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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 that9jffest="e
emissions often include high levels of carbonyl species, toxicants thought
to cause most noncancer pulmonary diseases in smokers. This study
examined whether the phenomenon liof boiling can account fofritical Heat Flux mm
observations of high carbonyl emissions under certain operating
conditions and, if so, whethém boiling theory can be invoked to

predict conditions where high carbonyl emissions are likely. We meS&iiStone
the critical heatux for several common heating materials and liquids and
carbonyl emissions for several ECIG types while varying the power. \Ag fiux wim?
found that emissions rise drastically whenever the power exceeds the

value corresponding to the critical heat While limiting the heatix to below this threshold can greatly reduce carbonyl
exposure, ECIG manufacturer operating instructions often exceed it. Product regulations thaiximiayeaduce the public
health burden of electronic cigarette use.

Film Boiling

film boiling

ECIG

INTRODUCTION Studies have reported wide ranges of CC emissions, ranging
f(gf)m negligible quantities to several combustible cigarette
equivalents in a few mt>3'> 2°We have previously shown

that electrical power input normalized by heating coil surface
. X - area (heat ux, q, kW/m?) predicts CC emissions across
powered, it heats and vaporizes the liquid to produce vices® However, there are ECIG operating conditions in

inhalable nicotine-containing aerosol mist. The potentigynich small increases in power result in disproportionately
benets and risks of ECIGs to public health are a subject qf;qer CC emissioh®® We refer to this condition as the

much debate among scientists and policymakers. On one haigyh carbonyl regither HCR, during which CC emissions
ECIG toxicant emissions may be lower than those ghay increase by orders of magnitude. To date, laboratory

combustible cigarette$ and may, therefore, reduce diseasepbservations of high CC emissions have been attributed to
risk in smokers who switch. On the other hand, ECIGs maﬂry-pu ng, a scenario in which the ECIG wick runs dry,

initiate nicotine-nee individuals to a lifetime of addiction and allowing the coil to reach stiently high temperatures that
may ultimately induce population-wide increases in combuse remaining traces of liquid thermally degrade to form
tible tobacco use® Apart from nicotine addiction, a carbonyl§® >

persistent health concern surrounding ECIG use is that it Dry-pu ng may occur when liquid is vaporized by the coil
may expose users to carbonyl compounds (CCs), a classnadre rapidly than fresh liquid can replenish the wick.
potent respiratory toxicants thought to induce the majority dffowever, while studying ECIG toxicant emissions, we have
noncancer pulmonary diseases in cigarette sridkers.regularly observed HCR onset even when thewazkl
Carbonyls, including formaldehyde and acrolein, are produced

by thermal degradation of the major ECIG liquid constituent®eceived: May 18, 2020
namely propylene glycol (PG) and vegetable glyceriRublished:July 8, 2020
(VG).* ** 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.

Electronic cigarettes (ECIGs) are a rapidly growing class
tobacco products that contain an electrical heédimgnt or
“coil’ and a liquid-saturated widkgure ). When the coil is
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m?). CHF can be measured or computed theoretically based
on liquid properties. If HCR onset is duelito 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, wst submerged typical ECIG
heating wires that dired by geometry and material and

h?;il|d_ examined whethetm boiling occurs in ECIG wirkquid
wick — AUB systems under heatx conditions that are relevant to ECIG
VAping operation. Second, we measured temperature, liquid vapor-
aif i machine ization, and CC emissions for threesmint categories of

ECIG!

r——-

DNA200

ECIGs over a range of powers and tested whether approaching
and exceeding CHF coincides with both HCR onset and
behaviors characteristic dim boiling: onset of a high
temperature, followed by a limited-vaporization regime in
which additional increments in heax do not result in a
greater liquid vaporization rate. Third, we triangulated by
varying the ECIG liquid composition and therefore the

Figure 1.Schematic of an ECIG and experimental setup (see thifitrinsic CHF of the wirdiquid combination, and we checked
Materials and Methodsection in the Supporting Information for whether observed changes in CHF corresponded to

details).

- . i
system was well-saturated by liquid. In this study, we examiry
an alternative construct to understand and predict the onset o

HCR, namely a thermo-physical phenomenon kndwimas

boiling .24%°

predictions from thelm boiling theory. Finally, using a
historical database, we examined whether CHF predicted HCR
or,a large number of ECIG devices operated under a wide
8fAge of conditions.

RESULTS AND DISCUSSION

Film boiling can occur at the interface of a submerged, Do ECIG Wires Exhibit Film Boiling at Relevant Heat
heated surface. If the heat exceeds a threshold, a thin vaporFluxes?We investigated whether ECIG dajuid systems

Im forms between the hot surface and the surrounding liquidan transition tolm boiling under plausible heakes ¢ ).
This Im acts as an insulator, impeding heat transfer from theo do so, we submerged several nickel ECIG wires of varying
surface, causing surface temperature to rise drastically. Hle@emetries in PG and powered them in increasing increments
threshold heatux is called the critical heak, or CHF (kW/

while continuously recording their temperatures. Nickel wires
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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 a
Methods section in ttgupporting Informatidior details). (B) Example of the superheat@nesq for one wire. (C) Maximum coil superheat

as a function af for all tested nickel wires thatetiby surface area (12888 mm) (Table S shaded area corresponds to the manufacturer-
recommended range of operating powers for the VF and SMOK V12-Q4 ECIG device§ishoaisin
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are commonly used in temperature-controlled ECIG devicahe SMOK TF-N2, utilized a nickel heating coil, allowing the
because the relatively high temperaturectrg of resistance mean wire temperature to be recorded duringgu

(TCR) of nickel makes electrical resistance a convenientFigure A shows time plots of the mean coil temperature
surrogate measure of the mean wire temperature. We obserreghsured when individual pwf a 4 s duration were drawn
the temperature record for signs of the transitiorinto
boiling and recorded the CHF. Simultaneously, we visual'~
observed changes to the wiiguid system ag increased

(Video S). The visual observations can be described a5 T
follows: at a lovg , we observed convective motion of the £ *°|-=%-- T -~ —/'—/— Lo b= =]
279 405
315

300 A ECIG2

e (°C

o

liquid and no sign of bubble formation. As we incrgased
visible bubbles began to form and detach from the wire surfa =
indicating a transition from natural convection to nucleat§ . _a®wmy ' |
boiling. Nucleate boiling continued and intedsivith an

increasingg until bubbles began joining to form larger
bubbles and eventually a vapor over parts of the wire. As
we further increased the power, the vdpogrew in length,
and the wire started to glow red; simultaneously, its record
temperature increased drastically. This last stage describes
transition to thelm boiling regime, where the heating surface
is no longer in direct contact with the liquid, and therefore, it 0

| temperat
=
2
5

450 541

360 419 495 586

4sec Time (sec)

604 B

40
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temperature can depart markedly from the liquid boiling 200 300 o , 500 Lo
temperature T,. Previous literature describing boiling q" (kWim?)
processes for submerged wires is similar to this aécount.

Fi B sh le of th dt t Figure 3. Temperature prée of a nickel-coil ECIG, during
lgure 5 -shows an example of the measured lempera uF)?)eration, at increasing heakes. (A) Temperature pte for a

(superheat: Teyces T Tp) for one nickel wire submerged gequence of repeated guat a stepwise increasing power for one
in PG. The data show that with an increapirgythreshold is  SMOK TF-N2 ECIG. Note that the time axis is truncated between
reached where T¢,cesdumps, indicating a transition to the pu s for convenience of display. (B) Average rate of change in
Im boiling regime (i.eq > CHF). Beyond this threshold, temperature wg for data in panel A, once the system redghes
Texcess CONtinued to increase monotonically with anDashed line indicates besfor linear portion of the rise ifTAdit.
increasing . g was calculated gs = IR¥( DLN), where

| is the current (A)Ris the heating wire resistancg,©is  through the SMOK TF-N2 ECIG device. Plots are arranged in
the diameter (m) of the wirke s the length (m), and isthe  order of increasing power from left to right. The boiling
number of wires (see eq 1 in the Materials and Methodmperature of PG is shown for referefigg. (t can be seen
section of th&upporting Informatiofor details)Figure € that, starting at pu3 (q = 207 kwi/nf), the temperature
shows that all submerged nickel wires exhibited qualitativepidly reached and then plateau@d,asubsequent pa 4
the same behavior. We found that CHF varied between 24lshowed the same behavior, despite the continuing increase in
and 474 kw/rf, with a mean(SD) of 343(105) kMmA  thermal input. At pu7 (315 kW/nf), the wire temperature
summary of the data is included @ble S3 rapidly reached boiling, as with the previous, put then it

We also determined CHF for kanthal and nichrome wiresontinued to rise, albeit at a lower rate. In subsequeratpu
using the same visual observation technique. Interestingly, 8l greater heat inputs, a similar rapid rig,ts apparent;
data showed variations in CHF across metals, with kantl@dwever, the rate of the rise in temperature andahexcess
exhibiting the highest mean(standard deviation) CHF ofemperature continue to increase with the increasing heat input
510(76) kw/nt followed by nichrome, 390(73) kWjnand (Figure B). The data thus clearly indicate three distinct
nickel, 340(105) kW/f Except for the CHFs of nichrome operating regimes: evaporating §pli 3,q < 207 kW/n?),
and nickel, which were found to be similar, CHFs varie@oiling (pus 4 6, 207 <q < 315 kW/n?), and superheating
signi cantly across metals. Theedénce in CHFs across (pu s 7 and greate, > 315 kW/nf). The transition from
metals has been previously reported and hypothesized to redudiling to superheating regimes appears to occur between 315
from di erences in TCR’the CHF and TCR were reported and 347 kW/rf this value is consistent with the mean CHF of
to be inversely related. Similarly, in this study, the metal wi43 kw/nt that we observed for nickel wires submerged in the
the highest TCR, nick&lresulted in the lowest CHF, and the same liquid Rigure B,C). This data is consistent with the
one with the lowest TCR, kantfiatesulted in the highest notion that Im boiling can occur in ECIG devices.
CHF. Another window onlm boiling in ECIGs is provided by

Importantly, manufacturer-recommended maximum poweobserving the mass of liquid vaporized from the device as the
for several ECIGs tested here correspond to values exceegioger input is increased. In particular, if a transitiolmto
the CHF (Table S). Thus, submerged ECIG wires can exhibitboiling occurs, the insulatingeet of the vapor layer forming

Im boiling at heatuxes relevant to ECIG operation. around the coil will impede further heat transfer to the liquid

Do ECIG Devices Exhibit Evidence of Film Boiling at  and therefore result in diminishing returns in the amount of
Relevant Powers?We examined temperature response andiquid vaporized with additional incrementg.ifThe mass of
aerosol emissions while varying the power input to thrdequid vaporized versgsis shown irFigure 4for the three
di erent o-the-shelf models of ECIGs that varied by heatindeCIG devices examined in this study. For all three devices, at
wire material of construction, atomizer geometry, and badlee lower heat uxes, we observed a linear relationship
design (see the Materials and Methods section in thbetween heatx and mass of liquid vaporized; the greater the
Supporting Informatidior details). One of the three models, inputis, the proportionately greater the liquid vaporized is. For
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Figure 4.Liquid vaporized and total carbonyl yieldg visr the examined ECIG devices. Mean(SD) liquid consumed (triangles) and total
carbonyl (circles) yieldsgs(N = 3 per condition). Graphs for the (A) SMOK TF-N2, (B) VaporFi platinum, and (C) SMOK V12-Q4. Dashed
line indicates best for linear portion of the vaporization curve. Shaded area indicajesatige corresponding to the manufadsurer
recommended battery settings and device geometry; SMOK TF-N2 has no manufacturer recomiame&ipns (
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Figure 5.E ect of liquid composition on thin boiling behavior mean(SD) liquid consumed (A) and total CCs@BfNs= 3 per condition)
for the SMOK TF-N2 devicdled with PG vs VG. Dashed lines represent thetbemtar regression fqgr  CHF.

heat uxes greater than the CHF, we found that additional he&tcrease in liquid vaporized, while increasifrgm 400 to
ux resulted in diminishing returns in liquid vaporized. FoB00 kW/ntf resulted in no sigrdant increase in liquid
example, for the SMOK TF-N2 device, a 50% increase in heatporized. In this mode of operation, a greater fraction of the
ux from 200 to 300 kW/firesulted in an approximate 50% heat input goes into heating the wire itself and into greater
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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 \léd beakers. The images show comparisons between the distances traveled by PG and VG with time.

conduction losses through the wire leads. Importantly, th&ibmerged in VG should therefore exhibit a 50% greater

plateau occurs within the manufacsireecommended CHF than if it were submerged in PG.

operating ranges for the VF Platinum and the SMOK V12- We repeated the submerged nickel wire measurements using

Q4, shown in shaded grayFigure 4(there are no power VG liquid and found that the system transitionedirto

guidelines for the SMOK TF-N2). boiling at much higher heatxes than the those the system
Also shown irFigure 4are the CC yields per 15 gu  transitioned at using PG, and the system did so in a manner

Importantly, we found that the sharp increase in CC yield®at resulted in catastrophic wire burnout; it was impossible to

coincided with the plateau in liquid vaporized. Becaus@istain a complete pwith a ux equal to or greater than the

Carbony|s are thermal degradation products of PG ar@HF. We found the mean CHF for nickel W!reS Submerged n

VG 122130 3 sharp rise in carbonyls is consistent with a ris¥G to be equal to 866 kwfniFigure S6)A which was more

in the coil temperature; for the SMOK TF-N2 device, wehan double the mean attained with PG (343 Kyv/m

indeed found that the superheating regime coincided with theVe also eéxamined the mass of liquid vaporized and CC

rise in carbonyl§able Séincludes a summary of the data. emissions for the SMOK TF-N2led with VG; the

Although the examined CC species covered a broad ranggTgfasurements were taken up to the maximum power
flainable with the EScribe power supply for this setup.

volatilities, we report total CCs as an aggregate quantitati
P ggreg d ?able Shncludes a summary of the data. We found that the

indicator of thermal degradation of the parent liquids. W id zed tinued 1o i tonically th h
note, however, that when we examined individual species (e.I uid vaporized continued 1o Increase monotonically through-

. out the tested power randgeégure 5ashows the striking
formaldehyde-igure Spwe found the same trends as thosedi erence between the vaporization behaviors of the PG and

reported for the total. We further note that nearly all theV cases; PG vaporization plateaued at 350%Wiite VG
examined CC species are toxic and/or carcinogenic, agy porization continued to rise throughout the test range.
therefore, total CCs represents a convenient indicator

toxicant emissions onsistent with thisnding, the temperature ples of the
In summary, we found that, when CHF was exceeded, theatmg coil of the SMOK TF-N2 device did not depart from

. o le previously described boiling regime. Namely, during each
ECIG coil temperature exceeded the PG boiling temperaturg, ‘e temperature rapidly rose to boiling and then remained

the ECIG exhibited a plateau in vaporization rate, and C boiling for the remainder of the piFigure S6B Most

yields rose sharply. Importantly, the manufdstue@om-  jmortantly, we found that, across the range of bees
mended windows of operation for the SMOK V12-Q4 angyamined, CC emissions did not rise drastically, unlike those in
VaporFi devices exceed the CHF. Thus, it is apparent thife case with PGF{gure B).

ECIG devices operating with PG liquid can exknibioiling In summary, all the signatures previously attributéeh to
behavior at plausible powers and that onset of high carbomdiling disappeared when PG was substituted with VG, under
emissions is coincident with the onset of the transitidmto  otherwise identical conditions, and the carbonyl emissions
boiling. remained proportional tp.

How Is Film Boiling Behavior A ected by Liquid Might Limited Vaporization, High Temperatures, and
Composition? Vegetable glycerin (VG) is the other major High Carbonyl Emissions Result from Wicking Limi-
solvent used in ECIG liquids. Relative to PG, VG has a greatations Rather than Film Boiling? Many of the above-
molar mass, and it exhibits a higher boiling temperaturegported observations could be explained by an alternative
surface tension, heat of vaporization, and visdagity G2 hypothesis that high carbonyl emissions result from dry pu
The Zuber equatién indicates that a heated surface during which the liquid vaporization rate exceeds the rate at
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Figure 7.CC results from 431 aerosol samples that includee2&diECIGS. (A) Total carbonylsyvdor 25 ECIGsN = 431), 5 sub- and 20

above- devices, powers ranging between 1 and 200 W, ECIG coil surface areas ranging between? amd R€3\f@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 leve
for a giverg . The model is built based on the empirical data in part A, smoothed using a 4th-degree golynomial

which fresh liquid can be wicked to the heating coil. Foall signs of Im boiling disappeared and carbonyl emissions
examplekigure 5could indicate that the wick of the SMOK dropped drastically. While manufacturers commonly instruct
TF-N2 device transports PG at an intrinsically lower rate thamsers to avoid high-temperatithey pu s’ during which the
that of VG and that this rate-limiting process explains thkeating coil wick is insuaiently saturated, we found that
observed vaporized liquid plateau for PG and not VG. manufacturer-recommended power ranges can le&d to
We compared the transport rates for PG and VG in verticallyoiling and excessive carbonyl emissions even when the wick is
suspended ECIG wickBidure § Figure 6shows six IR  saturated. That is, when used as intended, ECIG devices can
images recorded at various points in time relative to theperate in a high-temperatuha boiling regime, leading to
beginning of wick immersion in side-by-side bedlkdra/ith unnecessary exposure to toxicants. It has been argued that in
PG or VG. The images show that PG always travgleater  real-world use, ECIG users detect and avoid high carbonyl
distance at a given time. Thus, the fact that VG vaporizati@missions due to their associated unpleasant tasveever,
continues to rise with while PG plateaus indicates that high levels of formaldehyde and other carbonyls can be found
wicking transport limitations are not responsible for thén the exhaled breath condensates of ECIG*tisatiating
phenomena observed when the CHF threshold is crossed. that ECIGs can expose users to high carbonyl emissions.
This study was conducted to understand whether the One limitation of this study is that only three devices were
phenomenon oflm boiling can explain the onset of a high examined. To address this limitation, we compiled measure-
carbonyl emissions regime during electronic cigarette openents of carbonyl emissions made by our group over the past 6
ation. We examined submerged electronic cigarette heating geiars for 25 commercially available devices (20 abodes
wires and electronic cigarette devices for evidendm of sub- devices) that we characterized previously for power and
boiling at realistic powers with PG and VG liquids and #&eating coil surface area (range 288 mm). Figure A
variety of materials and geometries. We found that when ECHBows total carbonylsqvsfor 431 samples from 103afient
devices are powered at haates that approached the CHF conditions in which power ranged from 1 to 2000W rates
determined by direct observation of submerged heating wirggre set at either 1 or 1.5 L/min, and puration was 4 s.
the devices exhibited temperature excursions above the boil@gnsistent with the observations in this study, CC yields rose
point, accompanied by a plateau in the liquid vaporization raerecipitously whem approached a value of 450 k\A/fhis
and a concomitant rise in CC emissions. These observatioraue is near the mean CHF we found in the current study for
could not be the result of the wick running dry during highthe nichrome heating wire with PG liquids, and as predicted by
power operation because when we replaced PG with VGttee CHF measurements with VG, carbonyl yields with VG
more viscous and more slowly wicking but higher CHF liquidiquids did not begin climbing until there were much higher
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values off (ca. 700 kW/rf). Therefore, at least qualitatively,
we see that historical data are consistent witidlirgs of
this study: carbonyl emissions rise precipitously evhen
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exceeds CHF, and VG can reach substantially larger values of Email:as20@aub.edu.lb
g than PG can prior to exhibiting HCR.
These ndings therefore suggest thih boiling is a  Authors _ _ _
concern for a wide range of devices and that the ECIG heatSoha Talih Mechanical Engineering Department, Faculty of
ux should be limited to below the CHF to avoid unnecessary Engineering and Architecture, American University of Beirut,
carbonyl exposure by users. As we have seen, however, theBeirut 1107 2020, Lebanon; Center for the Study of Tobacco
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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 pécieg0Cs>?
and CO?’ may become sigeant at heatuxes lower than the
CHF.

CONCLUSION

This study demonstrates that high carbonyl emissions, a major
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