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ABSTRACT:Electronic cigarettes (ECIGs) are a class of tobacco
products that emit a nicotine-containing aerosol by heating and
vaporizing a liquid. Apart from initiating nicotine addiction in
nonsmokers, a persistent concern about these products is that their
emissions often include high levels of carbonyl species, toxicants thought
to cause most noncancer pulmonary diseases in smokers. This study
examined whether the phenomenon of� lm boiling can account for
observations of high carbonyl emissions under certain operating
conditions and, if so, whether� lm boiling theory can be invoked to
predict conditions where high carbonyl emissions are likely. We measured
the critical heat� ux for several common heating materials and liquids and
carbonyl emissions for several ECIG types while varying the power. We
found that emissions rise drastically whenever the power exceeds the
value corresponding to the critical heat� ux. While limiting the heat� ux to below this threshold can greatly reduce carbonyl
exposure, ECIG manufacturer operating instructions often exceed it. Product regulations that limit heat� ux may reduce the public
health burden of electronic cigarette use.

� INTRODUCTION

Electronic cigarettes (ECIGs) are a rapidly growing class of
tobacco products that contain an electrical heating� lament or
“coil” and a liquid-saturated wick (Figure 1). When the coil is
powered, it heats and vaporizes the liquid to produce an
inhalable nicotine-containing aerosol mist. The potential
bene� ts and risks of ECIGs to public health are a subject of
much debate among scientists and policymakers. On one hand,
ECIG toxicant emissions may be lower than those of
combustible cigarettes1� 5 and may, therefore, reduce disease
risk in smokers who switch. On the other hand, ECIGs may
initiate nicotine-nai�ve individuals to a lifetime of addiction and
may ultimately induce population-wide increases in combus-
tible tobacco use.6� 8 Apart from nicotine addiction, a
persistent health concern surrounding ECIG use is that it
may expose users to carbonyl compounds (CCs), a class of
potent respiratory toxicants thought to induce the majority of
noncancer pulmonary diseases in cigarette smokers.9,10

Carbonyls, including formaldehyde and acrolein, are produced
by thermal degradation of the major ECIG liquid constituents,
namely propylene glycol (PG) and vegetable glycerin
(VG).11� 14 A key question for product regulation is the
degree to which carbonyls and other toxic thermal degradation
products can be minimized by product design and operation
constraints.

Studies have reported wide ranges of CC emissions, ranging
from negligible quantities to several combustible cigarette
equivalents in a few pu� s.1,2,13,15� 20 We have previously shown
that electrical power input normalized by heating coil surface
area (heat� ux, q� , kW/m2) predicts CC emissions across
devices.16 However, there are ECIG operating conditions in
which small increases in power result in disproportionately
larger CC emissions.17,19 We refer to this condition as the
“high carbonyl regime” or HCR, during which CC emissions
may increase by orders of magnitude. To date, laboratory
observations of high CC emissions have been attributed to
“dry-pu� ng”, a scenario in which the ECIG wick runs dry,
allowing the coil to reach su� ciently high temperatures that
the remaining traces of liquid thermally degrade to form
carbonyls.21� 23

Dry-pu� ng may occur when liquid is vaporized by the coil
more rapidly than fresh liquid can replenish the wick.
However, while studying ECIG toxicant emissions, we have
regularly observed HCR onset even when the coil� wick
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system was well-saturated by liquid. In this study, we examined
an alternative construct to understand and predict the onset of
HCR, namely a thermo-physical phenomenon known as“� lm
boiling”.24,25

Film boiling can occur at the interface of a submerged,
heated surface. If the heat� ux exceeds a threshold, a thin vapor
� lm forms between the hot surface and the surrounding liquid.
This � lm acts as an insulator, impeding heat transfer from the
surface, causing surface temperature to rise drastically. The
threshold heat� ux is called the critical heat� ux, or CHF (kW/

m2). CHF can be measured or computed theoretically based
on liquid properties. If HCR onset is due to� lm boiling, then
CHF can provide a readily computed metric for the probability
that a given ECIG design and operating condition will lead to
high CC emissions. Potentially, CHF could guide product
design regulations for public health ends.

The primary purpose of this study was thus to examine
whether CHF predicts the onset of HCR for a given ECIG
design. To test this theory, we� rst submerged typical ECIG
heating wires that di� ered by geometry and material and
examined whether� lm boiling occurs in ECIG wire� liquid
systems under heat� ux conditions that are relevant to ECIG
operation. Second, we measured temperature, liquid vapor-
ization, and CC emissions for three di� erent categories of
ECIGs over a range of powers and tested whether approaching
and exceeding CHF coincides with both HCR onset and
behaviors characteristic of� lm boiling: onset of a high
temperature, followed by a limited-vaporization regime in
which additional increments in heat� ux do not result in a
greater liquid vaporization rate. Third, we triangulated by
varying the ECIG liquid composition and therefore the
intrinsic CHF of the wire� liquid combination, and we checked
whether observed changes in CHF corresponded to
predictions from the� lm boiling theory. Finally, using a
historical database, we examined whether CHF predicted HCR
for a large number of ECIG devices operated under a wide
range of conditions.

� RESULTS AND DISCUSSION

Do ECIG Wires Exhibit Film Boiling at Relevant Heat
Fluxes?We investigated whether ECIG coil� liquid systems
can transition to� lm boiling under plausible heat� uxes (q� ).
To do so, we submerged several nickel ECIG wires of varying
geometries in PG and powered them in increasing increments
while continuously recording their temperatures. Nickel wires

Figure 1.Schematic of an ECIG and experimental setup (see the
Materials and Methodssection in the Supporting Information for
details).

Figure 2.Critical heat� ux determination for nickel wires submerged in PG. (A) Schematic of the experimental setup. The setup consists of nickel
wires submerged in a saturated solution of PG and powered using a power supply controlled by a DNA200 circuit board (see the Materials and
Methods section in theSupporting Informationfor details). (B) Example of the superheat pro� le vsq� for one wire. (C) Maximum coil superheat
as a function ofq� for all tested nickel wires that di� er by surface area (126� 188 mm2) ( Table S3); shaded area corresponds to the manufacturer-
recommended range of operating powers for the VF and SMOK V12-Q4 ECIG devices shown inFigure S1.
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are commonly used in temperature-controlled ECIG devices,
because the relatively high temperature coe� cient of resistance
(TCR) of nickel makes electrical resistance a convenient
surrogate measure of the mean wire temperature. We observed
the temperature record for signs of the transition to� lm
boiling and recorded the CHF. Simultaneously, we visually
observed changes to the wire� liquid system asq� increased
(Video S1). The visual observations can be described as
follows: at a lowq� , we observed convective motion of the
liquid and no sign of bubble formation. As we increasedq� ,
visible bubbles began to form and detach from the wire surface,
indicating a transition from natural convection to nucleate
boiling. Nucleate boiling continued and intensi� ed with an
increasingq� until bubbles began joining to form larger
bubbles and eventually a vapor� lm over parts of the wire. As
we further increased the power, the vapor� lm grew in length,
and the wire started to glow red; simultaneously, its recorded
temperature increased drastically. This last stage describes the
transition to the� lm boiling regime, where the heating surface
is no longer in direct contact with the liquid, and therefore, its
temperature can depart markedly from the liquid boiling
temperature,Tb. Previous literature describing boiling
processes for submerged wires is similar to this account.26

Figure 2B shows an example of the measured temperature
(superheat:� Texcess= T � Tb) for one nickel wire submerged
in PG. The data show that with an increasingq� , a threshold is
reached where� Texcessjumps, indicating a transition to the
� lm boiling regime (i.e.,q� > CHF). Beyond this threshold,
� Texcess continued to increase monotonically with an
increasingq� . q� was calculated asq� = IR2/( � DLN), where
I is the current (A),R is the heating wire resistance (� ), D is
the diameter (m) of the wire,L is the length (m), andN is the
number of wires (see eq 1 in the Materials and Methods
section of theSupporting Informationfor details).Figure 2C
shows that all submerged nickel wires exhibited qualitatively
the same behavior. We found that CHF varied between 241
and 474 kW/m2, with a mean(SD) of 343(105) kW/m2. A
summary of the data is included inTable S3.

We also determined CHF for kanthal and nichrome wires
using the same visual observation technique. Interestingly, the
data showed variations in CHF across metals, with kanthal
exhibiting the highest mean(standard deviation) CHF of
510(76) kW/m2 followed by nichrome, 390(73) kW/m2, and
nickel, 340(105) kW/m2. Except for the CHFs of nichrome
and nickel, which were found to be similar, CHFs varied
signi� cantly across metals. The di� erence in CHFs across
metals has been previously reported and hypothesized to result
from di� erences in TCR;27 the CHF and TCR were reported
to be inversely related. Similarly, in this study, the metal with
the highest TCR, nickel,28 resulted in the lowest CHF, and the
one with the lowest TCR, kanthal,29 resulted in the highest
CHF.

Importantly, manufacturer-recommended maximum powers
for several ECIGs tested here correspond to values exceeding
the CHF (Table S1). Thus, submerged ECIG wires can exhibit
� lm boiling at heat� uxes relevant to ECIG operation.

Do ECIG Devices Exhibit Evidence of Film Boiling at
Relevant Powers?We examined temperature response and
aerosol emissions while varying the power input to three
di� erent o� -the-shelf models of ECIGs that varied by heating
wire material of construction, atomizer geometry, and basic
design (see the Materials and Methods section in the
Supporting Informationfor details). One of the three models,

the SMOK TF-N2, utilized a nickel heating coil, allowing the
mean wire temperature to be recorded during pu� ng.

Figure 3A shows time plots of the mean coil temperature
measured when individual pu� s of a 4 s duration were drawn

through the SMOK TF-N2 ECIG device. Plots are arranged in
order of increasing power from left to right. The boiling
temperature of PG is shown for reference (Tsat). It can be seen
that, starting at pu� 3 (q� = 207 kW/m2), the temperature
rapidly reached and then plateaued atTsat; subsequent pu� s 4�
6 showed the same behavior, despite the continuing increase in
thermal input. At pu� 7 (315 kW/m2), the wire temperature
rapidly reached boiling, as with the previous pu� s, but then it
continued to rise, albeit at a lower rate. In subsequent pu� s at
still greater heat inputs, a similar rapid rise toTsat is apparent;
however, the rate of the rise in temperature and the� nal excess
temperature continue to increase with the increasing heat input
(Figure 3B). The data thus clearly indicate three distinct
operating regimes: evaporating (pu� s 1� 3, q� < 207 kW/m2),
boiling (pu� s 4� 6, 207 <q� < 315 kW/m2), and superheating
(pu� s 7 and greater,q� > 315 kW/m2). The transition from
boiling to superheating regimes appears to occur between 315
and 347 kW/m2; this value is consistent with the mean CHF of
343 kW/m2 that we observed for nickel wires submerged in the
same liquid (Figure 2B,C). This data is consistent with the
notion that� lm boiling can occur in ECIG devices.

Another window on� lm boiling in ECIGs is provided by
observing the mass of liquid vaporized from the device as the
power input is increased. In particular, if a transition to� lm
boiling occurs, the insulating e� ect of the vapor layer forming
around the coil will impede further heat transfer to the liquid
and therefore result in diminishing returns in the amount of
liquid vaporized with additional increments inq� . The mass of
liquid vaporized versusq� is shown inFigure 4for the three
ECIG devices examined in this study. For all three devices, at
the lower heat� uxes, we observed a linear relationship
between heat� ux and mass of liquid vaporized; the greater the
input is, the proportionately greater the liquid vaporized is. For

Figure 3. Temperature pro� le of a nickel-coil ECIG, during
operation, at increasing heat� uxes. (A) Temperature pro� le for a
sequence of repeated pu� s, at a stepwise increasing power for one
SMOK TF-N2 ECIG. Note that the time axis is truncated between
pu� s for convenience of display. (B) Average rate of change in
temperature vsq� for data in panel A, once the system reachesTsat.
Dashed line indicates best� t for linear portion of the rise in dT/d t.
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heat� uxes greater than the CHF, we found that additional heat
� ux resulted in diminishing returns in liquid vaporized. For
example, for the SMOK TF-N2 device, a 50% increase in heat
� ux from 200 to 300 kW/m2 resulted in an approximate 50%

increase in liquid vaporized, while increasingq� from 400 to
600 kW/m2 resulted in no signi� cant increase in liquid
vaporized. In this mode of operation, a greater fraction of the
heat input goes into heating the wire itself and into greater

Figure 4.Liquid vaporized and total carbonyl yields vsq� for the examined ECIG devices. Mean(SD) liquid consumed (triangles) and total
carbonyl (circles) yields vsq� (N = 3 per condition). Graphs for the (A) SMOK TF-N2, (B) VaporFi platinum, and (C) SMOK V12-Q4. Dashed
line indicates best� t for linear portion of the vaporization curve. Shaded area indicates theq� range corresponding to the manufacturer’s
recommended battery settings and device geometry; SMOK TF-N2 has no manufacturer recommendations (Table S1).

Figure 5.E� ect of liquid composition on the� lm boiling behavior mean(SD) liquid consumed (A) and total CCs (B) vsq� (N = 3 per condition)
for the SMOK TF-N2 device� lled with PG vs VG. Dashed lines represent the best� t linear regression forq� � CHF.
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conduction losses through the wire leads. Importantly, this
plateau occurs within the manufacturer’s recommended
operating ranges for the VF Platinum and the SMOK V12-
Q4, shown in shaded gray inFigure 4(there are no power
guidelines for the SMOK TF-N2).

Also shown inFigure 4are the CC yields per 15 pu� s.
Importantly, we found that the sharp increase in CC yields
coincided with the plateau in liquid vaporized. Because
carbonyls are thermal degradation products of PG and
VG,12,21,30 a sharp rise in carbonyls is consistent with a rise
in the coil temperature; for the SMOK TF-N2 device, we
indeed found that the superheating regime coincided with the
rise in carbonyls.Table S4includes a summary of the data.
Although the examined CC species covered a broad range of
volatilities, we report total CCs as an aggregate quantitative
indicator of thermal degradation of the parent liquids. We
note, however, that when we examined individual species (e.g.,
formaldehyde,Figure S5) we found the same trends as those
reported for the total. We further note that nearly all the
examined CC species are toxic and/or carcinogenic, and
therefore, total CCs represents a convenient indicator of
toxicant emissions.

In summary, we found that, when CHF was exceeded, the
ECIG coil temperature exceeded the PG boiling temperature;
the ECIG exhibited a plateau in vaporization rate, and CC
yields rose sharply. Importantly, the manufacturer’s recom-
mended windows of operation for the SMOK V12-Q4 and
VaporFi devices exceed the CHF. Thus, it is apparent that
ECIG devices operating with PG liquid can exhibit� lm boiling
behavior at plausible powers and that onset of high carbonyl
emissions is coincident with the onset of the transition to� lm
boiling.

How Is Film Boiling Behavior A� ected by Liquid
Composition? Vegetable glycerin (VG) is the other major
solvent used in ECIG liquids. Relative to PG, VG has a greater
molar mass, and it exhibits a higher boiling temperature,
surface tension, heat of vaporization, and viscosity (Table S2).
The Zuber equation29 indicates that a heated surface

submerged in VG should therefore exhibit a 50% greater
CHF than if it were submerged in PG.

We repeated the submerged nickel wire measurements using
VG liquid and found that the system transitioned to� lm
boiling at much higher heat� uxes than the those the system
transitioned at using PG, and the system did so in a manner
that resulted in catastrophic wire burnout; it was impossible to
sustain a complete pu� with a� ux equal to or greater than the
CHF. We found the mean CHF for nickel wires submerged in
VG to be equal to 866 kW/m2 (Figure S6A), which was more
than double the mean attained with PG (343 kW/m2).

We also examined the mass of liquid vaporized and CC
emissions for the SMOK TF-N2� lled with VG; the
measurements were taken up to the maximum power
attainable with the EScribe power supply for this setup.
Table S5includes a summary of the data. We found that the
liquid vaporized continued to increase monotonically through-
out the tested power range.Figure 5ashows the striking
di� erence between the vaporization behaviors of the PG and
VG cases; PG vaporization plateaued at 350 kW/m2, while VG
vaporization continued to rise throughout the test range.
Consistent with this� nding, the temperature pro� les of the
heating coil of the SMOK TF-N2 device did not depart from
the previously described boiling regime. Namely, during each
pu� , the temperature rapidly rose to boiling and then remained
at boiling for the remainder of the pu� (Figure S6B). Most
importantly, we found that, across the range of heat� uxes
examined, CC emissions did not rise drastically, unlike those in
the case with PG (Figure 5B).

In summary, all the signatures previously attributed to� lm
boiling disappeared when PG was substituted with VG, under
otherwise identical conditions, and the carbonyl emissions
remained proportional toq� .

Might Limited Vaporization, High Temperatures, and
High Carbonyl Emissions Result from Wicking Limi-
tations Rather than Film Boiling? Many of the above-
reported observations could be explained by an alternative
hypothesis that high carbonyl emissions result from dry pu� s
during which the liquid vaporization rate exceeds the rate at

Figure 6.Comparison between the wicking rates of PG and VG. An IR camera continuously recorded the motion of PG and VG on silica wicks,
partially submerged in PG- and VG-� lled beakers. The images show comparisons between the distances traveled by PG and VG with time.
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which fresh liquid can be wicked to the heating coil. For
example,Figure 5could indicate that the wick of the SMOK
TF-N2 device transports PG at an intrinsically lower rate than
that of VG and that this rate-limiting process explains the
observed vaporized liquid plateau for PG and not VG.

We compared the transport rates for PG and VG in vertically
suspended ECIG wicks (Figure 6). Figure 6shows six IR
images recorded at various points in time relative to the
beginning of wick immersion in side-by-side beakers� lled with
PG or VG. The images show that PG always traveled agreater
distance at a given time. Thus, the fact that VG vaporization
continues to rise withq� while PG plateaus indicates that
wicking transport limitations are not responsible for the
phenomena observed when the CHF threshold is crossed.

This study was conducted to understand whether the
phenomenon of� lm boiling can explain the onset of a high
carbonyl emissions regime during electronic cigarette oper-
ation. We examined submerged electronic cigarette heating coil
wires and electronic cigarette devices for evidence of� lm
boiling at realistic powers with PG and VG liquids and a
variety of materials and geometries. We found that when ECIG
devices are powered at heat� uxes that approached the CHF
determined by direct observation of submerged heating wires,
the devices exhibited temperature excursions above the boiling
point, accompanied by a plateau in the liquid vaporization rate,
and a concomitant rise in CC emissions. These observations
could not be the result of the wick running dry during high
power operation because when we replaced PG with VG, a
more viscous and more slowly wicking but higher CHF liquid,

all signs of� lm boiling disappeared and carbonyl emissions
dropped drastically. While manufacturers commonly instruct
users to avoid high-temperature“dry pu� s” during which the
heating coil wick is insu� ciently saturated, we found that
manufacturer-recommended power ranges can lead to� lm
boiling and excessive carbonyl emissions even when the wick is
saturated. That is, when used as intended, ECIG devices can
operate in a high-temperature� lm boiling regime, leading to
unnecessary exposure to toxicants. It has been argued that in
real-world use, ECIG users detect and avoid high carbonyl
emissions due to their associated unpleasant taste.23 However,
high levels of formaldehyde and other carbonyls can be found
in the exhaled breath condensates of ECIG users,31 indicating
that ECIGs can expose users to high carbonyl emissions.

One limitation of this study is that only three devices were
examined. To address this limitation, we compiled measure-
ments of carbonyl emissions made by our group over the past 6
years for 25 commercially available devices (20 above-� and 5
sub-� devices) that we characterized previously for power and
heating coil surface area (range = 7� 283 mm2). Figure 7A
shows total carbonyls vsq� for 431 samples from 103 di� erent
conditions in which power ranged from 1 to 200 W,� ow rates
were set at either 1 or 1.5 L/min, and pu� duration was 4 s.
Consistent with the observations in this study, CC yields rose
precipitously whenq� approached a value of 450 kW/m2. This
value is near the mean CHF we found in the current study for
the nichrome heating wire with PG liquids, and as predicted by
the CHF measurements with VG, carbonyl yields with VG
liquids did not begin climbing until there were much higher

Figure 7.CC results from 431 aerosol samples that include 25 di� erent ECIGs. (A) Total carbonyls vsq� for 25 ECIGs (N = 431), 5 sub-� and 20
above-� devices, powers ranging between 1 and 200 W, ECIG coil surface areas ranging between 7 and 283 mm2, and PG/VG in the range 100/0�
0/100. PG and VG are color coded. (B) A model that shows the percent probability that ECIG total carbonyls exceed combustible cigarette levels
for a givenq� . The model is built based on the empirical data in part A, smoothed using a 4th-degree polynomial� t.
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values ofq� (ca. 700 kW/m2). Therefore, at least qualitatively,
we see that historical data are consistent with the� ndings of
this study: carbonyl emissions rise precipitously whenq�
exceeds CHF, and VG can reach substantially larger values of
q� than PG can prior to exhibiting HCR.

These � ndings therefore suggest that� lm boiling is a
concern for a wide range of devices and that the ECIG heat
� ux should be limited to below the CHF to avoid unnecessary
carbonyl exposure by users. As we have seen, however, the
CHF can vary widely even when the liquid and the heated
surface are nominally identical, potentially due to variability in
surface� nish, among other factors. It may be more practical to
regulate the maximum heat� ux to a conservative value that is
well below the theoretical CHF. For the data set presented in
Figure 7A, we computed the probability that in 15 pu� s, a
givenq� would result in carbonyl emissions that would exceed
those of a combustible cigarette, approximately 2 mg.32 It can
be seen inFigure 7B that, forq� below 400 kW/m2, the
probability was negligible. This may be a reasonable upper
bound for regulation. For reference, based on our previous
measurements of heating coil dimensions and maximum power
output,32,33 the JUUL ECIG has aq� of approximately 215
kW/m2.

Another limitation of this study is that we examined only
one class of toxicants produced by the pyrolysis of the ECIG
liquids. The formation of other pyrolysis products found in
ECIG aerosols, such as reactive oxygen species,4,34� 36 VOCs,32

and CO,37 may become signi� cant at heat� uxes lower than the
CHF.

� CONCLUSION
This study demonstrates that high carbonyl emissions, a major
class of respiratory toxicants, are intrinsic to electronic
cigarettes when they are operated at a heat� ux approaching
or exceeding the CHF. ECIG manufacturers routinely
recommend power levels that result in heat� uxes above the
CHF. Constraining the heat� ux to below 400 kW/m2 can
greatly reduce ECIG carbonyl emissions, without compromis-
ing nicotine yield.
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