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Film boiling on a horizontal tube is used to study the thermal decomposition of ethyl acetate. The decom-
position process is driven by the high surface temperatures that are typical of the film boiling regime that
can promote chemical change of superheated vapors in a low temperature liquid. The decomposition
products are carried away from the tube by vapor bubbles formed at the top of the tube that then per-
colate through the system. For the experiments reported here, the bulk liquid is stagnant, the liquid is
slightly subcooled, and bubble transport is entirely by buoyancy.

The results show that the primary decomposition products are acetic acid and ethylene in proportions
consistent with the accepted unimolecular decomposition pathway for ethyl acetate. While ethylene is a
non-condensable product gas, acetic acid is miscible in ethyl acetate and small amounts of it were
detected in the bulk liquid after four hours of operation. The resulting binary (ethyl acetate/acetic acid)
phase equilibrium behavior of the reactant pool contributed to trace amounts of carbon dioxide and
methane being found in the product gas from acetic acid decomposition that had preferentially vaporized
in the film.

The minimum film boiling temperature of ethyl acetate was measured to be approximately 711 K. Up
to about 1000 K the product yields showed a comparatively small variation with average tube tempera-
ture, while above 1000 K the exhaust gas flow rate was substantial and increased in an approximately
linear fashion with tube temperature. Methane and carbon dioxide were also detected in the product
stream owing to acetic acid decomposition, though the amounts were comparatively small. The results
show the viability for film boiling to promote decomposition in a controlled way to products consistent
with those expected from the reactant molecule.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Chemical conversion of condensed phase organic molecules to
lighter fractions requires pre-vaporizing the reactant, which is typ-
ically accomplished in a process separate from the reactor, after
which the reactant gas is transported to the high temperature reac-
tion environment (e.g., flow [1], opposed jet [2,3], jet-stirred [4],
and monolith chemical [5,6] reactor configurations, etc.). Alterna-
tive concepts have been developed that more closely couple pre-
vaporization and transport. A number of the designs employ partial
catalytic oxidation to provide for autothermal operation without
external heat input owing to the exothermicity of the oxidative
conversion process. For example, one design involves partial oxida-
tion inside a tube of a gaseous reactant flowing within a porous
platinum support positioned in the tube [7]. Air is pumped through
the porous tube on one side and gaseous reactant is supplied by
vaporization of the reactant liquid on the other. Other concepts
that use vaporization of a liquid to transport the reactant gas in-
clude spray injection of a hydrocarbon into a cylindrical tube to
coat the tube walls with the liquid, and subsequent evaporation
of the liquid film by external heat addition to the tube [8–10].
The reactant gases that flow through a catalyst honeycomb are
then partially oxidized.

Vaporization of droplets that impinge on a surface has also been
used as a means to develop a gaseous reactant such that the drop-
lets are levitated above the surface as in the classic Leidenfrost
phenomena [12]. The vapors underneath the droplet may react
homogeneously in the vapor film that separates the liquid from
the solid, or the vapors may flow into a porous catalytic substrate
[13,14] and heterogeneously react on the surface of the pores to
form products [11]. This latter process also forms the basis of a
droplet impingement reactor concept described by Varady [15].

The present paper employs a reactor that relies on evaporation
of a liquid to both provide the reactant gas supply and to define the
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Nomenclature

Ai coefficient of the trend line in Fig. 10
ai coefficient of the calibration curve (mL min�1 V�2)
Bi coefficient of the trend line in Fig. 10 (K)
bi coefficient of the calibration curve (mL min�1 V�1)
Ci coefficient of the trend line in Fig. 10
Cpi product concentration of species i (M)
CR reactant concentration (M)
ci coefficient of the calibration curve (mL min�1)
do outer diameter of heater tube (m)
di inner diameter of heater tube (m)
Ea activation energy (cal mole�1)
g gravity (m s�2)
hfg heat of vaporization (kJ kg�1)
Hc heat of combustion (kJ kg�1)
I current (A)
K reaction rate (s�1)
L tube length (m)
N number of product gas species
_N molar flow rate of a mixture gas (mole s�1)
_ni molar flow rate of the individual non-condensable gases

(mole s�1)
P Pressure (atm)
Qin power supplied to the heater tube (W)

R radius of the heater tube (m)
R’ characteristic length for horizontal cylinders
�R gas constant (cal mole�1 K�1)
t time (s)
T temperature (K)
Tb normal boiling temperature (K)
Tw tube wall temperature (K)
yi molar fraction of a single gas in the product gas stream
V flow meter output (V)
_V volumetric flow rate of a mixture gas (mL min�1)
_Si calibration relation of a single gas (mL min�1)
q00 heat flux (W m�2)
q00max critical heat flux (W m�2)

Greek letters
d vapor film thickness (m)
q electrical resistivity (lX m)
ql liquid density (kg m�3)
qv gas density (kg m�3)
r surface tension (N m�1)

Fig. 1. Schematic cross-sectional view of film boiling on a horizontal tube.
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actual reactor volume in a sort of self-assembled manner. The
transport dynamics of such a reactor were analyzed [16,17], and
subsequently shown to be capable of converting several organic
species to products [18,19] including methanol and aqueous ethyl-
ene glycol mixtures to synthesis gas (a mixture of CO and H2) as
the primary product. Carbon formation was noted for the pure or-
ganic while it was reduced significantly for the aqueous mixtures.
Both catalytic (surface reaction on platinum and nickel catalysts)
and homogeneous gas phase processes characterized the conver-
sion process.

The complexity of the molecules thus far examined by film boil-
ing has made it a challenge to infer the reaction pathways from
measurement of the exhaust gas composition. While ethylene gly-
col and methanol decompose to synthesis gas as the primary prod-
ucts, detection of methane and carbon dioxide in the exhaust gas,
as well as carbon formation on the heater surface suggests addi-
tional conversion steps.

In the present study, the thermal decomposition of a model
compound for which decomposition is expected to be particularly
simple is examined: ethyl acetate (EA, CH3COOC2H5, normal boil-
ing point of 350 K). EA is known to decompose in a single step into
two products (acetic acid and ethylene) with a known rate
constant [20–24] so that measurements of product yields should
ultimately be valuable for validating models of film boiling (e.g.,
[25–29]) to include chemical reactions [16,17]. In addition, the lim-
ited number of product gas species for ethyl acetate decomposition
facilitates developing calibration correlations in the experiment for
converting electronic information (e.g., voltage) from digital flow
meter output to flow rates. EA also has several industrial applica-
tions, including its use as a solvent and as a hardener in paints.

Non-oxidative (pyrolytic) conversion of ethyl acetate is being
examined, so that the conversion process requires a net energy in-
put to maintain a steady decomposition process. This is accom-
plished in the present study by employing an electrically heated
horizontal tube as the geometry used to support film boiling and
the reactor volume (the vapor film). The tube is mounted in a pool
of the reactant liquid which is maintained close to its saturation
temperature. Film boiling is established by heating the immersed
tube to promote a natural progression of heat transfer modes as
the liquid transitions from single phase convection to nucleate
boiling and ultimately through the critical heat flux (CHF) condi-
tion to film boiling where a stable vapor film surrounds the tube.
Fig. 1 is a schematic of this configuration. In film boiling, the
insulating effect of the vapor produces a large temperature drop
between the high tube surface temperature and the comparatively
colder liquid/vapor interface which is at the saturation tempera-
ture. The conversion process occurs within the vapor film at rates
commensurate with the local temperature and the concentration
of reactant gases.

Gases flowing in the film collect at the top of the tube where
bubbles form, detach and percolate through the liquid pool (under



Fig. 3. (a) Heater tube dimensions with different configurations of thermocouple
positions: T.C-A and T.C.-B. (b) Temperature distribution along the tube with three
heat flux settings. (j: 569.3 kW/m2, Tavg = 1280.0 K; d: 572.3 kW/m2,
Tavg = 1280.6 K; N: 470.1 kW/m2, Tavg = 1214.8 K; .: 479.4 kW/m2, Tavg = 1215.7 K;
J: 339.5 kW/m2, Tavg = 1049.6 K; ": 336.1 kW/m2, Tavg = 1051.0 K).
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the action of gravity in the current design). The bubbles contain the
product gases and reactants not converted. The exhaust gas
stream is subsequently analyzed to identify the product gases,
their fractional amount and the total flow rate. Residence times
for the reaction process by film boiling are on the order of millisec-
onds for tubes with diameters greater than several millimeters
[16], which can be reduced by using smaller diameter tubes (e.g.,
wires).

The experimental design used to establish film boiling, measure
product yields identify the species produced is presented in the
next section, followed by a discussion of the EA decomposition
chemistry and the results.

2. Experimental design and procedures

Fig. 2 is a schematic of the apparatus. The design includes a hor-
izontal electrically heated tube with provision for monitoring the
bulk liquid temperature, the exhaust gas flow rate, and gas and li-
quid compositions. The apparatus includes a chamber that con-
tains the reactant liquid and tube on which film boiling is
established, an array of condensers (that includes a dry ice/acetone
mixture in series with a cold trap (a mixture of ice and water) to
separate condensable and non-condensable products; the con-
densable species were allowed to return to the liquid reactant un-
der gravity), and hardware for data acquisition and chemical
detection. A brief discussion of the design and procedures is given
below (additional details are discussed elsewhere [18,19,30]).

The chamber is comprised of a 150 mm I.D., 4.62 L capacity
glass cylinder filled with 4.0 L of the test liquid (EA). Metal flanges
are used to close off the ends, and they incorporate feed-through
fittings for thermocouples and the power copper busses that pro-
vide electrical energy to the horizontally mounted tube on which
film boiling is established. Four immersion heaters (Wattco,
WC20303001) are mounted in the bottom cover flange to maintain
the EA liquid close to its saturation temperature.
Fig. 2. Schematic
The heater tube assembly is shown in Fig. 3(a). It consists of a
thin-walled nickel alloy tube (Inconel 600, MicroGroup,
600F10093X010SL, melting point of 1686 K) with a ceramic tube
of apparatus.



ig. 4. Fluctuations of (a) exhaust gas flow rate and (b) tube temperature at location
.C.-B1 in Fig. 3(a) with a corresponding heat flux of 528 kW/m2. The average value
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insert (Omega, ORX-132116) for structural support to minimize
sagging of the tube as it is heated to near its melting point. The in-
sert also provides electrical shielding of the four thermocouples
(Omega, KMQXL-010G) positioned inside of it at the locations
shown in Fig. 3(a) that were used to monitor the tube temperature
at each power setting imposed. Four thermocouples were em-
ployed at the locations shown in Fig. 3(a), but two thermocouples
were found to work just as well (at locations T.C.-B1 and T.C.-B2 in
Fig. 3(a)) with nearly the same results. Fig. 3(b) shows a represen-
tative temperature distribution along the tube axis at the indicated
heat fluxes when two and four thermocouples are used. Correc-
tions for temperature drop in the radial direction from the tube
center and outer surface were shown to be negligible for the con-
ditions employed here [30].

With the design of Fig. 2, condensed liquid may reflux to the
pool. To identify dissolved products that may be present in the
liquid pool as a result of this effect, the liquid was sampled period-
ically and analyzed by a gas chromatograph/mass spectrometer
(GC/MS) system (Agilent, 5973 N) with an electron impact detector
(EID) that incorporates NIST spectral libraries. Results are
discussed in Section 4.2.

The data acquisition section consists of two flow meters in par-
allel, a programmable digital power supply, a personal computer,
and a gas chromatograph. The digital power supply (Aglient,
6681A) provides direct current to the heater tube at levels con-
trolled by a LabVIEW program that also monitors thermocouple
and flow meter outputs.

To develop film boiling, the tube is first immersed into the li-
quid pool. Power to the immersion heaters is then applied to raise
the liquid temperature to near saturation conditions after which
the tube is heated in steps (with voltage increments of 0.1 V; the
current is automatically adjusted by the power supply commensu-
rate with the electrical resistance of the tube). At each voltage
increment, thermal conditions are allowed to stabilize for 5 min-
utes. The heat transfer modes transition from single phase convec-
tion, to nucleate boiling, the CHF, and ultimately to film boiling.
The tube did not sustain any damage associated with the insulating
effect of the EA vapors as the heat transfer mode transitioned from
CHF to film boiling. The approach of establishing film boiling that
begins with the tube initially in the liquid before power is applied
is simpler than the one used in prior studies [18,19,30] that was
developed to avoid burnout for fluids with a higher boiling point
on transition from CHF to film boiling. The EA properties were
more favorable for this simpler approach to developing film
boiling, and in no case did burnout occur when developing film
boiling of EA.

After film boiling is established, the tube surface temperature is
varied to promote thermal decomposition within the vapor film. At
each tube temperature, the bulk liquid temperatures, current
through the tube, exhaust gas flow rates, identification of the spe-
cies present and their fractional amounts in the exhaust line are
measured. Concurrently, the liquid was sampled periodically for
off-line GC/MS to monitor the composition.

Exhaust gas flow rates were measured using two flow meters
(#1 and #2 in Fig. 2) that cover complementary ranges for en-
hanced precision (i.e., Omega Engineering Co., models FMA-
A2309 and FMA-4310 digital flow meters). They were installed in
parallel, with the flow stream directed to the meter best matched
to the flow rate corresponding to the tube temperature and input
power imposed. The flow meters were calibrated against a stan-
dard flow meter (Bios International Corp., Definer 220 flow meter),
and conversion of the voltage to flow rate was accomplished by a
calibration described in Appendix A. The exhaust gas composition
and fractional amounts of species in the stream were measured by
directing a small amount of the product gas (30 mL/min) into a gas
chromatograph (Gow-Mac Instruments, Series 600-TCD gas
chromatograph).

The heat flux dissipated by the tube of length L for each voltage
input is determined from the measured current through the tube
and its electrical resistivity (neglecting axial conduction effects
[30]) as

q00 ¼ I2 4q
p2doðd2

o � d2
i Þ
; ð1Þ

where the electrical resistivity for Inconel 600 is [31]

q ¼ 0:4763þ ð5:27� 10�3ÞT � ð1:95� 10�5ÞT2 þ ð3:56� 10�8ÞT3

� ð3:23� 10�11ÞT4 þ ð1:35� 10�14ÞT5 � ð1:89� 10�18ÞT6

ð2Þ

This flux will be slightly lower from the flux determined by the
measured voltage and current because of the small contributions
from the support electrodes and lead wires.

Flow rate and tube surface temperature measurements exhib-
ited low level fluctuations over the sample interval at each power
setting. Fig. 4 shows representative flow rate fluctuations for an
average tube surface temperature of 1252 K and an input power
of 528 kW/m2. In this case the reactant liquid had evolved into a
indicated over the sampling interval.
F
T
is
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mixture of EA and acetic acid owing to acetic acid being a major
product of EA decomposition (see Section 3). Due to these fluctua-
tions, the surface temperatures and flow rates presented in Sec-
tion 4 are averaged over the sample interval (cf, the horizontal
lines in Fig. 4).

The flow rate and surface temperature fluctuations are thought
to arise from bubbling action in the liquid pool. This consideration
was confirmed by noting that no fluctuations were observed in the
single phase regime of the boiling curve. Bubbles in the condenser
associated with phase change of the dry ice may also have contrib-
uted to flow rate fluctuations. However, it was determined that the
contribution of bubbling action in the condenser to the fluctuating
flow rate amounted to about a 3% correction in the flow rate. Be-
cause of the lack of precision of knowing the precise cause of the
flow rate fluctuations, the results presented in Section 4.2 are for
flow rates as measured directly.
Fig. 6. (a) Variation of bubble and dew point temperatures with mole fraction of
acetic acid at normal atmospheric pressure in a EA/acetic acid mixture [32]; (b) vapor
3. Decomposition chemistry of ethyl acetate

Pyrolysis of EA is expected to be a unimolecular process with
two major products forming: acetic acid (CH3COOH) and ethylene
(C2H4) [20],

CH3COOC2H5�!
K1 CH3COOHþ C2H4 ð3Þ

with known rate constant, K1 [20–24]. Acetic acid is soluble in EA.
The experimental design described in Section 2 has no special pro-
vision to prevent refluxing (e.g., by dripping) of condensable soluble
species into the chamber. As a result, the liquid pool will be trans-
formed over time from a single component reactant (EA) to a mis-
cible mixture containing acetic acid and other condensable and
soluble products. For example, Fig. 5 shows the evolution of liquid
concentration from GC/MS measurements at the indicated times
for operation at a fixed tube temperature of 1313 K over a four hour
interval. The increase of acetic acid concentration is evident, which
is due to refluxing. The specific molar concentration is dependent
on the volume of the liquid containment and the conversion rate
of ethyl acetate. The concentration of acetic acid developed from a
heater of fixed size in an arbitrarily large volume of ethyl acetate
would be small. The preferential vaporization of dissolved compo-
nents will create the potential for them to decompose as they flow
in the vapor film and are exposed to high tube wall temperatures.
Fig. 5. Measured bulk liquid concentrations as a function of time for ethyl acetate
and acetic acid at Tw = 1313 K over a four hour interval. Table 1 lists the additional
species identified by GC/MS analysis in the liquid over this time interval.

mole fractions for indicated liquid mole fractions in the binary EA/acetic mixture.
The fractional amount of soluble products in the vapor film is
determined by the phase equilibrium behavior of the mixture. Con-
sidering just a binary EA/acetic acid mixture, Fig. 6(a) shows the
bubble point curve at atmospheric pressure and Fig. 6(b) illustrates
the variation of vapor mole fraction in equilibrium with the indi-
cated liquid composition in solution [32]. In reality, there may be
many more condensable species formed, and Table 1 illustrates
the suite of chemicals detected by GC/MS analysis of the liquid at
a tube wall temperature of 1313 K along with the normal boiling
points of the species. It is clear that the dominant condensable
product species is acetic acid. At this particular tube wall temper-
ature the liquid mole fraction of acetic acid was found to be 0.0533.
According to Fig. 6(b), the vapor mole fraction would be about 0.01.

The decomposition of acetic acid may form carbon dioxide and
methane,

CH3COOH�!K2 CO2 þ CH4 ð4Þ

with K2 known [33–36]. The extent to which Eq. (4) contributes to
the overall decomposition process depends in part on detecting the
three non-condensable gases carbon monoxide, methane and



Table 1
Liquid composition (mole fraction) at the indicated times for Tw = 1313 K.

Chemical Formula Tb [K] 1 h 2 h 3 h 4 h

Ethene C2H4 169.4 0.0003 0.0003 0.0003 0.0003
Acetaldehyde C2H 4O 293.9 0.0005 0.0005 0.0005 0.0005
Ethanol C2H6O 351.5 0.0002 0.0004 0.0003 0.0003
Acetone C3H6O 329.3 0.0004 0.0003 0.0003 0.0003
3-Penten-1-yne C 5H6 317.2 0.0001 0.0001 0.0000 0.0000
Ethyl Acetate C4H8O2 350.2 0.9405 0.9296 0.9108 0.9045
Acetic Acid C2H4O2 391.2 0.0533 0.0631 0.0825 0.0876
Propanoic acid C3H6O2 414.0 0.0011 0.0015 0.0012 0.0012
Butane, 1-ethoxy- C6H14O 364.7 0.0006 0.0010 0.0008 0.0012
Acetic Acid, anhydride C4H6O3 412.0 0.0027 0.0022 0.0027 0.0032
Heptane, 2-methyl- C8H18 390.7 0.0005 0.0009 0.0005 0.0008

The significance of the bold characters is that these two chemicals are the main constituents of the bulk liquid.

W.-C. Kuo et al. / International Journal of Heat and Mass Transfer 68 (2014) 456–465 461
ethylene in the product stream. Considering Eqs (3) and (4) as
describing the overall conversion process, the complete conversion
of EA may proceed through formation and decomposition of acetic
acid and then ultimately to CO2, CH4 and C2H4,

CH3COOC2H5 �!CH3COOH
CO2;CH4;C2H4: ð5Þ

It should be noted that the concentration of acetic acid in the
bulk liquid is dependent in part on the physical size (i.e., volume)
of the chamber and its conversion rate. For an arbitrarily large con-
tainment volume or low conversion rate, the concentration of ace-
tic acid in the liquid and, thus, in the vapor film would be small.
Furthermore, if the condensate were flushed through the system
and prevented from returning to the liquid pool, the reactant liquid
would remain as a neat component regardless of the number of
condensable species formed by decomposition. The influence of
dissolved products on performance should therefore be viewed
somewhat in the context of the experimental design.

4. Results

4.1. Boiling curve

The operational parameters of a reactor based on film boiling
are defined by the so-called ‘‘boiling curve’’ of a liquid [37], which
displays the relationship between the applied heat flux and the
wall temperature over a spectrum of multiphase heat transfer
modes. Fig. 7 shows the boiling curve of ethyl acetate measured
in the present study. Four separate experimental runs are shown
Fig. 7. Measured boiling curve of ethyl acetate. Thermal decomposition is confined
to the film boiling domain. The arrows indicate the temperature excursion that
occurs on transitioning from the critical heat flux (CHF) to the film boiling regime.
that illustrate the repeatability of the measurements. Each temper-
ature shown in Fig. 7 is an average value at each power setting.

The boiling curve was developed with the tube initially sub-
merged in the liquid pool, and the power then increased in steps.
The nucleate boiling portion terminated at the CHF which was
measured as approximately 253 kW/m2 (at Tw 381 K). This value
is within the range of predictions of correlations given by Lienhard
[37] as corrected for the heater size, q00CHF ¼ ð0:89þ 2:27e�3:44

ffiffiffi
R0
p
Þ�

ð0:131q1=2
v hfg

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gðql � qv Þr4

p
Þ where R0 ¼ R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gðql � qv Þ=r

p
which

gives q00CHF 282 kW/m2 using the properties listed in Table 2 [38].
Above the critical heat flux (CHF), a wall temperature excursion

occurs to transition the heat transfer mode to film boiling. For EA,
the temperature jumped to about 940 K at this transition (note the
arrows in Fig. 7). Because this temperature is well below Inconel’s
melting point, film boiling could easily be established on the tube
when beginning with a submerged rod and heating it without dan-
ger of melt-down on the transition from CHF to film boiling. Once
in film boiling, the average tube surface temperature is systemati-
cally adjusted to traverse the film boiling states. The low end is dic-
tated by destabilization of the vapor film (about 711 K) and the
upper temperature is limited by structural considerations of the
tube as the melting point is approached. The practical range for
the experiments reported here is between 711 K to about 1450 K.
Over this range the gases flowing in the vapor film may decompose
as discussed in Section 4.2.

Because the experiment employs input power as the control
variable (rather tube temperature), the transition boiling portion
of the boiling curve is not accessible, hence the gap in data for
381 K < Tw < 711 K, where the upper limit is the measured mini-
mum film boiling temperature. Below this temperature, the bub-
bling instability of the transition region is not conducive to
promoting pyrolysis, and the temperature in this regime is too
low for significant product yields to be expected.

Fig. 8 shows a front view of film boiling of ethyl acetate at dif-
ferent times for ostensibly the same thermal condition of an aver-
age tube temperature of 1443 K. Mushroom-shaped bubble
morphologies are evident. The configurations are highly stochastic
and continually vary over time as the bubbles form and depart
from the top of the tube. The bubbles contain the reaction products
and unreacted vapors.
4.2. Product yields and gas and liquid compositions

The boiling curve and the images shown in Figs. 7 and 8 offer no
substantive clue of reactions in the vapor film. The exhaust gas
flow rate and chemical analysis of the gas stream provides the di-
rect evidence of a particular decomposition route (cf, Eqs. (3) and
(4)).

Fig. 9 shows the variation of exhaust gas flow rate (i.e., the
‘‘product yield’’) of ethyl acetate with average tube surface



Table 2
Selected properties under standard conditions unless otherwise indicated [38].

Chemical Molecular Formula MW [kmole/kg] Tb [K] ql [kg/m3] qv [kg/m3] hfg [kJ/kg] r [N/m] Hc [kJ/kg]

Ethyl Acetate C4H8O2 88.106 350.3 900; 826.17(Tb) 3.57; 3.02(Tb) 404.06; 365.52(Tb) 0.0234; 0.0173(Tb) 25400
Acetic Acid C2H4O2 60.052 391.1 1045 2.50 389.00 0.0271 14560

Fig. 8. Flash photographs of film boiling surrounding the tube at two different
times. The liquid is ethyl acetate maintained at close to its boiling point and the
average tube temperature is 1443 K.

Fig. 9. Product yields as a function of tube temperature. Inset shows the same data
on a logarithmic scale. The solid line and dashed line indicate the detection limits of
flow meter FMA-A2309 and FMA-4310.
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temperature. The flow rates were obtained from the flow meter
voltage output by converting raw voltage signals to flow rate with
the aid of a calibration as discussed in Appendix A. The simplicity
of ethyl acetate decomposition (Eq. (5)) facilitated this conversion
as the only non-condensable product gases in the exhaust stream
are ethylene, methane, and carbon dioxide while acetic acid is con-
densed and returned to the liquid pool. A voltage-to-flow-rate con-
version is only needed for these three gases.
The tube wall temperature is used as a representative value to
define the reaction conditions though other temperatures could
have been used. This assumption is based on the significant tem-
perature drop that occurs across the vapor film. The conversion
rates for the decomposition reactions discussed in Section 3 are ex-
pected to follow Arrhenius kinetics, K / expð�Ea=�RTÞ. Because the
highest gas temperature is at the tube surface, the conversion rate
is highest there for T � Tw and it drops exponentially for T < Tw. The
inset to Fig. 9 shows this sharp decline in the exhaust gas flow rate
that is consistent with the strong dependence of the reaction rate
on temperature. The solid line at 44 mL/min denotes the precision
limit of the FMA-A2309 flow meter while the dashed line at 9 mL/
min is the limit for the FMA-4310 flow meter. Below these levels,
the measurements are not reliable. In overlapping ranges the two
flow meters gave virtually identical flow rates.

Three gases were detected in the exhaust stream: ethylene,
methane and carbon dioxide. Fig. 10 shows the measured frac-
tional amounts of these species as Tw is varied. Ethylene dominates
the gas concentration up to about 1300 K indicating that Eq. (3) is
the main conversion step even though acetic acid is in the vapor
film (due to the preferential vaporization process discussed previ-
ously). At higher temperatures carbon dioxide and methane con-
centrations increase indicating the importance of acetic acid
decomposition (Eq. (4)) in the overall conversion process. The in-
crease in carbon dioxide and methane concentrations and the con-
comitant slight reduction of ethylene with temperature shown in
Fig. 10 tracks with the increase of dissolved acetic acid in ethyl ace-
tate due to refluxing noted in Fig. 5.

While Eqs. (3) and (4) are believed to be the primary route for
EA decomposition by film boiling, GC/MS analysis of the liquid
identified many more condensable products. For example, a list
of the species detected in the liquid pool at Tw = 1313 K is given
in Table 1. Considering the low levels of these additional species,
Eqs. (3) and (4) are the primary decomposition routes for ethyl ace-
tate by film boiling.

Since Eqs. (3) and (4) are unimolecular decomposition reac-
tions, the law of mass action leads to the rate of formation of prod-
uct species as [39], dCpi

dt ¼ K CR. Unfortunately, this equation cannot
be integrated because the molar concentration of EA and acetic
acid in the exhaust gas was not measured in the experiment, as
these species were condensed and allowed to reflux into the liquid
pool. However, the reaction rates provide a further clue on which
of Eqs. (3), (4) is likely to be dominant. From the available rate con-
stants for Eqs. (3) and (4) [20–24,33–36] we can say with reason-
able certainty that acetic acid decomposition should proceed at a
slower rate than EA as both species are transported around the
tube in the vapor film.

Fig. 11 shows the molar flow rate of the individual non-condens-
able gases ( _ni) in the exhaust stream. The _ni were computed from
the measured total product yield data, _N (the volumetric flow rate
data in Fig. 9 ( _V) converted to total molar flow rate by assuming
the ideal gas behavior, _N ¼ _V P

�RT) and the mole fractions of the indi-
vidual species in the exhaust stream (yi, Fig. 10) as _ni ¼ yi

_N.
At low temperatures, the ethylene molar flow rate (produced

from Eq. (3)) is several orders of magnitude higher than methane
and carbon dioxide (Eq. (4)) in keeping with the higher rate
constant and lower activation energy of EA decomposition
[20–24,33–36] relative to acetic acid. The large difference is main-



Fig. 10. Measured product gas compositions as a function of tube wall temperature.
Dotted lines are correlations based on Eq. (A.3) and Table 5.

Fig. 11. Molar flow rate of the individual non-condensable gases.

Table 3
Correlation constants Eq. (A.2) for flow meter FMA-4310.

Chemical 0 < _Si [mL/min] 6 200 200 < _Si [mL/min] 6 2000

ai bi ci ai bi ci

C2H4 �0.55 240.65 �2.62 8.69 222.75 7.66
CO2 �3.84 292.85 �4.00 8.71 278.52 0.16
CH4 �26.22 324.30 �7.27 9.54 279.98 11.94
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tained for almost the entire temperature range investigated, except
at the highest temperatures where the molar rates appear to con-
verge. This trend is consistent with Fig. 10 which also shows neg-
ligible concentrations of the products of acetic acid decomposition
at low tube temperatures and increasing concentrations of the ace-
tic acid products at high temperatures. The concentration of meth-
ane and carbon dioxide track together throughout the temperature
range as shown in Fig. 11 which is consistent with Eq. (4). This
trend shows that the molar concentrations (and hence the molar
flow rates of these two species) should be equal.

A final point to note regarding decomposition of organic mole-
cules by film boiling is the potential for surface (catalytic) effects in
the conversion process and the formation of a carbonaceous layer
on the tube. The fact that the highest temperature in the vapor film
occurs at the tube surface, with a steep drop in temperature to the
liquid/vapor interface, and that the tube material itself (being a
nickel alloy in the present experiments) could be catalytic suggest
this possibility.

Some of the product gases detected in the present experiments
are involved with reactions that can produce carbonaceous materi-
als (e.g., CH4 or CO2 reacting with H2). Interestingly, carbon formed
during film boiling is the basis of an industrial process for
synthesizing carbon composites from porous substrate preforms
(e.g., cyclohexane is a common feedstock for this purpose [40–
42]). Formation of a thin carbon layer was noted in a study of aque-
ous ethylene glycol mixtures [19,30], and it was observed in the
present experiments as well.

The mechanism by which carbon deposits on the tube is unclear.
Chemisorption of radicals at active sites on the solid surface can
promote nucleation of solid aggregates that grow to form pyrolytic
carbon layers. If such sites are not present, or only in a low concen-
tration, the radicals will react with stable species in the gas phase
and either produce soot precursors or participate in steps that lead
to such additional species as CO, C2H2, C2H4, H2 etc., though we have
no evidence of homogeneous production of soot for the conditions
of the present investigation. Once formed on a metal surface, a thin
carbon layer could insulate the underlying metal from the gases
flowing around it so that the potential for surface reactions cata-
lyzed by the underlying metal may be diminished.
5. Conclusions

The conclusions of this study are the following:

(1) The thermal decomposition of ethyl acetate by film boiling
resulted in formation of acid and ethylene in proportions
consistent with a unimolecular decomposition process;

(2) For the experimental design of the present study in which
acetic acid was allowed to reflux to the liquid pool, acetic
acid further decomposed (along with ethyl acetate) to form
methane and carbon dioxide, with product concentrations
increasing with tube surface temperature;

(3) Over the temperature range investigated the concentrations
of dissolved species other than acetic acid was small, indi-
cating that ethyl acetate and acetic acid dominated the con-
version process;

(4) Development of a carbon film on the tube surface was noted
which was considered to mitigate the potential for surface
catalytic reactions on the bare Inconel support;

(5) The remarkable consistency of the results presented suggest
value for film boiling to not only promote chemical change
of an organic liquid but to use the results to understand
the decomposition kinetics involved.
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Appendix A.

The conversion of voltage from flow meter output to flow rate
requires a voltage-to-flow rate calibration ( _Si). There are three
molecules to consider in the calibration: C2H4, CO2 and CH4. The



Table 4
Calibration constants Eq. (A.2) for flow meter FMA-A2309.

Chemical 0 < _Si [mL/min] 6 200 200 < _Si [mL/min] 6 2000

ai bi ci ai bi ci

C2H4 975.97 874.47 �0.68 17.38 1080.08 0.69
CO2 �309.13 1575.86 �24.58 �69.22 1490.43 �17.46
CH4 �2414.10 2002.09 �42.55 3.62 1463.91 �12.30

Fig. A1. Calibration curves of flow meters (a) FMA-4310 and (b) FMA-A2309.
Correlation constants (lines in the figure) and equations are given in Eq. (A.2) and
Tables 3 and 4.

Table 5
Correlation constants for product species mole fractions shown in Fig 10,
yi ¼ Ai expðT=BiÞ þ Ci .

Chemical Ai Bi Ci

C2H4 �5.99 � 10�7 107.01 0.988
CO2 1.75 � 10�7 105.30 0.005
CH4 1.94 � 10�7 102.01 0.006
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relationship between the exhaust gas volumetric flow rate ( _V , mL/
min), or total product yield (Fig. 9) and the voltage output from the
digital flow meters is

_V ¼
XN

i¼1

yi
_Si ðA:1Þ

where yi is the mole fraction of component i in the gas mixture and
the _Si represent the relationship between the mixture component
flow rates (mL/min) and flow meter voltage outputs. The _Si were
correlated with flow meter voltage outputs (V) for the individual
components detected in the exhaust stream using a quadratic
relationship
_Si ¼ aiV
2 þ biV þ ci ðA:2Þ

The calibration constants for the flow meters used (ai, bi, ci) are
listed in Tables 3 and 4. Fig. A1 shows the (near linear) correlations.
A quadratic polynomial fitting gave a slightly more accurate
calibration relation.

The component mole fractions in the exhaust stream yi were
determined from GC analyses. Fig. 10 previously presented the
data. They were correlated as

yi ¼ Ai expðT=BiÞ þ Ci ðA:3Þ

where the constants are listed in Table 5 based on the data in
Fig. 10. The dotted lines show the trends from Eq. (A.3) for the
individual species.
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