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Abstract-The boiling of water drops superheated in some nonvolatile liquid n-alkanes was experimentally 
investigated at ambient pressures up to 4 MPa. It was found that boiling appeared to be initiated at the 
water-hydr~rbon interface by either growth of a single bubble or by streams of bubbles being released 
from the interface. The temperature at which boiling was first observed was found to be relatively insensitive 
to pressure, increasing only about 40 K over a 4 MPa change in pressure. 

A qualitative theory based on the homogeneous nucleation ofbubbles within superheated liquids is used to 
explain the effect of boiling pressure on temperature. The two observed boiling modes are justified in terms of 
consideration of the surface and interfacial free energies of the water and hydrocarbon, and qualitative 
agreement between the measured and predicted variation of nucleation pressures with temperature is 
demonstrated. The information obtained was used to provide insight into the mechanism by which the 
disruptive combustion or ‘micr~xplosion’ of burning water-in-fuel emulsifi~ droplets would be initiated in 

high pressure combustion applications. 

a, Peng-Robinson constant, equation (11); 

A, constant defined in equation (13); 

b, Peng-Robinson constant, equation (12); 

B, constant defined in equation (14); 

W*b symbol for a vapor nucleus containing n* 
molecules; 

f, nucleation rate; 

k, Boltzmann constant; 

% molecular mass of species i; 

Noi- molecular number density of species i; 

p, total vapor pressure; 

pot liquid pressure; 

pie* equilibrium vapor pressure of species i ; 
R gas constant ; 
T, temperature; 
T cir critical temperature of species i; 
T CW water-n-alkane critical solution 

temperature; 

0, liquid molar volume; 

VOis molecular volume (vJ6.02 x 10z3); 

Y, vapor phase mole fraction; 
6 vapor phase compressibility factor 

(Pv/RT). 

NOMENCLATURE 

Greek symbols 

6ijs interaction parameter, equation (11); 

*Work performed at the Department of Mechanical and 
Aerospace Engineering, Princeton University, Princeton, 
NJ 08544, U.S.A. 

0, surface tension ; 

dl2I in terfacial tension ; 

ffO* pro~rtion~ity constant, equation (8); 

I** critical exponent, equation (8); 

49 fugacity coefficient. 

Subscripts 

4 
ie, 

1, 
2, 

species i ; 
saturation conditions for species i; 
water ; 
hydrocarbon. 

1. INTRODUCTION 

DIRECT contact heat transfer between a volatile and 
nonvolatile liquid can often result in si~ifi~ant 

superheating, followed by explosive boiling, of the 
volatile liquid. Important practical instances in which 
such explosive boiling has been observed include the 
spilling of liquid natural gases on water [l], the 
reaction between water and liquid metals [2] and the 
burning of water-in-oil emulsions [3]. In these situ- 
ations the rapid growth of bubbles either within the 
volatile liquid or at the interface between the volatile 
and nonvolatile liquid is responsible for the explosive 
boiling effect. 

In the absence of extraneous nucleation aids such as 
particles, the initial microscopic bubble whose growth 
leads to the observed boiling effect forms by the 
natural processes of homogeneous nucleation. The 
rate of formation of vapor bubbles which are of a size 
such that they are in both chemical and mechanical 
equilibrium with the surrounding liquid (i.e. critical 
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size nuclei) depends on the physical properties of the 
particular liquid in which the bubbles form. However, 
if nucleation occurs at the interface between the 
volatile and nonvolatile liquid, the properties of both 

liquids may be expected to affect the nucleation rate. 
The homogeneous nucleation of bubbles within the 

bulk of superheated liquids has been extensively 

studied as has been reviewed by Blander and Katz [4]. 
The experimental study of bubble nucleation at a 
liquid-liquid interface has received much attention 

[5-83 and no work has been reported at preasures 

above atmospheric. The experimental evidence seems 
to indicate that, at atmospheric pressure, nucleation 
and growth of bubbles at a liquid-liquid interface is 
typically characterized by a string of bubbles emerging 

from the interface between test drop and field Liquid 

[5,7-91, instead of the characteristic explosive boiling 

attendant to homogeneous nucleation of bubbles 
within the interior of a liquid [4, 9, IO]. 

In the present work we report the results of an 
experimental program in which we attempted to 

measure the incipient boiling pressure at various 
temperatures of water drops superheated within non- 
volatile hydrocarbon field liquids. The properties of 

the hydrocarbons were selected such that nucleation of 
bubbles at the water- hydrocarbon interface would be 
more likely to occur than within the bulk of the water 

drops. The information obtained was used to provide 
insight into the mechanism by which disruptive burn- 

ing or ‘microexplosion’ of water-in-oil emulsified 

drops would be initiated during droplet combustion. 
The objectives of this work were to investigate (I) 

the manner in which water drops boiled in some 
nonvolatile tt-alkanes; (2) the variation of boiling 

temperature with pressure; and (3) the relationship 

between nucleation theory and the experimental 
observations. 

2.1. Description of the apparatus 
Water drops were injected into a column filled with 

a lighter nonvolatile liquid hydrocarbon under press- 
ure and at a uniform temperature. The initial 

pressure was set equal to the saturation pressure of 

water at the hydrocarbon temperature to insure 
intimate liquid-liquid contact between water and 
hydrocarbon at the start of an experiment. As the 

heavier water drops fell, they were superheated by 
releasing the pressure on the hydrocarbon. When a 
water drop which had been arbitrarily selected for 
observation by the naked eye began to boil. the 
pressure and temperature of the fuel were recorded on 

a chart recorder by remotely activating an event 
marker button. A variation of this isothermal decom- 

pression method was used by Moore [6] to measure 
he limit of superheat of pure freon- 12 in water as a 

function of pressure, and by Forest and Ward [ 11, 121 
for measuring the limit of superheat of ethyl ether-- 

nitrogen solutions in a flowing stream of glycerine. 

A schematic diagram of the expernnental mstal- 
lation is shown in Fig. I. The apparatus consisted of a 
double chamber configuration in which an inner te\! 
section containing the hydrocarbon P~;LX mvunted 
within an outer pressure vessel. Slotted window:. on 
the pressure vessel with direct hack, !ighting providsd 
visual access to the interior of the ICS! SecTion. The tee: 
section essentially consisted of ;L glans :nhc (45 mm 

(I.D., 41 mm I.D. and 450 mm iong) which was closed 

at one end. The open end was Sealed hy ;t stainlers ,,reel 
cap with O-rings. The lube ~214 heated h! IM’I~ 

aluminum blocks with bariac reguiarcd electrical vtrlp 
heaters attached along its length. The ie\t ~ctL>r: 

assembly was hung from the tsndrrstdc of the top C‘U~C 
plate of the pressure cell, anii ali wires were pas& 

through Conax ‘feedthrough’ fittings screwed intc 11:~ 

top cover plate. Filtered nitrogen gas was u\eii ii.3 
pressurize the fuel and was in contact with it ani;, ~11 ;UI 

external reservoir. This reservoir was placed appror;- 

imatelv 1.14m from the pressure: ccl1 in orde:- i:s 
minimize the amount of nitrogen gas dissolved in ihe 
liquid in the test section. 

The water injection system convicted uf an externai 
reservoir connected to a stainless steel capillar! tube 
(0.13 mm I.D. and 1.6 mm O.D.), one end ofwhieh C\S 
passed through a heat exchanger T-h?ting motrnted OI> 
the top cover pkife and into ihe tt)p ,>f rhc Se\i >r’ct!lin. 

and the other end ofwhich wa5 cot~n~~red t(o ;I \&noiri 
valve. The water was pressurized !J, nrtrogen pa\ in 

contact with the free liquid surface m tht: reser\olr, and 
the reservoir was connected to the solenoid I a1t.c b! :i 
length of standard 6.3 mm stain&\ steel I ubinp i. i4 I:> 
long. A high pressure Millipore Ctter holder ~~~llt~~~nl~l~ 

a 0.45 i-1”’ filter was attached to the outlet of [he watch 
reservoir Ry pressurizing the water rcser\oir fro~r~ 

30 kPa to 70 h-Pa higher than thl- pressure in !hc it’\{ 
section. anJ then quicki! opening am.i cl~\mp thi: 
solenoid v&e. a group of drops iypically under 3 mm 

in diameter could be forced through the capillar> tubi: 
and into the fuel. 

As the water drops fell. the pressure \%a< released b;, 
manually opening a ball valve. When a watt!; drop 

which had been selected for obsel ~;lii~~n Erorn ;rmong 
the group of falling drop\ was,. &served io emif 
bubbles or change its direction tst motion. an evcn~ 

marker on a chart recorder was r~:rnoicl~ azti\a& h> 
pushing a button, thus giving a record of the pres?urc 
and temperature of boiling. Temperature was record& 
b)’ two thermocouples located ;II lixed position< 
70 nltn and I X0 mm from the lop <)f lhe glasq lube iC\i 

section. Whenever possible, the decomprescion ra!c 
was regulated in a manner such that the waler drops 
boiled between the two ~her~n~~~~)u~l~~ whusi: lcm- 
peratures difl’ered by less than 0.4 K. The pressure was 
recorded by a transducer connected IO one c)!’ IWO 
channel< on the chart recorder: the other chatmci w;is 
connected to the lower ofthe two th~rtnocouple~ tri the 
test section. A new temperature was selected and the 
procedure repeated. In this mannel it was possible 11’ 
measure rhc variation of boiling prcssurc with !cII~,. 
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FIG. 1. Schematic diagram of the apparatus. 

perature of the water drops. Further discussion of the 
apparatus and procedure for obtaining the data are 
described in more detail elsewhere [13]. 

2.2. Choice of liquids 
Because of their relatively low surface tension, high 

interfacial tension with water, nonvolatility, the 
availability of relevant property data, and their re- 
latively low solubility with water, the hydrocarbons 
selected as the field liquid were n-decane, n- 
pentadecane and n-hexadecane. Mixtures of these n- 
alkanes with Span 85 (available from Atlas Chemical 
Co.) were also used in order to assess the affect of a low 
interfacial tension on the nucleation pressure. The 
hydrocarbons were obtained from Humphrey Chemi- 
cal Co. with a stated purity of >99% and were used 
directly as received without degassing or further 
purification except for normal filtering. The water was 
tap water which was distilled twice in an all-glass 
apparatus. 

2.3. Experimental observations 
The water drops were observed to boil by : (1) 

nucleation of a single bubble; and (2) emitting tiny 
bubbles from the water-n-alkane interface. Figures 2 
and 3 show examples of these two boiling modes, 
respectively, for a water drop in pure n-hexadecane. 
Similar results were also observed in n-decane and n- 
pentadecane. 

The series of photographs in Fig. 2, taken from a 
sequence of motion picture frames (400 frames/s), 
shows the growth of a single vapor bubble at the 
water-hydrocarbon interface. The fuel decompression 
rate averaged 1.4 MPa s-r in this sequence so that the 
liquid pressure in each frame is on the average 3.4 kPa 
lower than the preceding frame. The water drop is 

initially about 1 mm in diameter (its apparent ellig 
soidal shape is due to the curvature of the glass tube). 
The nucleation process occurred at a time between the 
first and second frames. Subsequent frames illustrate 
the growth of the nucleated bubble. The pool of liquid 
which has drained around the bubble surface to form a 
cylindrical column in its wake, as illustrated in the 
nineteenth frame, shows that the water has not fully 
vaporized as might be expected if bubble nucleation 
occurred within the bulk of the water drop. The fuel 
temperature is well below the homogeneous nuc- 
leation temperature of the water at the ambient 
pressure on the hydrocarbon. 

Figure 3 shows a water drop (-0.9 mm dia.) whose 
surface is covered with tiny vapor bubbles (- 50 pm 
dia.). As the water drop falls, the nucleated bubbles are 
swept back and detach in the wake of the drop. Once 
the bubbles detach from the water-hydrocarbon in- 
terface, they change little in size : the fuel is nonvolatile 
compared to water and its contribution to the gas 
pressure within the bubble is negligible. If the bubbles 
remain at the interface it appears that they can grow to 
a much larger size (Fig. 2). This observation forms the 
basis of the model described in Section 3.2. 

The two boiling modes appeared to be similar to the 
type of nucleation observed by Apfel [5], Blander et al. 
[9] and Mori and Komotori [14] for water drops 
isobarically heated in a silicone oil field liquid at 
atmospheric pressure. The bubble growth rate was 
much slower in the single bubble case in our experi- 
ments than that reported by Mori and Komotori [14]. 
This difference was most probably due to the fact that 
nucleation was initiated at a positive pressure in our 
experiments (in the range of 1.6-2.4 MPa for 
the sequence illustrated in Fig. 2), and that the n- 
alkane surfaces tension is lower than that of silicone 
oil. Both these factors could contribute to a reduced 
bubble growth rate. The fact that an interfacial type of 
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Fw. 2. Photographic sequence of a water drop boikng in n-hexadecane (single bubble mode). 
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FIG. 3. Photograph of a water drop boiling in n-hexadecane (streaming bubble case). 

nucleation was observed in the water-n-alkane sys- 
tems, but not in other systems [13], may be explained 
by the surface forces on the initial microscopic vapor 
bubble as discussed later on. 

The water and hydrocarbons used appeared to be 
nearly immiscible at room temperature. However, it 
became apparent, particularly in the case of water 
drops in n-decane, that some dissolving occurred at 
high temperatures ( > 470 K). During cooling of each 
of the three n-alkanes after a series of runs, they became 
cloudy. This turbidity indicated that some water was 
dissolved in the hydrocarbon and had now separated 
out in the form of micron size drops. Over a period of 
days the cloudy mixture became clear again and water 
drops were visible at the bottom of the test section. 
This dissolving effect could help to explain why water 
drops would not boil in the hydrocarbon if the 
residence time of the drops in the fuel was large (this 
problem was most pronounced in n-decane above 
509-513 K). Bubble nucleation within a solution of 
water and hydrocarbon would be expected to occur at 
a higher temperature than at the water-hydrocarbon 

interface attendant to assuming immiscibility of water 
and hydrocarbon. This dissolving effect was mini- 
mized by adjusting the decompression rate such that 
the water drops remained in the fuel for under 5 s. In 
this way, reasonably reproducible results could be 
obtained. 

2.4. Experimental results 
The variation of the recorded boiling pressures with 

temperature, obtained in a series of experimental runs, 
is shown in Figs. 4-6 for the three n-alkanes we used 
(each data point was obtained from a single 
decompression). 

Individual data are plotted without any averaging. 
There appeared to be no discernible difference in the 
experimental results when Span 85 was added to then- 
pentadecane and n-hexadecane. 

The experimentally observed pressures at which 
water drops boiled in n-decane exhibited a sufficiently 
wide scatter over a relatively small temperature range 
(Fig. 4) that no definite conclusions could be drawn 
about the temperature dependence of the nucleation 

2 3 4 5 6 7 8 9 IO II 12 
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FIG. 4. Nucleation temperature and pressure of water in n-decane. 
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pressure. We believe this scatter to have been due in 
part to the solubihty problem mentioned before. The 
pressures at which water drops boiled in n- 

pentadecane and n-hexadecane exhibited a much more 
definite trend as shown in Figs. 5 and 6, and this effect 
may have been due to the lower solubility of water in 
these two liquids. 

The nucleation temperature was found to he re- 
latively insensitive to pressure, and increased only 
about 40K over a 4 MPa change in pressure as 
illustrated in Figs. 5 and 6. In addition, the scatter of 
nucleation pressure for a given temperature was great, 
being typically 0.550.8 MPa. By contrast the pure 
hydrocarbon saturation temperature is much more 
strongly dependent on pressure. This relative in- 
sensitivity of nucleation temperature with pressure is 
consistent with the proposed mechanism of bubble 
nucleation presented in Section 3. 

3.1. N uclration ternperut we 

In the absence of a pre-existing gas phase, a liquids 

vapor phase transition within the bulk of a liquid or at 
a liquid--liquid or liquid--solid interface will be in- 

itiated by the formation of ‘seeds’ or ‘nuclei’ of the 
vapor phase in bulk liquid. The growth of these vapor 
bubbles to an observable size defines the boiling of a 
liquid. Kinetic theory [15,16] provides a means for 
predicting the birth rate of the initial vapor bubble. 
The rate of formation per unit volume or area 
(depending on whether or not nucleation occurs 
within the bulk of a liquid or at a surface) ofcritical size 
nuclei can be shown to be proportional to the expo- 
nential of the energy required to form the critical size 
vapor bubble. The mean temperature in the range in 
which the nucleation rate changes from a negligible 
value to a very large value is defined as the nucleation 
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temperature, which can be written as [13] 

T- ‘hJ3 {~~n(!f!$!t!I)[l (1) 
3(P - P,y 

where No is the number density of molecules when 
bubble nucleation occurs within the bulk of a liquid, or 
the number of molecules per unit area when nucleation 
occurs at a liquid-liquid interface. In this latter case, 
we approximated N, as N,,,u:{~ + N,,u;$~. The pre- 
exponential factor, r, takes into account the detailed 
molecular processes by which critical size nuclei form. 
Experimental verification of various theoretical ex- 
pressions for r is not possible because of the inability 
to observe the microscopic structure of the liquid 
during the nucleation process. But this fact does not 
pose a limitation of the usefulness of equation (1). A 
suitable estimate of J commensurate with experimen- 
tal conditions must still be obtained (e.g. [4]) and the 
resulting errors could easily offset a precise determi- 
nation of r. The fact that the main uncertainty in 
equation (1) lies in the logarithmic term is fortunate, 
and this fact will tend to minimize the effect of errors in 
either J or I- as large as a few orders of magnitude in 
the solution of equation (1). Specific expressions for r 
can be derived within the framework of nucleation 
theory [13]. In practice, however, the various ex- 
pressions for I- tend to differ by under two orders of 
magnitude and thus insignificantly affect the nuc- 
leation temperature. 

In the spirit of the absolute theory of reaction rates 
wherein the critical size nucleus is the activated 
complex, the rate of formation of bubbles is governed 
by the rate of the following reaction 

E(n* - 1) + E(1) = E(n*) -fi E(n* + 1) (2) 

where E(n*) denotes a vapor nucleus containing n* 
molecules (the critical size nucleus) and E(1) denotes a 
single molecule. The rate constant, k,, was approxi- 
mated by the sum of the ideal gas rates of evaporation 
of each species within the nucleus. In the binary 
water-hydrocarbon systems of present interest, 

k,=&(~+$$ (3) 

where S1 is the surface area of that part of the vapor 
nucleus on which evaporation of species 1 occurs, and 
similarly for S2 (for a spherical nucleus within the bulk 
of a liquid S, = S, = 4nr2 where r is the nucleus 
radius). 

By assuming an equilibrium distribution of vapor 
nuclei within a superheated liquid, equation (1) can be 
obtained as a consequence of applying the law of mass 
action to equation (2), from which it is found that r = 
1 : all nuclei larger than the critical size grow and none 
decay. 

Equation (1) can be solved once the following are 
known : (1) whether or not the nucleus will form within 
the bulk of the water or hydrocarbon or at the water- 

hydrocarbon interface ; (2) the surface tension, u, of the 
vapor nucleus as a function of temperature; (3) the 
vapor pressure, P, within the nucleus; and (4) the 
nucleation rate. 

3.2. Nucleation at the water-hydrocarbon interface 
We envisage that nuclei may form at any of the five 

locations modelled in Fig. 7. In positions 1,2,4 and 5 
the nucleus is spherical, while in position 3 it has a 
lenticular shape. In positions 2,3 and 4 we assume that 
the vapor pressure within the nucleus is the sum of the 
partial pressures of water and hydrocarbon, and that 
in positions 1 and 5 the properties of water and fuel 
alone, respectively, characterize the energy of the 
critical size nucleus. The surface tensions of spherical 
nuclei in positions 2 and 4 are assumed to be in- 
sensitive to vapor composition and are given by the 
pure water and fuel values respectively. The effective 
surface tension of the lenticular nucleus (position 3) is 

[5,7,131 

3a,,(a; + 0;) 3(a’: + a:) 1’3 
- - 8 16a,* 1 (4) 

where oi2 is the water-hydrocarbon interfacial 
tension. 

The basis for expecting nucleation to occur at the 
water drop-hydrocarbon interface is determined by 
both the interfacial forces acting on the vapor lens and 
by assuming that the critical size bubble will form at 
the location where its energy is lowest [5, 7, 131. If a 
lenticular nucleus is to be stable, then we must assure 
that 

Otherwise, if 

or 

012 ’ 101 - %I. (5) 

01 2 02 + 612 (6) 

u2 2 u1 + u12 (7) 

then the nucleus is spherical (positions 2 and 4) and 
forms in the liquid with the lower surface tension, 
which in our present application is the n-alkane 
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FIG. 7. Locations of nucleus formation relative to a liquid- 
liquid interface. 



(position 4). S, (equation (3)) is, in this case, an terize the surface free energy of the vapor nucleuh 
arbitrarily small surface area which we have taken to which, therefore, obviates the riced for any water 
be on the order of an effective cross-sectional area of a hydrocarbon interfacial tension values in order :U 
water molecule. solve equation (1). 

The n-alkane surface tensions were determined from 
the equation 

If the shape of the lenticular nucleus remains 
unchanged during its growth to observable size. then 
the second frame in Fig. 2 would, we believe, show f hat 
a lenticular bubble has formed at the water hydra- 
carbon interl&e, but this is just conjecture. c.)n 
the other hand, the lowering of (Tag attendant to the 
presence of Span 85 in the hydrocarbon implies thal 
any bubble tending to form at the interface will be 
pushed into the hydrocarbon (position 4 in Fig. 7). 
Such bubbles will detach from the interface when their 
buoyancy force overcomes the surface tension force 
which holds them to the interface. This argument 
could be used to explain the relatively small size of 
bubbles streaming off the water drop shown in Fig, i. 
After detachment from the interface, the bubble size I> 
essentially frozen because the hydrocarbon is isother- 
mal and nonvolatile. The fact that we did not notice a 
difference between the nucleation pressure or boiling 

modes of the water drops with or without surfactant in 
the hydrocarbon may indicate that ~~rr 2 g2 over the 
whole temperature range in which the experiments 
were performed. In this case, the energy of the critical 
size nucleus would be the same in position 3 as in 
position 4, and a vapor bubble would be equally likely 
to form in either of these two positions. We believe this 
conclusion is qualitatively confirmed by our 
observations. 

Values ofg, and the critical exponent cc, listed in Table 
I, were obtained from correlations available in the 
literature [lo, 171. The surface tension of water was 
estimated from an equation given by Schmidt [IQ 

Equation (8) was also used for calculating the effect 
of temperature on the water-n-alkane interfacial ten- 
sion. T,, was replaced by the water-n-alkane critical 
solution temperature, T,,,, and go and p were de- 
termined from the available interfacial tension data. 
Such data are scarce at high temperature. Accordingly, 
c0 and p were estimated by averaging the available low 
temperature data [19,20] over the temperature range 
in which measurements were reported. Table 1 lists the 
results, as well as the critical solution temperatures 
obtained by interpolating between the values reported 
by Connolly [21] and Sultanov et al. [22]. (It may be 
noticed that the physically unobtainable result cllZ > 
o1 + rrZ is satisfied using the correlations listed in 
Table 1 for water--n-pentadecane and water-+ 
hexadecane above 570&580K. We believe that this 
result is due to either inaccurate values of T,,, or to the 
possibility that the effect of mutual solubiiity of water 
and hydrocarbon on o1 and o2 may have to be 
accounted for to properly determine surface tension.) 

In the absence of any surfactant which would tend to 
lower the interfacial tension, equation (5) is satisfied 
because of the relatively high water-hydrocarbon 
interfacial tension. Over the temperature range for 
which equation (5) is satisfied, gepl 1 crT2 to within 30:/, 
up to around 500 K. (At higher temperatures, the 
accuracy of the interfacial tension correlations may be 
questionable as discussed above.) As a result, we 
decided to use the n-alkane surface tension to charac- 

Table 1 

Pure hydrocarbon surface tension 

Hydrocarbon 7;(K 1 
n-decane 5& Ii.:8 617.6 
n-pentadecane 54.0 1.3 707.0 
tl-hexadecane 55.2 1.33 7 17.0 

Water-n-alkane interracial tension 

Hydrocarbon 
n-decane 
n-pentadecane 
n-hexadecane 

T&K ) 
8% 0.7?14 629.4* 
75.38 0.5519 6X6* 
75.7 0.5537 635.-V 

* Carbon number average of values of T,,, reported in [21] 
and [22]. 

f Sultanov et crl. [22]. 

In this model of the water-hydrocarbon interface. 
we have neglected the thickness of the diffuse in- 
terfacial region between water and hydrocarbon com- 
pared to the diameter of the critical size nucleus. A 
more realistic model may be to assume that there is 
actually an interfacial region within which water and 
hydrocarbon are mutually saturated, and that the 
thickness of this region is much greater than a critical 
size nucleus. The lowest temperature at which bubble 
nucleation is likely to occur would then be the 
homogeneous nucleation temperature of water, since 
the hydr~arbon is relatively non~,olatile. Such 
superheats were not reached in our experiments. ‘The 
experimental results revealed that. near atmospheric 
pressure, the water drops boiled at temperatures under 
around 540 K as shown in Figs. 4-6. This temperature 
is below the highest value reported in the literature of 
552.7 I( [23] for a liquid~vap~~r phase transi~jo~ ol 

water at,atmospheric pressure, and well below the 
theoretical homogeneous nucleation temperature for 
water of about 575 K. Our model is only a first srep 
toward a more complete understanding of boiling at 
liquid liquid interfaces. 

3.3. Vapor pressure 

The partial pressure of species i within 3 vapor 
nucleus whose components are immiscible as incom- 
pressible liquids may be estimated from the following 
relation : 
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The fugacity coefficients, & and #io, were calculated by 
using the Peng-Robinson [24] equation of state to 
express the nonideal behavior of each species within 
the nucleus 

bi A 
~(Z-I)-ln(z-B)-2J2B 

where 

a = W: + 2Y,Y&W&l - 612) + c,y: (11) 

b = Y,b, + Y& (12) 

UP 
A=- 

R2P 
(13) 

and 

B = g, (i = 1,2). (14) 

The parameters Ui and bz are obtained from the pure 
component data, and 6, is an interaction parameter 
for the i-j pair. In the absence of any experimental 
vapor pressure data for an immiscible water-hydro- 
carbon mixture at high temperatures and press- 
ures, we used 6, ‘1: 0.48 as found by Peng and 
Robinson [26] for a number of water-n-alkane sol- 
utions. Values of #ie, calculated from equation (1% 
were within less than 1% of values estimated from a 
generalized correlation developed by Lykman et al. 

PI* 
Equation (9) was solved numerically over the ranges 

470 K I T I 570 K and 101 kPa < P, I 4154 kPa 
(P > PO). Values of P, for the n-alkanes and water 
were obtained from correlations developed by Gomez- 
Nieto and Thodos [27] and Keenan et al. [28] 
respectively. Saturated liquid molar volumes were 
estimated from a method developed by Hankinson 
and Thomson [29). The results are shown in Figs. 8 
and 9. Figure 9 also includes the pressure obtained by 
assuming the ideal gas approximation #+ = &, = 1 at 
P, ‘= 101 kPa. (The ideal gas pressure for the water-n- 
hexadecane system was nearly identical with the two 
curves in Fig. 8.) Although it was found that &./c#Q 
was as high as 1.6 in the water-n-hexadecane system, 
the equilibrium vapor pressure of n-hexadecane is low 
compared to the partial pressure of water. More 
importantly, it was found that &,/#i 2: 1 so that the 
ideal gas approximation is rather good for the vapor 
pressure of the water-n-hexadecane system. The in- 
creased volatility of n-decane relative to n-hexadecane 
resulted in a larger contribution to the total gas 
pressure due to the n-decane partial pressure. How- 
ever, the ideal gas assumption is still not unreason- 
able for this system and the computation is much 

PO = 4154 kPo 

510 550 

TEMPERATURE (“k) 

FIG. 8. Vapor pressure within a bubble at the water-n- 
hexadecane interface assuming immiscibility. 

easier to perform ; equation (9) then gives an explicit 
method for calculating the partial pressure of water 
and hydrocarbon and an iterative solution is not 
required. 

3.4. Results 
Equation (1) was solved numerically and the results 

are shown in Figs. 4-6. The theoretical curves were 
generated by assuming nucleation rates of 1 
nuclei/cm’s and 10” nuclei/cm’s (the value of tie 
logarithmic term in equation (I) correspondingly 
ranged from 37 to 60). The theoretical variation of I” 
with P, is essentially linear and is qualitatively con- 
firmed, for the most part, by our measurements. 

The predicted nucleation temperatures correspond- 
ing to J = 1 are in fair agreement with the data at 
pressures up to about 1.3 MPa. The remainder of the 
measurements seem to be well predicted by the 
calculations corresponding to a nucleation rate of 
10”. Such a high rate may be unrealistic for our 
experiment. As such, we preferred to view J as a 
parameter which could be freely varied and which 
would only weakly affect the theoretical nucleation 
pressure. In any case the predicted nucleation tem- 
peratures corresponding to .I = 1 at a given pressure 
are within 2% of the experimental temperatures over 
the whole temperature range in which the experiments 
were performed. The nucleation pressures are less well 
predicted at a given temperature, particul~ly at 
temperatures approaching 570 K. 

There is a possibility that nucleation from unwetted 
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FIG. 9. Vapor pressure within a bubble at the water.--n-decane interface assuming immiscibility. 

solid particles attached to the water-hydrocarbon 
interface or nucleation of air bubbles or dissolved 
gases within the water drops could have produced the 
boiling modes shown in Figs. 2 and 3. For example, the 
single bubble mode illustrated in Fig. 2 is qualitatively 

similar to the type of boiling reported by Sideman and 
Taitel [30] for n-pentane drops vaporizing in distilled 

water. The relation of the theoretical predictions to the 
measurements shown in Figs. 5 and 6 is also somewhat 

consistent with the generally observed trend that the 
solubility of a gas in a liquid usually decreases with 

increasing temperature. However, the relatively high 
superheats sustained by the water drops before they 
boiled is some evidence of the success in minimizing 
the effect of such extraneous nucleation aids. 

The above results may be useful for determining 
whether or not internal boiling (i.e., microexplosion 
[3]) can be initiated within water-in-fuel emulsified 
droplets during combustion at high ambient pressures. 
In the case of immiscible water and hydrocarbon, such 
boiling will be initiated if the droplet temperature ( Td) 
surpasses the temperature (T) at which critical size 
nuclei are most likely to form at the interface between 
dispersed water drops and surrounding fuel within the 
emulsion. On the other hand, if T > r,, in which case 
boiling within a burning emulsified fuel droplet would 
not be expected, increasing PO will in turn increase Td. 
Whether or not this increase will enhance the like- 
lihood for nucleation of bubbles within the emulsified 
drop depends on how strongly T and Td depend on 
ambient pressure. For example, assume for an upper 
limit that Td 2 TZe. Then from Figs. 4-6 it is seen that 

dT,,/dP, > dT/dP,. (This result is also applicable to 
a fuel drop which is a miscible solution of liquids [3 11.) 
The critical pressure above which T,, > T lies 
approximately between 0.3 MPa and 0.4 MPa in the 
water-n-decane system as illustrated in Fig. 4 (assum- 
ing immiscibi!ity is valid). For the other two, relatively 
nonvolatile, hydrocarbons which were studied, it is 
below atmospheric pressure. Therefore, by increasing 
the ambient pressure of combustion, one might expect 

that an emulsified fuel droplet which does not undergo 
microexplosion at a low pressure could, however, burn 
disruptively at another higher pressure simply because 

the droplet burning temperature (i.e. the saturation 
temperature of the continuous phase in our present 
approximation) will be driven up past the nucleation 

temperature attendant to the increase in P,. 
It should be pointed out that by increasing the 

ambient pressure, the bubble growth rate and hence 
the intensity of the microexplosion may be reduced. 

The diffusion of water in fuel due to solubility effects 
could also be appreciable at increased temperatures 
and pressures. This effect would be most pronounced 
when the steady state droplet burning temperature is 
greater than the critical solution temperature of water 
and fuel. A water--fuel emulsion prepared at a tem- 
perature low enough that the components exhibit low 
mutual solubility could then become a miscible sol- 
ution of water and fuel at another higher temperature. 
Disruptive combustion would then be initiated only 
when the droplet burning temperature exceeded the 
limit of superheat of the appropriate water-fuel sol- 
ution. This latter temperature is higher than that 
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calculated by assuming immiscibility. (These concepts 
may be more relevant for fuel blends whose com- 
ponents have fairly low critical solution temperatures 
such as, for example, blends of the normal alcohols and 
normal paraffins.) The practical benefits which are 
usually attributed to this secondary atomization pro- 
cess may therefore, in fact, not be realized at high 
pressures. These concepts could be important with 
respect to burning emulsified fuels in diesel engines. 

4. CONCLUSIONS 

The boiling of water drops within nonvolatile liquid 
paraffins was found to occur at the water-hydro- 
carbon interface at both atmospheric and elev- 
ated pressures, as predicted by consideration of the 
surface and interfacial free energies of water and 
hydrocarbon. The relatively high superheats observed 
before nucleation of bubbles occurred were explained 
by a model for homogeneous nucleation which as- 
sumed that the initial bubbles whose subsequent 
growth leads to the observed boiling effect formed at 
the water-hydr~rbon interface. The nucleation tem- 
peratures were found to be relatively insensitive to 
pressure compared to the variation of the hydrocarbon 
saturation temperature with pressure, which was in 
qualitative agreement with the theory. And lastly, 
observations qualitatively revealed that the solubility 
of water in the hydrocarbons could strongly influence 
the nucleation pressure. 
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EBULLITION ET SURCHAUFFE DE L’EAU DANS LES HYDROCARBURES AUX 
PRESSIONS FORTES 

R&sum&-L’Cbullition de gouttes d’eau surchaufft%es dans quelques n-alkanes non volatlls est etuchee 
expCrimentalement i des pressions allant jusqul 4 MPa. On trouve que l’&bullition est initike B I’interface 
eau/hydrocarbure soit par croissance d’une bulle unique soit par des chapelets de bulles qui partent de 
l’interface. La tem~rature~apparition de ~~buIlition est relativement ind~~ndante de la pression, croissant 
seulement de 40 K pour un changement de pression de 4 MPa. 

Une thborie qualitative basee sur la nuclkation homogtne des bulles dans Ies liquides surchauff&s est 
utilisCe pour expliquer l’effet de la pression sur la temptrature d’6bullition. Les deux modes d’Cbullition 
observls sont justiliCs en considtrant les tnergies libres de surface et interfaciales de l’eau et de 
I’hydrocarbure, et on trouve un accord qualitatif entre les variations calculies et mesuraes dc la pression de 
nucllation en fonction de la temp&rature. L’information est utilisCe pour kclairer le mtcanisme de 

‘microexplosion’ de gouttelettes d’eau en dmuision dans un fuel. qui apparait i pression &v&c. 

CJBERHITZUNG UND SIEDEN VON WASSER IN KOWLENWASSERSTOFFEEN 
BE1 HOHEN DRijCKEN 

Zu~mmenf~s~ng-Es wird das Sieden van ~berbitzten Wassertropfen untersucht. Die Tropfen befinden 
sich - bei D&ken bis zu 4 MPa .- in tliissigen, nicht fliichtigen n-Alkanen. Es zeigte sich, d&3 das Sieden an 
der Wasser-/KohIenwasserstoff-GrenzRBche beyinnt, und zwar entweder durch das Wachsen van Einzel- 
blasen oder durch Blasenstrame, welche von der Phasengrenzflache ausgehen. Die Temperatur, bei der das 
Sieden beginnt, ist nur wenig abhgngig vom Druck, sie nahm bei einer k;nderung des Drucks urn 4 MPa nur 
urn 40 K zu. 

Der EinfluR des Siededrucks auf die Temperatur wird mit einer Theorie erklsrt, welche auf der homogenen 
Keimbildungstheorie aufbaut. Die zwei Arten des Siedens kiinnen erkllrt werden durch die freien 
O~rfl~chenenergien von Wasser tind Kohlenwasserstoff. Gemessene und berechnete ~nd~rgungen der 

Temperatur mit dem Druck, bei dem das Sieden einsetzt, stimmen qualitativ iiberein. Die erhaltenen 

Informationen ermtiglichen es, die VorgPnge genauer zu verstehen, die bei der disruptiven Verbrennung oder 
der Mikroexplosion van Wdsser-HeizGl-Emulsionen bei der Verbrennung unter hohem Druck auftreten. 


