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4 The term ‘‘superheat” is defined as the difference between a liquid’s temperature
above its boiling point and its boiling point at the prevailing pressure. The ‘‘superheat
limit” is the liquid temperature associated with a phase transition initiated by
random density fluctuations that produce bubbles in metastable equilibrium with the
surrounding liquid. Such a process may occur in the bulk of a liquid or at a
microscopically smooth solid surface in contact with the liquid.
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The bubble nucleation temperatures of several organic liquids (methanol, ethanol, butanol, n-heptane) on
stress-minimized platinum (Pt) films supported by SiN membranes is examined by pulse-heating the
membranes for times ranging from 1 ls to 10 ls. The results show that the nucleation temperatures
increase as the heating rates of the Pt films increase. Measured nucleation temperatures approach
predicted superheat limits for the smallest pulse times which correspond to heating rates over 108 K/s,
while nucleation temperatures are significantly lower for the longest pulse times. The microheater mem-
branes were found to be robust for millions of pulse cycles, which suggests their potential in applications
for moving fluids on the microscale and for more fundamental studies of phase transitions of metastable
liquids.

� 2016 Published by Elsevier Ltd.
1. Introduction

Most liquid-to-vapor phase transitions are triggered at a few
degrees of superheat owing to gases trapped in surface imperfec-
tions.4 In certain applications the liquid can be heated well above
its normal boiling point even when in contact with a solid. This sit-
uation arises when bubbles nucleated from solid imperfections do
not grow and detach from the surface fast enough to prevent initia-
tion of a phase transition by random density fluctuations that form
bubbles in metastable equilibrium with the liquid - the process of
homogeneous nucleation.
Homogeneous nucleation is relevant to a number of
applications including laser heating of polymer particles with
encapsulated drugs [1], explosive boiling during combustion of fuel
droplets [2], thermal inkjet concepts for printing [3–6], flash vapor-
ization of fuel injected into combustion engines [7], and formation
of films of quantum dot composites to fabricate color AC-driven
displays [8]. A variety of configurations have been employed to
measure the thermal state that triggers a phase change by homo-
geneous nucleation, including heating liquids by micrometer
diameter wires or within sealed glass tubes, and slowly heating
volatile liquid droplets in heavier immiscible host fluids [9].

In applications that involve high frequency thermal cycling and
bubble formation (e.g., ink jet printing), sustained operation is
determined by the durability of the device. Solid state platforms
that employ metal films supported by solid substrates have suc-
cessfully been used to study a variety of aspects related to bubble
nucleation of superheated water, including microbubble morphol-
ogy and the effects of heating rate on the volumetrically averaged
film temperature [4–6,10–14]. More recently, a Pt film supported
by a membrane with air on the backside was used to examine bub-
ble nucleation of water [15]. The results showed that such struc-
tures more efficiently heat the fluid by reducing backside thermal
losses by the lower thermal effusivity vapor in contact with the
membrane. Less power was found to nucleate bubbles compared
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Nomenclature

A heater surface area (=L1 � L2, Fig. 3a)
Av Avogadro’s constant
cp specific heat at constant pressure
hfg latent heat of vaporization
Js nucleation rate (nuclei/(m2-s))
k thermal conductivity
K Boltzmann constant
Lc characteristic heater dimension
m mass per molecule (=W/Av)
n number of pulse cycles (=500)
Po pressure surrounding a critical size bubble
Ps saturation pressure corresponding to Po
qB heat lost to the substrate (Fig. 1)
qF heat transfer to the fluid (Fig. 1)
qin energy input to the metal film (=qB + qF)
R gas constant
Rjumper electrical resistance defined in Fig. 4a (i.e., R2, 3 or 4)
Rp potentiometer resistance (Fig. 4a) to balance the bridge
Rho electrical resistance of metal film at room temperature
Rh electrical resistance of metal film during pulsing
Rmp total measured resistance (including wire connections)

during a pulsing operation
Rmpo total measured (room temperature) resistance including

wire connections

Tb normal boiling temperature at Po
Tnuc inflection point temperature
To temperature in the standard atmosphere
Tw temperature of film surface
t time
t⁄ nucleation time (Fig. 2)
tb bubble growth time
v molar volume
Var variance (Eq. (A2))
Cov co-variance (Eq. (A2))
W molecular weight

Greek
a thermal diffusivity (=k/(q cp))

c thermal effusivity (=
ffiffiffiffiffiffiffiffiffiffiffi
kqCp

p
)

d Pt film thickness
q density
r surface tension
�r standard deviation
s pulse time

Subscripts
L liquid
v vapor
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to substrate-supported thin films. Fig. 1 is a schematic of the design
of the structures employed showing the heat flows involved.

It can be more problematic to measure the superheat limit of
organic fluids because they have properties less favorable for
detecting bubble nucleation compared towater, as discussed in Sec-
tion 2, when information about bubble nucleation relies exclusively
on the evolution of surface temperature during heating. In this
paper, we examine the efficacy of pulse-heating Pt films supported
by SiN membrane structures to promote bubble nucleation of sev-
eral alcohols and a normal alkane using pulse times that give heat-
ing rates over 108 K/s. The fluids selected for study are methanol,
ethanol, butanol and heptane as representative of a range of organic
liquids. The measurement principle for temperature is discussed in
the next section followed by an outline of the experimentalmethod.
Results are then presented along with some supporting analysis.
2. Measurement principle

A metal film immersed in a pool of the test liquid is heated by
an electrical current passing through the film (e.g., qin, Fig. 1) and
Fig. 1. Schematic of metal film microheaters. (a) conventional structure with metal film f
with air on the back side as used in the present study.
its temperature is monitored during the heating process.
The expected form of the evolution of the volumetrically averaged
film temperature is schematically shown in Fig. 2. Prior to
nucleation, heat will be dissipated in the liquid and the tempera-
ture will increase in a somewhat exponential manner in keeping
with the low thermal mass of the membrane films. After nucle-
ation and the bubbles grow to cover the surface, its temperature
will increase at a rate dictated by vapor properties. The difference
between liquid and vapor properties determines the extent to
which the nucleation process can be revealed by measuring the
evolution of temperature during the heating process. While main-
taining qin, the heating rate will change as the liquid at the surface
is removed and replaced by vapor due to the bubble growth
process.

The temperature corresponding to the inflection point in Fig. 2,
@2T
@t2

���
t¼t�

¼ 0 (symbols are defined in the ‘‘nomenclature” section), is

taken as the nucleation temperature (Tnuc). The actual nucleation
event, however – and especially if it occurs by density fluctuations
in the liquid – will occur on length scales too small (order of
angstroms owing to the high saturation pressures typical of
abricated onto a bulk substrate; (b) metal film configuration bonded to a membrane



Fig. 2. Schematic representation of the evolution of average heater surface
temperature when a bubble nucleates and grows to cover the surface. tb is the
time for a bubble to grow to cover the heated surface. t⁄ is the mean range after
initiating the pulse when a bubble grows to cover the surface during the time tb.

Fig. 3. (a) Top view photomicrograph of a Pt metallization with length L1 and width
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evaporation at the superheat limit) to initially affect surface tem-
perature. The nucleated bubble must grow to cover a large enough
fraction of the surface to influence heat transfer (qF in Fig. 1) for a
phase transition to be detected using this mathematical criterion.
Both the bubble growth time and heating rate for energy transport
in the liquid and vapor determine the extent to which the evolu-
tion of temperature will be sensitive enough to fluid property
changes (the transition of liquid-to-vapor contact of the surface
with the fluid) to yield a detectable inflection point.

The bubble growth time, tb, is modeled as the time for a bubble
to grow to the characteristic dimension (Lc) of the metal film. For

bubble growth at a surface it can be shown that [16] tb � L2c
aJa2

. When

normalized by the thermal diffusion time, L2c=a, we can write that

Ds⁄ � tb/ðL2c =aÞ = 1/Ja2 where Ja � ðTw�TbÞcpLqL
hfgqv

. For the temperature

gradient in the fluid at the surface, a one-dimensional semi-
infinite solid model is used with a heat flux imposed at the inter-
face between the solid (Pt) and fluid. The solution to this problem
[17] can be put in a form that expresses the ratio of heating rates in

terms of thermal effusivities as @T
@t

��
v

.
@T
@t

��
L
� n � cL

cv
.

Using water (‘‘w”) as a reference and representative property
values of the fluids investigated in this study [18–20], we find that
8 < Dt⁄/Dt⁄w < 13 and 0.1 < n/nw < 0.32. On this basis, it should be
rather more difficult to detect differences in heating rates across
the inflection point for the organic fluids compared to water. How-
ever, the metrology described in Section 3 is nonetheless shown to
have sufficient resolution to enable accurate measurement of the
nucleation temperature.
L2 which is the active area for Joule heating; (b) cross-sectional schematic (not to
scale) of Pt film suspended by an SiN membrane; (c) photograph of a chip
(containing 8 heater arrays (‘a’ above)) of different aspect ratios glued to a 40-pin
dual-in-line package (DIP).
3. Experiment

The principle for measuring temperature is based on monitor-
ing the electrical resistance of the metal film during an input elec-
trical power pulse, and then converting the measured resistance to
temperature with the aid of a separate calibration of resistance
with temperature. The approach described in [15] is used here.

The heater configuration is shown in the photomicrograph of
Fig. 3a. A cross-sectional schematic is shown in Fig. 3b. Details of
the fabrication process are discussed in [21]. A silicon substrate
was coated by a 200 nm thick SiN layer followed by patterning a
Ti adhesion layer and then a platinum (Pt) film. A membrane was
created by etching the Si to completely remove the exposed area
giving the configuration shown in the top view of Fig. 3a and the
cross-sectional schematic in Fig. 3b. The region L1 � L2 in Fig. 3a
is the active area for nucleation. Two lengths (L1) were employed
(60 lm and 80 lm) while L2 was fixed at 4 lm giving aspect ratios
(L1/L2) of 15 and 20, respectively. No differences were found in the
reported results for these two aspect ratios. The thickness of the
metal film was fixed at 200 nm. To facilitate measuring electrical
resistance during a power pulse, chips with patterned micro-



Fig. 4. (a) Schematic of bridge circuit. The inductance L is variable and Rp is adjusted
to balance the bridge. (b) Top view photograph of component layout (microheater
structures of Fig. 3a are fabricated on the chip).

Fig. 5. Typical calibration curve for L1 = 60 lm and L2 = 4 lm (Fig. 3a). h (Eq. (1)) is
taken from the slope of run 3 after removing lead resistances and then dividing by
the room temperature resistance.

5 Certain commercial equipment or materials are identified in this paper in order to
specify adequately the experimental procedures. Such identification does not imply
recommendation or endorsement by the National Institute of Standards and
Technology, nor does it imply that the materials or equipment identified are
necessarily the best available for the purpose.
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heaters were glued in the recesses of 40-pin dual-in-line packages
(DIPs, Fig. 3c). A 1.5 mm hole was drilled in the center of the DIP to
allow the back side of the chip to be in direct contact with air.

The DIPs were incorporated into one leg of a bridge circuit.
Fig. 4a is a schematic of the circuit and Fig. 4b is a photograph of
the component layout. The bridge allowed for measurement of
the change of output voltages (Vout) corresponding to input volt-
ages (Vin) of varying pulse widths (s). The DIPs were mounted in
sockets soldered to the printed circuit board to provide for their
easy removal. Electrical connections from two pins of active micro-
heaters to the bridge were facilitated by providing jumper connec-
tions on the DIP.

An artefact of short duration voltage pulses is the appearance of
spikes in the evolution of Vout at the beginning and end of a pulse.
Capacitance and inductive filtering of the bridge was employed to
minimize the influence of these spikes. Of particular importance
was the need for inductive filtering (L in Fig. 4a). A hand-wound
copper coil was previously employed [15] to adjust bridge induc-
tance by manually compressing or expanding the coil as necessary.
It provided for rather imprecise control of noise. For the present
study a variable solid state inductor (#TK2820-ND (Toko America,
Inc.5)) is used that facilitates tuning out high frequency noise at the
beginning and end of a pulse. With this component, the control of
inductance was found to be more precise.

The average heater temperature, T(t), is inferred from the electri-
cal resistance of the heater and standard equations that relate Rh to
Vout and the other parameters in Fig. 4a. A calibration process con-
verts Rh to temperature. Fig. 5 shows a typical calibration result
for three thermal cycles corresponding to a microheater with
dimensions (Fig. 3a) L1 = 60 lmand L2 = 4 lm. The variation of total
electrical resistance with temperature is shown over the range
320�K to 650�K for an oven heating rate of 1�K/min. Multiple cycles
were required to stabilize the metal films (e.g., three cycles are
shown in Fig. 5). For the (4 lm � 60 lm) microheater the calibra-
tion process gave h � 0.00271�K�1 while for the (4 lm � 80 lm)
microheater h � 0.002197�K�1. These values were used to convert
resistance to temperature in Eq. (1).

In view of the results in Fig. 5 a linear relationship of the form

TðtÞ ¼ 1
h

RhðtÞ
Rho

� 1
� �

þ To ð1Þ

was developed to correlate the data in Fig. 5 where h is the temper-
ature coefficient of resistance (TCR). The temperature in Eq. (1) is a
volumetrically averaged value because of the ostensibly uniform
internal energy generation within the metal film by the current
flowing in it during a power pulse.

A thermal pulsing operation was initiated by first flooding a
chip with the test liquid. The liquids were confined to the chip with
a cuvette glued to the DIP (not shown in Fig. 3) because of their
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propensity to wet Pt. A pulse generator (Agilent # 8411A pulse
generator) delivered square voltage pulses (Vin(t)) to the bridge
at prescribed s values of 1 ls, 2 ls, 3 ls, 5 ls, and 10 ls. Longer
pulse times tended to promote a cyclic bubble growth/collapse
cycle [12] that made it difficult to reach temperatures near to the
superheat limit. It is noted that the membrane Pt films remained
intact over millions of pulse heating operations, only suffering
damage when the input voltage is inadvertently set too high, or
the pulse time set too low that makes it difficult to position the
inflection point at the desired time, both of which could result in
Fig. 6. Evolutions of temperature for the indicated Vin and s for methanol. Tangent lines
obtained.
the post-nucleation temperatures exceeding the melting point.
The measured output voltages, Vout(t), were stored in a digital oscil-
loscope (LeCroy Waverunner 44xi 5Gs/s) and transported to a PC
for subsequent processing.

The bridge design of Fig. 4 provides Vout data by a two-point
method. It is necessary to correct for the effect of lead wires and
other resistors in the network to access the desired resistance over
the L1 � L2 � d volume in Fig. 3. The conversion of Vout to Rh and T is
carried out as described in [15], and will not be elaborated upon
here. A standard bridge equation
at the starred points (‘‘⁄”) are shown from which the heating rates in Tables 1–4 are
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RmpðtÞ ¼ Rp

1� VoutðtÞ
Vin

RpþRjumperþR1
RpþRjumper

� �

1þ VoutðtÞ
Vin

RpþRjumperþR1
R1

� � ð2Þ

is used to relate the measured output voltage, Vout, to the total resis-
tance which includes all of the connecting wires. Rp is tunable dur-
ing the bridge balancing operations and Rjumper is selectable over
three values indicated in Fig. 4a (i.e., R2,3,4). R5, and capacitors C2
and C3 in Fig. 4a, are used to filter the input. Their values do not
influence the bridge resistance equation (Eq. (2)). The resistance
Fig. 7. Evolutions of temperature for the indicated Vin and s for ethanol. Tangent lines a
obtained.
values are listed in Table 1 of [15]. The time-dependence of Rmp in
Eq. (2) is carried entirely in Vout because the other resistances are
stable against temperature. With Rmp known the resistance of the
Pt metallization, Rh, is obtained from
RhðtÞ ¼ Rho þ ðRmpðtÞ � RmpoÞ ð3Þ
whereby Eq. (1) is then used to determine the temperature. Appen-
dix A discusses the uncertainty of measured temperatures.
t the starred points (‘‘⁄”) are shown from which the heating rates in Tables 1–4 are



Fig. 8. Evolutions of temperature for the indicated Vin and s for butanol. Tangent lines at the starred points (‘‘⁄”) are shown from which the heating rates in Tables 1–4 are
obtained.
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4. Results and discussion

Experimental measurements for the four fluids examined are
given in Figs. 6–9 corresponding to the indicated Vin(t) and s. For
each s, Vin was adjusted so that the time (t⁄) at which nucleation
occurred corresponded to approximately 0.8 s as a matter of con-
venience. The data are averages of 500 pulses for the given fluid.
For each pulse time shown the evolution of temperature includes
the slope at t* which marks the occurrence of bubble nucleation.
The heating rates at t* are also shown in Figs. 6–9. The bubble
nucleation event was quite distinct for all fluids and pulse times
as shown in Figs. 6–9.
From the data in Figs. 6–9, the nucleation temperatures (Tnuc)
were obtained by spline-fitting the temperatures using the
procedure of Lundgren [22]. The values are listed in Tables 1–4.
As noted in Appendix A, the uncertainty in the reported
temperatures resulting is estimated to be less than one degree.
Fig. 10 shows the variation of reduced nucleation temperature
(Tnuc/Tc) with heating rate. The curves are included to enhance
the trend.

The reduced temperatures increase with increasing heating
rates (or reducing pulse times) as shown in Fig. 10. At the
lowest heating rates (longest pulse times), Tnuc/Tc � 0.82–0.85
and increase to what appears to be a limiting range of



Table 1
Temperatures, heating rates, and times at the onset of nucleation for methanol
(Tc = 512.6 K [31]) over various pulse widths.

Tnuc (K) dT
dt

��
t¼t� (K/s) t⁄ (ls) s (ls) Tnuc/Tc

427.4 1.24 � 107 7.78 10 0.84
444.0 2.87 � 107 3.82 5 0.85
450.2 4.97 � 107 2.31 3 0.88
456.1 1.00 � 108 1.40 2 0.90
464.9 2.06 � 108 0.74 1 0.91

Fig. 9. Evolutions of temperature for the indicated Vin and s for n-heptane. Tangent lines at the starred points (‘‘⁄”) are shown from which the heating rates in Tables 1–4 are
obtained.
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Tnuc/Tc � 0.9–0.92, at the highest heating rates (shortest pulse
times). These values provide clues of the possible mechanism
responsible for bubble nucleation in the experiments.

Firstly, for nucleate boiling at close to the normal boiling point
of a fluid reduced temperatures are typically in the range 0.65–0.71
(e.g., using values listed in Table 5). Even the smallest reduced tem-
peratures measured in the present experiments are much higher,
which would seem to rule out the role of trapped gases in surface
imperfections as a mechanism to trigger a phase transition on the
pulse heated structures employed in the experiments. Secondly,
for the highest heating rates (shortest pulse times) the trends
appear to saturate at in the range noted above (0.9–0.92). Data
for a wide range of fluids [9,23] show that reduced temperatures
of approximately 0.9 at atmospheric pressure are typical of
homogeneous nucleation processes (based on classical nucleation
theory).



Table 2
Temperatures, heating rates, pulse widths and times at the onset of nucleation for
ethanol (Tc = 513.9 K [31]).

Tnuc (K) dT
dt

��
t¼t� (K/s) t⁄ (ls) s (ls) Tnuc/Tc

438 9.16 � 106 7.35 10 0.85
448 3.07 � 107 3.59 5 0.87
457 5.83 � 107 2.17 3 0.89
461 8.87 � 107 1.42 2 0.90
467 2.12 � 108 0.72 1 0.91

Table 3
Temperatures, heating rates, and times at the onset of nucleation for butanol over
various pulse widths (Tc = 563.1 [31]).

Tnuc (K) dT
dt

��
t¼t� (K/s) t⁄ (ls) s (ls) Tnuc/Tc

472 1.88 � 107 7.24 10 0.84
481 4.07 � 107 3.68 5 0.85
495 7.41 � 107 2.22 3 0.88
509 1.41 � 108 1.45 2 0.90
514 3.03 � 108 0.78 1 0.91

Table 4
Temperatures, heating rates, and times at the onset of nucleation for n-heptane over
various pulse widths (Tc = 540.3 [31]).

Tnuc (K) dT
dt

��
t¼t� (K/s) t⁄ (ls) s (ls) Tnuc/Tc

449.4 1.30 � 107 8.4033 10 0.83
462.3 2.96 � 107 4.1186 5 0.86
472.0 5.54 � 107 2.4971 3 0.87
476.6 9.44 � 107 1.6331 2 0.88
484.3 2.17 � 108 0.72681 1 0.90

Fig. 10. Variation of reduced nucleation temperatures with heating rates (derivatives a
included to suggest trends of the data. At the normal boiling points, Tb/Tc � 0.68.
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The fact that the nucleation temperatures in Fig. 10 appear to
saturate as heating rate increases (the corresponding temperatures
are listed in the last column in Table 5) could be evidence that the
upper limits correspond to the superheat limit of the fluids inves-
tigated, TSL. To determine if this is the case, we use classical nucle-
ation theory to predict TSL. In this effort, no account is included of
the subsequent growth of the bubble to macroscopic size. Rather,
we predict only the initial conditions for such growth. Since the
liquid is in contact with the metal film, nucleation at a surface is
considered.

Nucleation theory relates the rate (Js) of forming bubbles in
metastable equilibrium with the surrounding liquid per unit sur-
face area (‘‘metastable” because the addition or loss of molecules
to an equilibrium bubble would theoretically result in its further
growth or collapse, respectively) to the energy of forming such
bubbles, DX, in a liquid maintained at constant temperature and
pressure. Under such conditions DX is equivalent to the increase
of the availability of the system.

The superheat limit, TSL, can be shown to be related to DX and Js
as

TSL ¼ DX
K

ln
C
Js

� �� 	�1

; ð4Þ

where

DX ¼ 16pr3

3ðP � PoÞ2
; ð5Þ

and the pressure in the bubble is related to the saturation pressure
as
t t⁄ in Figs. 6–9) for (a) methanol, (b) ethanol, (c) butanol, (d) heptane. Lines are



Table 5
Representative property values [18–20] of the fluids investigated, the highest measured nucleation temperatures (Tnuc), and the predicted superheat limits (TSL).

Fluid Tb (K) Tc(K) CpL (kJ/kg/K) qL (kg/m3) qv (kg/m3) hfg (kJ/kg) Ja Tnuc (K) TSL (K)

methanol 337.9 512.6 2.83 751 1.23 1121 178 465 472
ethanol 351.5 513.9 3.18 736 1.65 849 187 467 482
n-butanol 390.7 563.1 3.17 725 2.28 583 194 514 535
n-heptane 371.6 540.3 2.56 614 3.48 318 173 485 496
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P ¼ Ps exp
vL

RTSL
½Po � Ps�

� �
ð6Þ

C is a kinetic factor that relates to the growth and decay of bub-
bles from evaporation and condensation of individual molecules at
the interface between the vapor and surrounding liquid lattice
[24,25],

C ¼
ffiffiffiffiffiffiffiffi
2r
pm

r
No ð7Þ

The number density No (molecules per unit surface area, m�2) is

[26] No ¼ ðmvLÞ�2=3 .
Eqs. (5) and (7) assume that the shape of the metastable bubble

is spherical. Corrections due to contact angle (e.g., bubble shape as
a truncated sphere) have been considered [26]. The corresponding
superheat limits can be considerably lower than the spherical bub-
ble assumption. Because the contact angle is not known under the
thermal conditions of the experiments, the best that could be done
is to use contact angle as a fitting parameter to match predicted
and measured superheat limits. However, with the emphasis of
the present study on applying the pulse heating experimental
arrangement of Fig. 4 to organic liquids to determine the sensitiv-
ity of the metrology to detect nucleation of such systems, we
assume the simplest shape of a spherical bubble (i.e., zero contact
angle). The predicted TSL should be the highest.

The nucleation rate must be known to solve Eq. (4). Since con-
sideration here is for nucleation at a surface, Js is approximated as
[5,9]

Js �
1
A

dðDX=ðKTSLÞÞ
dTSL

����
���� dTSL

dt
ð8Þ

The derivative dðDX=ðKTSLÞÞ
dTSL

is evaluated using correlations for Ps, vL,
and r. Bulk properties were determined from published correla-
tions as follows: for Ps correlations in [27] were used for the alco-
hols and the formulation in [28] was used for n-heptane; for r the
formulations presented in [29] were used for alcohols and the cor-
relation in [30] for heptane; and vL was obtained using the recom-
mendations in [31]. All of the correlations required significant
extrapolations of the saturated state into the metastable state,
which will undoubtedly be a source of uncertainty.

From Eq. (8), and using the highest measured heating rates for
the shortest pulse widths of the experiments, we found that
Js � 1021/m2-s for the fluids investigated. Because Js and dTSL/dt
appear in a logarithmic term in Eq. (4) TSL is quite insensitive to
variations in them over many orders of magnitude. The influence
of heating rate will be stronger in the post-nucleation bubble
growth process (not considered in this study).

As is evident from Fig. 10, the highest nucleation temperatures
(Tnuc) are associated with the highest heating rates (and shortest
pulse times). Values are listed in Table 5. The last column of Table 5
also lists the predicted TSL by solving Eqs. (4)–(8) with property
estimates as noted previously. The results show that the measured
temperatures at the highest heating rates are close to predicted
superheat limits. Considering the assumptions employed in the
predictions (i.e., bulk properties, spherical bubbles, correlations
for property values that required significant extrapolations beyond
saturation conditions, etc.), the predicted TSL are reasonably close
to the highest measured Tnuc. The gap might be closed by employ-
ing contact angle effects to the bubble shape in the classical theory,
accounting for the possibility of nanobubbles being present, or
considering the bubble nucleation problem from the perspective
of molecular dynamic or density functional theories [32–34].
5. Conclusions

Pulse-heating stress-minimized Pt films immersed in several
organic liquids (ethanol, methanol, butanol, and heptane) and
heated at rates on the order of 108 K/s produced significant super-
heating to near the predicted superheat limits using classical
homogeneous nucleation theory. Such high rates may have sup-
pressed the influence of solid imperfections and promoted a phase
transition process governed by density fluctuations. For lower
heating rates classical nucleation theory did not perform well
which could have indicated the influence of surface microstructure
on the nucleation process. The results also show that the data pro-
cessing methods used here have sufficient resolution to detect
bubble nucleation of the organic liquids investigated, and that
the Pt films employed in the experiments are stable over millions
of cycles of pulsing operations.
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Appendix A. Measurement uncertainty

An estimate of the uncertainty in the measured temperature of
the platinum films, T(t), during a power pulse is discussed in this
section. T(t) is determined by Vin, Vout, and its relationship with
Rh as a volumetrically averaged value (over L1 � L2 � d in Fig. 3).
This Appendix outlines how the standard deviation, �r, of heater
temperature was estimated. The so-called ‘‘delta” method [35] is
used for this purpose, which approximates the variance of a func-
tion of estimators from knowledge of the variances of those
estimators.

The output from the digital scope provides Vout which is used to
obtain Rmp (Eq. (2)), then Rh (Eq. (3)) and finally T (Eq. (1)). Eq. (A1)
uses Vout data to obtain the standard deviation of Rmp and Eq. (A2)
converts the standard deviation of Rmp to the standard deviation of
temperature. The delta method incorporates a Taylor approxima-
tion and requires that each random variable be reasonably close
to its mean with high probability. The distributions of the estima-
tors should also approach normal distributions. In this study, Rmp is
a function of the estimators Vin and Vout, as in Eq. (2).

From the delta method Eq. (A1) approximates the variance of
Rmp from the gradient of Rmp and the covariance matrix between



Fig. A1. (a) Evolution of Vout for a 5 ls pulse (ethanol) showing time divided into ten equally distributed segments or gates. (b) Schematic of a single gate centered on time tm
depicting data which are averaged to determine Vmean.

Fig. A2. Measured standard deviations for ten gates (Fig. A1) from 500 consecutive
pulses of water corresponding to three pulse times (s).
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Vin and Vout (the ‘‘T” superscript denotes transpose). Because Rmp is
a function of two variables, a vector operation is required. Multi-
plying the gradient vectors and the covariance matrix results in a
scalar value – the variance of Rmp – as

VarðRmpÞ � 1
n
rRT

mp CovðVin;VoutÞrRmp ðA1Þ

where the number of pulses for each condition (Figs. 6–9) was
n = 500. From Eqs. (1) and (3) we can relate the standard deviations
as

�rðRmpÞ ¼ �rðRhÞ ¼ hRho �rðTÞ ðA2Þ
A Matlab program was written to perform the calculations. It

should be noted that only the uncertainty associated with voltage
data are obtained. Other uncertainties not considered may origi-
nate from, for example, the measurement of h and the data pro-
cessing steps used to determine the nucleation temperatures and
heating rates.

Standard deviations of temperature were calculated at ten
evenly distributed segments, or ‘‘gates”, of size Dt. A schematic is
provided in Fig. A1. A built-in feature of the LeCroy Waverunner
44xi digital oscilloscope used in the experiments (Section 3) allows
for computation of the averages of Vin and Vout within each gate.
Each average is considered to be one sample out of n = 500 in cal-
culating the covariance in Eq. (A1). For each gate, the standard
deviation of temperature is then obtained. The number of data
points used to obtain averages within a gate was 51, 26, and 6
for pulse widths of 10 ls, 5 ls, and 1 ls, respectively, as deter-
mined by the sampling rate of the oscilloscope.

To illustrate the results, we used data for water as previously
reported [15], though the results are similar for the fluids investi-
gated here. Fig. A2 shows the temporal variation of standard devi-
ation computed by the above procedure. It is evident that the
standard deviations of the measured temperatures are quite small.
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