-4 Step 500

Figure 30-6 Step 2000
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Figure 31-1 Density, step 0

Figure 31-3 Step 200

Figure 31-5 Step 1000

Figure 31-2 Step 100

Figure 31-4 Step 500

Figure 31-6 Step 2000
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Figure 32 Species Concentration

Figure 33 Temperature

Figure 34 Pressure, 10atm, step 2000

Figure 36 Velocity, 10atm, step 2000

Figure 35 Temperature, 10atm, step 2000

Figure 37 Coantration, 10atm, step 2000
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Figure 38 Density, 10atm, step 2000

Figure 40 Temperature, 50atm, step 2000

Figure 42 Density, 100K, step 500

Figure 39 Pmse, 50atm, step 2000

Figure Aensity, 50atm, step 2000

Figure 43 Temgeure, 100K, step 500
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Figure 44 Concentration, 100K, step 500

Figure 46 Temperature, 91K, step 500

Figure 48 Density, 91K-100K, step 500
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Figure 4Bensity, 91K, step 500

Figure 47 Caentration, 91K, step 500

Figure 49 Wgperature, 91K-100K, step 500



Figure 50 Concentration, 91K-100K, step 500

Figure 52 Temperature, 90K, step 200

Figure 54 Density, 90K, X constrained,
step 200
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Figurl1 Density, 90K, step 200

Figure 53 Caentration, 90K, step 200

Figure 55 Temperature, 90K, Xconstrained,
step 200



Figure 56 Concentration, 90K, constrained
step 200

Figure 58 Density, 80K, step 200

Figure 60 Concentration, 80K, step 200

Figure 5Pressure, step 200

Figure 59 Conceation, 80K, step 200

Figure 61dhsity, new origin condition,
step 200
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Figure 62 Temperature, new origin condition,
step 200
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Figure63 Concentration, new origin condition,
step 200
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5. Discussion

5.1 Existence of Droplet Surface

Although one of the most amazing characteristics of the dropletr unde
supercritical condition is the “blurred” surface, it is stilicessary to deal with the
surface and the condition on it in case it would exist, or in othedsyohe droplet
has a clear surface instead of the blurred one. Basicallyigthid In the droplet is
always at sub-critical condition before it evaporates. We carr maMate a problem
in which only a supercritical condition applies. For clarity, we diseuss this from
two different points of view.

The first is the distribution of pressure
and temperature at a certain instant. In this
case, it is in principle easier to determine

whether a droplet has a blurred or clear

surface. Figure 64 is a typicpdT diagram. If
Figure 64 State Near Critical Point

we suppose the same substance is inside and
outside the droplet, we can use it to explain the blurred surfa@. tNe critical
point, there are two possible continuous distributions of pressure andratunge
from stateA to B, on curveACB or ADB. The curveADB crosses the evaporation line
and the intersection point is where two different phases borderatheh If the
distribution is alongACB, the droplet is blurred.

Another point of view is when we consider the time dependent process of

state change at a certain position or of a certain partiddgrdnge or Euler point of
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view has nothing to do with what we are discussing here.) In tbés & us consider
Fig. 64 as ap-T diagram in the usual sense. The problem is actually no longer
whether the surface is blurred or not, but whether phase transitions.otictine
change is along curvACB mentioned above, it will be continuous without phase
change. We need not consider density discontinuity and latent heatwi®&herhase
change and the condition on the interface have to be considered on aaosze a
evaporation line, likeADB. The problem in practice is that the equation of state in
use, no matter be it in the analytic or numerical in form,tbasgll us whether the
fluid is in the liquid or gas phase. The reason is that, although the egations we
use, like the Peng-Robinson EOS, includes both phases in its solutiorhawey
multiple solutions in the portion of evaporation procedure instead of toilokestcr
physically. The solution could change continuously along caf¥Bto an unphysical
one if the equation can not determine the actual phase only by premsdr
temperature.
Isothermals based on the cubic equation
are shown in Fig. 65. When the temperature is
below the critical temperature, theT curve has a
portion with multiple solutions. A straight-line
section AB corresponding to the phase change

procedure should be used instead of the portion of

Figure 65 Isotherms Near Critical Point multiple solution. We have two choices to
determine the saturation pressure, or the

coordinate of the lineAB. One is using the tabulated value to equation-fit or
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interpolate for specific substance, like oxygen or hydrogen in #sept work. This
method is definitely feasible. Another method is more genericnbets further
discussion on the detailed implementation. That is numerically sollimdlaxwell
equal area law, which states that the areAdid equals area dDNB. Superheated
liquid or super-cooled vapor is called a secondary stable equilibridnghws
ignored in the present model.

Usually the substance in phase change can be described in bulk by the
proportion of vapor phase from which a specific volume is determinedvasxvs +
(1-X)va, Where subscripts A and B denote liquid and vapor phase respectively. But
the present droplet model, we can use this method to assign adilan volumeV
for the node at the interface, while only one phase could be confirmedyasther

specific position.

5.2 Evaporation Rate

Whenever the interface does exist, the continuous fundamental equations do
not apply because the derivatives are not defined. The solutionstimatseparated
regions bordered by the interface have to be connected by énadet conditions
(52) to (55). With these equations, we are able to determine fowr extiables

which cannot be determined from the fundamental equations. They are the

discontinuities of heat fluxy® - g, species fluxJ; - J;;, velocity uS - u;, and the

dR,

regression rate of the droplet radiagt—, supposing we know the latent hégt(of

the mixture) and the mass emission fls Equation (55) is de-coupled from the

other three. The key point to solve the first three equations iseondee the mass
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emission fluxFems Or the evaporation rate, which is not determinable in this case
from the equilibrium thermodynamic properties.

The discussions of evaporation rate in classical texts a@stbi about the
equilibrium state. But in the present problem, we have to determirevép®ration
rate for a non-equilibrium procedure. Its value is important to thestiie surface of
the droplet, and cannot be determined from other variables, which @a&lac
equilibrium thermodynamic properties, in principle. J. Harstat proposed the
relation (49) based on the molecular theory.

But it is not easy to get the exact values of these variablesimpler
formulation to approximate them based on equation (49) is proposed and tested in this
research. The accommodation coefficient is assumed to be 1, whisinat all the
vapor molecules colliding with the surface of the liquid is condensedalarite
liquid molecules reaching at the vapor surface is evaporatedndit inecessarily true
in practice. It is chosen for simplicity after considering theturate estimation of
accommodation coefficient is not available.

The concentration in equilibriumg is obtained using = 0.0160PsfT %,
where Psy is saturation pressure in mmHg amnds in °K. The values ofeqi for
hydrogen and oxygen at G.7are 222.5 mole/frand 104.0 mole/frespectively. As
for saturation pressure, two choices were mentioned in the previdiensé€dr, a
reference value at certain temperature can be used, say flus equatiorp = po
exp(L/RT).

As mentioned in section 2.4, the mean normal velocity of a molegutan

be calculated for an ideal gas by
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RT .2
Up = (m)2 (105)
]
or for a pure liquid by
RT |V
Uy = n (—)SGXD( bDG,) (106)

whereDG, =0.408Dh,, - RT) .. . Exploring further for a more generic case will

not be conducted as part of the present studyth&udiscussion can be based on
calculating the values at a typical condition. 80K, which is the film temperature
in the previous numerical model, the value for logdm from equation (105) is
323.7m/s, that from equation (106) is 4413m/s. Bxygen, the two values are
respectively 81.34m/s and 658.3m/s. In both casss|ts for the liquid are several
times larger than for gas. More research is ne¢dletbtermine if this conclusion is
true. A simple average of the values from equat{@%) and (106) was proposed to
be used in equation (49) to implement the modehefinterface. Considering that
latent heat and saturation pressure are still fonst of temperature, further

simplification is necessary for development of thedel.

5.3 Surface Tension

Another difference between “blurred” surface antt&c’ surface that has to be
taken into account is the surface tension in thee @ a “clear” surface. In fact,
surface tension plays an important role in phasege.

Let us consider some basic facts of surface ten&onthe droplet in
equilibrium. First, pressure in the droplet at sheface pgy, has to be larger than that

of outside vapor pressung, to maintain the mechanical equilibrium.
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2s
pd = pv t—, (107)

R

where s is the surface tension am) is the radius of the droplet. Referring to that

relation for an equilibrium case, we can presunesgure dlscontlnwtyR—d instead

of continuous pressure on the droplet surfacearptiesent dynamic problem.
Second, the vapor pressure above is different ftbe vapor pressure

(saturation pressure) on a plain surface. Thereifflee can be described as

2s p
(P, - Py +—=)V=RTIn—, (108)
° Rd va

wherep,o is the vapor pressure at a plain surfads,the molar specific volume of the

droplet at the surface. In most practical problems,- p, <<% is valid, producing

P, _ 25V

In = : (109)
Po RTR
Rearranging equation (105), we get the definitibaritical radius
[=_ 2V (110)
RTIn P
va

Under certain vapor pressupg conditions, ifRy > r¢, the droplet will grow by
condensation; iRy < r., the droplet will evaporate until vanish€4>. That means
that only the droplet with, at smallest, the caticadius can exist in equilibrium if the
vapor pressure does not change. But the actualoeatagn process usually begins

with an outside stimulation other than the fluctomt
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Surface tension could be an important factor anignsred in the previous
models, but it is critical to have correct data $arface tension of certain substances
to make an improvement in modeling. If a mixture dfferent components is
considered, it is a significant problem to devetopeasonable mixing rule. The first
stage for the future study is to develop a procedor evaluation of surface tension
s for the species of the droplet or the mixture aarneritical condition, as those

discussed in R. H. Perry’s handbd#'.

5.4 Future Improvement of the Model

To make the model applicable for more general calesed and/or free
convection in the droplet surrounding, multicomparfeiel, existence of combustion,
and effect of spray are some of the foreseeabterwhich must be integrated in the
model. Besides the complexity of the mathematigahtilations, these additions will
make the numerical solution even more difficult.offmer important aspect to be
improved, which will impact the framework much,tie refinement of the model of
various parameters and coefficients. For examgie, \tiscosity #and the heat
conductivity k of the mixture, the mutual diffusioB,, and the ratio of thermal to
mutual diffusionkr, can be modeled more accurately. It is also ingmbrto generate
comprehensive experimental data to validate alitloeels. A correct mixing rule of
critical propertiedl¢, P¢ is also a significant factor in this model. Whearmthan two
components are considered, the mixing rule becanuge challenging.

To deal with the boundary condition at the inteefamore information such as
accommodation coefficiend;; of each species is required, with which tremendous

difficulties are associated. If the droplet consamultiple components, the problem
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becomes more complicated. Even the determinatiora @imple parameter like
boiling point Ty, used in the model is difficult. The latent heatvaporizationZhyap

of each species or diffusion coefficiddt etc., which are functions of other variables,
require great effort to model.

Besides the mathematical formulation, the numesgcheme to simulate these
equations constitutes a major challenge. For exanastificial viscosity for certain
difference schemes, like the one used in the ptesedeling, is crucial to control the
strong numerical oscillation at the discontinuifyttie droplet surface. The choice of
artificial viscosity seems arbitrary, but the plogsbehind it plays an important role.
An appropriate difference scheme is important farcessful implementation of the
model. It changes the model from being impractiogiractical if a workable scheme
exists, or vice versa. An implicit scheme is a gobdice to improve the model in the
next step of research. It will enhance the numestability and enable a larger grid
size. An improved grid, such as adaptive grid, wiko make difference in the
modeling results. Since the gradients of variablesdifferent in order of magnitude,

the adaptive-grid technique should be helpful fgutaring these unknown variations.



6. Conclusion

6.1 Major Improvements in this model

1) Equations of states applicable to the supetafittondition are used. Actual
EOS ofH, and O, are formulated and integrated into the model. dldy is this
method applicable in the range of supercriticalditbon, but the specific phase is to
be determined by the model itself too.

2) Thermodynamic properties are systematically rreatlas function of pressure,
temperature, and compositiontés-O, mixture. These models generally cover liquid,
gas, and supercritical states in a universal forhe defect of previous model with
constant or pre-determined properties is also aesknd

3) Transport coefficients are modeled as functiohpressure, temperature and
composition. Although the present result is to s@xent only a conceptual one, it
open the possibility of generalization.

4) General form of transport phenomena is consterduding Sorot and Dufour
effects. No all the components are equally sigaificin specific examples, but this
methodology makes the model much more general. Ewaplementations are made
for individual cases, a universal transport modelvpd feasible by this study is
helpful.

5) Complete unsteady model is evaluated. All thaad®ns caused the pseudo-

steady assumption are thus eliminated.
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6.2 Drawbacks of this model

1) No convection is considered. Due to the restmiciof spherical symmetry,
convection has been ignored in the models. The ricatesolution for the problem
with convection will be much more difficult.

2) Only two specific specief), and H,, are considered due to the potential
application for the national and international iets. Equations of state have to be

developed for every involved species and for thetume in the model.

6.3 Important topics for future research

Even in such a universal model, some interestigigels in applications are not yet
addressed. They could be either included in theréutmprovement, or considered to
guide the development of the model. Among them are:

1) Effect of convection;

2) Effect of combustion and the modeling of comlmustaround the droplet,
which often exists in practical application;

3) Effect of spray;

4) Multiple components, either of droplet itselfadrthe surrounding.

Although there are still a lot of issues to be heso to refine the model, the ideas
presented in this research form a new integratachdwork to simulate and study

droplet phenomenon, which goes from subcriticaicad to supercritical states.
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Appendices

Appendix 1 Properties of H, and O,

11z

Parameters H O,
Critical temperature°K|°C) | 33.2/-239.9 154.4/-118.8
Critical pressure (kPa/atm)| 1300/12.8 5040/49.7
Critical density (18kg/n?) | 0.0310 0.430
Critical volume (10 m¥mole) | 65 74
Critical compressibility 0.3297 0.2745
Molar weight (106° kg/mole) | 2.02 32.00
Normal boiling point {K|°C) | 20.45/-252.7 90.15/-183
Melting point (K) 14.01 54.8
Heat of vaporization 216 1629
(cal/mole)
Ur as ideal gas at 160K | 323.7 81.34
ur as pure liquid at 160K | 4413. 658.3
Temperature when -250.2 -176.0
psa=2atm(C)
Temperature when -246.0 -164.5
psa=5atm(C)
Psarat T=0.7 (atm) 2.2321 4.8422

T, °K/°C)

23.275/-249.875

108.045/-165.105

Nequi at T=0.7 (mole/m)

222.5

104.0
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Appendix 2 Algorithms of Equation Solution

Peng-Robinson equation of state is pressure éxpldhen we want to gev
(thenn) from p, a cubic equation of has to be solved. By the method of Newtonian
iteration, we can get solution df(x) =0 if x,, =x - f(x)/f(x),i=1,2, ..., can
converge. However, this method is too sensitivéh&‘correct’ initial value ok. In
this program, if we use simpler equation of stateideal gas to estimate the initial
value ofV, it turns out not to converge to the raal If using more complicated
equation of state, as van der Waals equatiorsetfits as difficult to solve as Peng-
Robinson equation.

A combination of Newtonian iteration and bisectimethods is used in this
program. Central point of the supposed region wketation exists is chosen as the
initial value. When using Newtonian iteration, hietnew value is out of region, or the
change is too small, using bisection method tonget x..1. The subroutine RTSAFE
is adapted fromHandbook of FORTRAN77 Algorith(by He, Guangyu, Science
Press, China, in Chinese).

Appendix 3 Computerized Diagram of Viscosity

The computer program called VIS.FOR is developexetan figure 3-44 in
Chemical Engineers’ Handbodk R. H. Perry, which is used to look up vicosfy
gas for different temperature under 1 atm pres3tRL.QD.FOR based on figure 3-
45 is the counterpart of liquid.

To find out a value of viscosity, we should havep@nt on the left side
vertical axis representing the temperature, andiat pn the mesh for each specific
substance since every substance that can be lagkedthis figure is assigned a pair
of coordinates. When we connect these two points stretch the line to cross the
right side vertical axis, which represent viscasity get the value we want. We can
present the geometric relation on the figure as

n=n,+0n(y.), ¥, =% (. %Y. ¥ =y(N.
Let us discuss the case of gas firgt.= y, (y, X% y) iS a pure geometric

relation and bothrmand T are logarithm function of vertical coordinatgsandy;
respectively. If we suppose the form

Dm=b, (" - 1) (A-1)
and
Yy, =¢In(l+cT). (A-2)

we can measure the figure to determine the relatjo=y, (y, x y) and all the

parameters in relation (A-1) and (A-2). On thedwling stretch of figure 3-44, we
can measure the lengths shown below.
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Lengt | wo Xo V1 Yo Dx Dy Hix Hiz Hr1 Hr2
h

(cm) | 10.25| 3.15| 11.7| 145 0.356 0.365 12|7 6.15 77/516.3

T1 = 1000°C. T, = 300°C. i3 = 0.005 Centiposesn = 0.02 Centiposesn =
0.1 Centiposes. From these parameters, we have
WO
- V- : A-3
o+ x YT (A-3)
wherey,’s zero is at the lowest point, yi's zero is at zero of temperature, both
having upward positive directiorx andy are the mesh-coordinates of a specific
substance.

yr:y1+y2+y+

- |_||1: Clln(1+ Cle)

- H|2: C1|n(1+ C2T2).

Newtonian iteration method (NEWTON.FOR), we gget -8.2 cm,c, = 0.0037]C.
m- g by(e™- )

m- 1= by(ee- 1)
Solving it with Newtonian iteration, we gbt = 0.00496 Centiposes = 0.00496"
kg m'sect, b, = 0.184/cm.

From equation (A-2), we have Solving it with

From equation (A-1) andg = 0.005, we have
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The following table shows good identity betweeperimental results™! and
this program.

GAS X Y TCC) Experiment | Calculation
O 11.0 21.3 20 0.0203 0.0203
H.,O 8.0 16.0 100 0.0127 0.0126
CO, 9.5 18.7 20 0.0146 0.0145
Hg 5.3 22.9 380 0.0654 0.0635
N> 10.6 20.0 20 0.0175 0.0176
CH, 9.9 15.5 20 0.0109 0.0108

Similar method can be used for liquid. The onlyiobg difference is that the
temperature axis is in opposite direction. The measvalues are as following.

Lengt | wo X0 V1 Yo Dx Dy Hiy Hi Hra Hrz
h

(cm) | 10.53| 3.27 | 2.15| 0.85 0.349 03 139 793 5616.85

T1 = 200°C. T, = 100°C. m = 0.1 Centiposesn = 1 Centiposess = 100
Centiposes.

The computational results arej = 24.3 cm,c, = 0.00386IC, b; = 0.1
Centiposes = 0:110° kg mi*sec’, b, = 0.409/cm.

The verification for liquid is in the following téd The result for liquid is not

as good as for gas, but it is still satisfyingfiowst substances verified here.
LIQUID X y T(°C) Experiment™ | Calculation
CeHe 12.5 10.9 20 0.647 0.659
Br, 14.2 13.2 26 0.946 0.952
C,HsOH 10.5 13.8 20 1.194 1.228
H,SO, 8.0 25.1 25 19.15 19.36
Glycerol 2.0 30.0 20 1069. 867.0
Na 16.4 13.9 103.7 0.686 0.7068
250 0.381 3.976
700 0.182 0.1356
Hg 18.4 16.4 -20 1.85 1.802
20 1.55 1.577
100 1.21 1.27
200 1.01 1.028

Appendix 4 Linear Fitting of Conductivity

In the FORTRAN program MEDFIT.FOR and SORT.FOR @dd from
Handbook of FORTRAN77 Algorithby He, Guangyu, Science Press, China, in
Chinese), the general-purposed subroutine MEDFIRichvwill call SORT (heap
sorting), is used to fit the thermal conductivity a linear function of temperature
ensuring minimum absolute deviation. The formapafameters to call MEDFIT is
(X, Y, NDATA, A, B, ABDEV), where X and Y are theput arrays of argument and
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function respectively, NDATA is the number of elemte used to fit, A and B are
output coefficients of fit, and ABDEV is the abstitun deviation.

NDATA is 5 in this program. The comparison betwebka fitting result of

thermal conductivity of KHand Q and actual experimental data is shown below.

Temperature | H, (Fit) H, H, (Fit) O,

(°K) (Experiment) (Experiment)
100 7.6 6.7 0.93 0.93

150 10.3 10.1 1.37 1.38

200 13.0 13.1 1.82 1.83

250 15.6 15.7 2.26 2.26

300 18.3 18.3 2.70 2.66

350 21.0 20.4 3.15 2.98

400 23.6 22.5 3.59 3.30

Appendix 5 Table of Notations

® > >

Q

Helmholtz energy
surface area of droplet
activity of species

1

a factor in equation (411,NL)3 according to Harstad
A

a coefficient in P-R EOS

a coefficient in P-R EOS

heat capacity at constant pressure, per unit mass
diffusion coefficient

mutual diffusion coefficient

unit vector on radial direction

mass emission flux

fugacity of species

change of Gibbs free energy (free enthalpy) inimgpure constituents
excess Gibbs free energy (excess free enthalpy)
barrier height (activation energy)

enthalpy

partial mass enthalpy of mixture

partial molar enthalpy of species

Planck’s constant, 6.620°>* joulesec

latent heat of vaporization

molar flux relative to mass-average velocity cdGpsi

part of the flux expression, equation (23)

heat conductivity of mixture

ratio of thermal to mutual diffusion

transport matrix for Fick diffusion

transport coefficients for thermal diffusion (Soeéfect)
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transport coefficients for Dufour effect
transport coefficients for Fourier diffusion

latent heat at droplet interface with surrounding
any of the thermodynamic properties
number-mean molecular weight

molecular weight of species

mass of droplet

Avogadro’s number, 6.020%/mole

molar concentration (number of moles per unit o)
molar concentration of species

pressure

heat flux

gas constant, 8.314 joulgsmole

radius of droplet

radial coordinates in spherical coordinate
entropy

partial molar entropy

temperature

time

velocity component in Cartesian coordinate
radial velocity

mean normal velocity of a molecule of spegidse to thermal fluctuation
partial molar volume

radial velocity

part of expression in equation (38)

mole fraction

Cartesian coordinates

compressibility factor

index for Cartesian coordinates

fin g,
7X

T, P
accommodation of specigs

index for Cartesian coordinates
URT

activity coefficient of species

the change (of Gibbs free energy)
mixture viscosity

component of spherical coordinate
chemical potential of species
density

viscous stress tensor

viscous dissipation term in energy equation
fugacity coefficient of species 1
component of spherical coordinate
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w argument of function used in P-R EOS

Superscript

0 reference value

0 infinite dilution (about activity coefficieng or excess Gibbs free
energy0GF)

* pure substance

* for ideal solution ( about the Gibbs free enechprngeGniy)
G gas (surrounding)

L liquid (droplet)

p perfect gas
S

0

1

ubscript
infinite dilution
2 1stor 2nd species

b interface boundary

b part of the flux expression, in equation (2B)

c critical property

c correction of partial molar volume (for prop&rof pure limits)
D correction of partial molar volume (for effectreference state)
d droplet

equil at equilibrium

[, j species index

a, b species index

nb normal boiling point

r radial direction in spherical coordinate

r reduced value (of temperature)

Mathematical Operations

D/Dt substantial derivative

exgx) exponential function of

f(w)  the function used in P-R EOS
In(x) logarithm ofx to the base

N nabla operator
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