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ABSTRACT:
The non-linear dynamical model of pool boiling on a horizontal rectangular heater is assessed from experimental results in
this study. Pool boiling experiments are conducted over a horizontal rectangular silicon substrate measuring 63mm×35mm
with PF-5060 as the test fluid. Novel nano-thermocouples, micro-machined in-situ on the silicon substrate are used to measure
the surface temperature fluctuations for steady state pool boiling. The acquisition frequency for temperature data from the
nano-thermocouples is 1kHz. The surface temperature fluctuations are analyzed using the TISEAN© package. A time-delay
embedding is employed to generate higher dimensional phase-space vectors from the temperature time series record. The
optimal delay is determined from the first minimum of the mutual information function. Techniques such as recurrence plots,
and false nearest neighbors tests are employed to assess the presence of deterministic chaotic dynamics. Chaos quantifiers
such as correlation dimensions are found for various pool boiling regimes using the raw data as well as noise-reduced data.
Additionally, pseudo-phase spaces are used to reconstruct the ‘attractors’. The results after non-linear noise reduction shows
definitive presence of low-dimensional (d ≤ 7) chaos in fully developed nucleate boiling, at critical heat flux and in film
boiling.

INTRODUCTION
Is pool boiling a deterministic chaotic system or
stochastic? This question has received significant attention
in the recent past [1-3]. Well-documented evidence now
exists supporting the chaotic behavior of bubble departure
from a single nucleation site [4] or from a few nucleations
sites [5]. Furthermore, the thermal interaction between
interacting nucleation sites has been shown to be chaotic for
certain parameters. The first attempt to assess the dynamics
of multiple nucleation sites was undertaken in [3]. Nonlinear quantifiers such as correlation dimensions were
estimated and based on the fractality, the presence of a
chaotic dynamics was concluded.
Pool boiling on a larger surface (compared to the one
used in [3]), is characterized by spatio-temporal variations in
surface temperature and is therefore in a state of thermal
non-equilibrium. The presence of chaotic dynamics in larger
systems has not been investigated. In theory, the equations
of balance of mass, momentum i.e. the Navier-Stokes
equations and conservation of energy can be simultaneously
solved in the vapor, solid and liquid media to obtain surface
temperature and heat flux distributions. However, the
distribution of cavities and its type (re-entrant etc.) is
unknown. This is coupled with variations in vapor-liquid
and vapor-solid interface shape. Early attempts in
quantifying pool boiling heat transfer rates and surface
temperature variations led to empirical and semi-empirical
correlations. To this day, these correlations are used in the
design of heat exchange equipment. The advent of smaller
electronic chips with more computing power has lad to
increase in the heat loads encountered. According to the
ITRS roadmap [6], heat fluxes of the order of 100 W/cm2 or
higher will be encountered in high-performance chips. The
junction-to-ambient thermal resistance is < 0.2 °C/W. The
two main components of the total thermal resistance (chip

to ambient) are: (i)Thermal Interface Materials (TIM), and
(ii) Heat Sink.
Forced convective cooling using air has reached its
limits. Alternative methods of cooling can be considered
such as forced convective liquid cooling, spray cooling and
pool/ flow boiling. Pool boiling has the advantage of not
requiring any additional pumps and is an effective means of
reducing hot spots. To mitigate the high heat flux
requirements it is desirable that the system operate in the
fully-devloped nucleate boiling regime. However, the small
form factor of these electronic devices coupled with nonuniformities in surface temperature fluctuations (hotspots)
necessitates a different approach to predicting system
behavior during pool boiling.
Alternative approaches to understanding non-linear
dynamical (“chaotic”) systems have emerged recently.
Chaotic dissipative systems are known to possess strange
attractors [7]. Chaos theory can provide qualitative models,
limited predictions and improve the physical understanding
of pool boiling systems, provided the system behavior is
low-dimensional chaotic [8]. Not all non-linear systems are
chaotic (low dimensional chaotic) but can be stochastic
(high dimensional chaos exceeding a “dimension” of 10). A
system may transition from deterministic behavior (or
periodic) to low-dimensional chaos in one of three wellknown routes:
i)
Period-doubling bifurcations/ Feigenbaum route
ii)
Intermittency / Manneville Pomeau route, and
iii)
Quasi-periodic or Ruelle-Newhouse-Takens
route.
The transition routes to high-dimensional chaos are not
clear at present. High dimensional chaos is characterized by
the presence of two or more positive Lyapunov exponents.
Limited predictions can be achieved if the system is lowdimensional and chaotic. More recently, it has been
recognized that chaos can be controlled. As a first step

however, the presence of chaotic dynamics needs to be
established. If existent, the attractor signifying the state of
the system has to be characterized. Recent studies have
shown turbulence to be a spatio-temporally chaotic
phenomenon. The bubble departure process leaves a
turbulent wake in pool boiling. Therefore it is reasonable to
expect that spatio-temporal chaos exists in pool boiling.
Understanding of spatio-temporally chaotic systems through
experiments especially in pool boiling is difficult.
Experimental analysis of spatio-temporally chaotic systems
requires a spatial distribution of instruments such as
thermocouples, liquid crystals etc. in each spatially
significant dimension. This would result in extensive
modification of the surface which in turn affects the
nucleation process in pool boiling systems. Additionally, the
instruments should possess a sufficiently low response time
(~ 0.001s) or lower as identified in early experimental
studies [2] of chaotic dynamics in pool boiling.
Recent studies in boiling literature have dealt with the
application of chaos theory to pool boiling systems. Early
efforts [2], [3] at quantifying chaos in pool boiling systems
provided an impetus to the development of novel
temperature measurement techniques. For instance, liquid
crystal thermography has been used to obtain surface
temperature distributions in pool boiling [10]. Chaos
quantifiers such as Liapunov exponents were estimated and
attractors were plotted. The thermochromic crystals
however, suffered from the effects of noise and large
response times. Indirect estimation of surface temperature
transients suffers from higher uncertainity due to the effects
of thermal diffusion which ‘smoothes’ out the estimates for
the rates of temperature transients.
Variation in the ‘dimensionality’ of ‘attractors’ in pool
boiling systems can occur due to variations in nucleation site
spacing for different studies. In a study of nucleation from
artificial cavities with varied spacing [9, 10], high
dimensional behavior (Dc ~ 8) has been observed for certain
site spacings. Low-dimensional behavior (Dc ~ 4) was also
observed in this study for certain other site spacings. As
mentioned before, depending on the spatial size of the
system, the dynamics could be spatio-temporally chaotic.
Most of the aforementioned studies were conducted using
data at a single nucleation site or few nucleation sites for a
single heat flux level or a few heat flux levels. These issues
aside, high-dimensional systems can be analyzed more
effectively using stochastic/ statistical models. However,
application of stochastic model to a low dimensional chaotic
system would miss the rich physics of the transient
processes, particularly the strange attractors governing the
system behavior.
To summarize:
(i)
Pool boiling is characterized by different length
scales (capillary length scale, Taylor instability
wavelength, Taylor - Helmholtz instability
wavelength).
(ii)
Pool boiling is also characterized by different time
scales depending on the boiling regime (bubble
waiting time and growth time, tranient heat
conduction from “cold spots”, natural convection
over individual bubbles, etc.).
(iii)
The influence of the length scales on the overall
dynamics is also dictated by the characteristic
length of the test surface.
(iv)
Appropriate analyses of pool boiling dynamics
requires sensors/ metrology techniques with
sufficient tempral and spatial resolution.

The experimental setup used to conduct the pool boiling
experiments in this study is of the constant heat flux type.
Novel micro-fabricated thin film K-type nanothermocouples
(TFT) are employed in this study to measure surface
temperature transients in pool boiling. These sensors are
fabricated insitu and are shown to provide high quality data
with low noise and high temporal resolution. The
temperature transients measured by the sensors are analyzed
using non-linear dynamical models along the entire pool
boiling curve. Attractors are plotted based on the
experimental data. The presence or absence of chaotic
behavior in various regimes along the pool boiling curves is
expected to provide a guidance for the development of
appropriate non-linear dynamical models.
Additionally, this study addresses some of the issues
regarding the analysis of chaotic data that have not been
addressed in previous studies in the boiling literature. To the
knowledge of the authors – this study provides the first
instance of analysis of boiling chaos using more recently
developed analytical tools such as recurrence plots and
false-nearest neighbor tests. Furthermore, issues regarding
the optimum size of dataset required for chaotic data
analysis is addresed. In a previous study [11], the variation
of fractal dimensions of void fractions was investigated with
wall superheat. The fractal dimension of the void fractions
was found to vary with wall superheat. In another study by
the authors [12], the dynamics of subcooled pool boiling
over a horizontal disk was reported. However, in that study,
only 1000 data points were used to analyze chaotic behavior.
In the present study, 18000 data points are used to analyze
chaotic behavior in pool boiling.
EXPERIMENTAL APPARATUS
Fig. 1(a) depicts the essential components of the
experimental apparatus. The apparatus consists of an
enclosed cubical test chamber with three viewing ports. The
heating assembly and test substrate is housed within this
chamber. A cooling coil is present within the viewing
chamber. This cooling coil circulates a refrigerant
(antifreeze, 50-50 ethylene glycol and water) in a separate
closed loop. The antifreeze is maintained at a constant
temperature using a constant temperature bath
(Manufacturer: Polyscience®, Model: 9612, Cooling
capacity at 20 °C: 700 W). The copper heating cylinder (dia.
~ 88.9mm, height ~ 50.8 mm) has five cartridge
(Manufacturer: Watlow, 3×500 W, 2×300W) heaters placed
inside. The heating cylinder is additionally equipped with 11
sheathed K-type thermocouples (Manufacturer: Omega,
Model: GKMQIN-040U-12) to measure the temperature
distribution of the thermocouples. The thermocouple lead
wires pass through a groove on the underside of the heating
cylinder , through a hole at the bottom of the viewing
chamber, to the data acquisition system. The data acquisition
system comprises of a National Instruments SCXI-1000
chassis, a SCXI-1102C analog MUX module (32-channel
Thermocouple Amplifier modules) with a built-in low-pass
filter (~ 10 kHz cut-off frequency), a SCXI-1303 terminal
block and a PCI-6251 DAQ board with a Pentium – 4, 3.2
GHz computer with LABVIEW 7.1 software. Lead wires of
the TFT are connected to the data acquisition system. A
multimeter (Manufacturer: Omega ®, Model: HHM 14, True
RMS multimeter, Frequency response: up to 20 KHz, 0-750
V, ± 1.5 % 50 – 20 KHz) records the supply voltage to the
cartridge heaters. An AC/DC clamp meter (Manufacturer:

TENMA, Model: 72-6185, True RMS, AC current: 4, 40,
100, 400A, Frequency: 100 Hz – 100 KHz) measures the
current supplied to the cartridge heaters. A DC power supply
(Manufacturer: Amrel Co., Model: 3PN2210B, Series: 2200,
Input: 120 Volts DC) provides ripple-free current to the
cartridge heaters.
An eight step process is used to micro- fabricate the TFT
used in this study. These steps are: (i) photolithography, (ii)
oxygen-plasma cleaning, (iii) chromel deposition, (iv) lift
off, (v) second layer photolithography (vi) oxygen plasma
cleaning (vii) alumel deposition (viii) lift off. More detailed
discussion of the individual steps are provided below:
(i) Photolithography: Photolithography is used to pattern the
desired features on the photoresist coated on the wafer. A
positive mask is used for this purpose. Shipley 1827 positive
photoresist is used for this purpose. The photoresist is spin
coated on the 3” silicon wafers using a SCS P6204 spin
coater at 3000 rpm for 60 seconds. The photo-mask with the
desired pattern is mounted on the mask aligner during the
photolithography step. The photoresist is exposed using a
Quintel Q400 MA mask aligner and developed using MF319 developer solution.
(ii) Oxygen Plasma Cleaning and Metal Deposition: The
silicon wafers bearing the desired pattern are cleaned using a
reactive ion etcher for 10 seconds prior to metal deposition
(this procedure is also known as the “plasma de-scum” step).
This enables better adhesion of the patterned metal layers to
the silicon wafer substrate.
(iii)K-Type thermocouples consisting of Chromel (+) and
Alumel (-) junction are surface micro-machined on the
silicon wafer. Chromel consists of 90% Nickel and 10%
Chromium. Alumel is comprised of 95% Nickel and 5%
Aluminum. Chromel and Alumel wires obtained from
Omega Inc. are used as targets. The chromel or alumel wires
are rolled into a “wool ball” manually and placed in a
crucible in the ion beam Metal evaporator (CHA, Model:
SEC 600). A 10 nanometer thick adhesion layer of
chromium is first deposited on the wafer followed by
deposition of ~250 nanometers of either chromel or alumel.
(iv) Lift-off: “Lift-off” process is then used to remove the
unwanted metal deposited on the wafer leaving behind only
the desired pattern. Fig.1b) is a schematic depicting the
steps involved in microfabrication of TFT. A number of
different methods were tried to bond the lead wires to the
bond pads to obtain a reliable connection. The different
methods and their demerits are summarized in [13].
The processes described above are repeated for the
deposition of alumel. The width of the thermocouple
junction is less than 50μm. The pitch of the thermocouples is
200μm. The thickness of each metal is ~250nm. An array of
10 thermocouple junctions is fabricated in an area of 800μm
x 200μm.
Sheathed wires of chromel and alumel are attached to
the bond pads using adhesive bonding. JB weld is applied to
provide protective cover to the junction of the lead wires and
bond pads after application of silver paint to ensure adequate
electrical contact between the lead wires and bond pads.
This ensures a good bonding strength and provides
mechanical rigidity. Furthermore, silver does not have a
significant thermoelectric potential. The bond pads are not in
the proximity of the actual TFT junctions. Hence, they do
not affect the thermocouple signals. Additionally, a beaded
thermocouple is placed on the wafer surface to aid in
calibration of the TFT as well as to provide a baseline for
comparison of the spectral responses. The TFT are packaged
and calibrated in situ in air within the viewing chamber

using the calibrated beaded thermocouple on the wafer as
the reference. The calibration is necessary to estimate and
verify the linear response of the thermocouple within the
operating temperature range.

Fig. 1(a) Schematic of test section.

Fig. 1(b) Schematic of microfabrication procedure for thin
film thermocouples (TFT).
EXPERIMENTAL PROCEDURE
The experimental procedure comprises of the degassing
step and the subsequent data acquisition step. The total
duration of each experiment exceeded 30 hours. The test
procedure is outlined below.
Degassing Step:
A leak test is performed after installation of the wafer.
The apparatus is allowed to dry for a day. The cooling coil is
lowered into the viewing chamber. Degassing is done to
remove some of the trapped gases within the test fluid and to

prevent premature nucleation. For this purpose, the bulk test
fluid is maintained at its boiling point (~56 °C) for 15
minutes. Complete degassing of PF-5060 is not possible as
shown in previous studies [14]. It is reasonable to expect a
45 – 50 % dissolved oxygen content during the tests.
However, the exact quantity was not measured in this study.
Data Acquisition:
The temperature of the chilling unit is fixed to achieve a
desired temperature level of the test fluid (~ 46 °C). Power
is supplied to the cartridge heaters by a variac. The system is
allowed to reach steady state for each power setting. The
temperatures of the test fluid, the test surface and the copper
block are carefully monitored in LABVIEW® in real – time.
Once steady state is achieved, the DAQ system is used to
record the thermocouple readings for a period of ~ 30-40
seconds at a rate of 1 kHz and ~ 2 minutes at a rate of 0.2
kHz. The temperature readings from the latter are used to
evaluate the heat fluxes. These are then used to construct the
boiling curve for PF-5060. Additionally, the current and
voltage supplied to the cartridge heaters are recorded
manually using the clamp type ammeter and multimeter for
future reference. In addition the chiller temperature and time
is recorded. The power supplied is incremented in steps of ~
3-5 V.

uncertainty in the positioning of the thermocouples within
the copper block is ± 3%. The magnitude of uncertainties in
the temperatures Ti and Tj is determined using a 95%
confidence and steady state temperature readings. The
correlated bias error (< 0.005) due to use of the same DAQ
for measurement of temperatures Ti and Tj is neglected.
The error estimates for individual heat fluxes is given by
the following expression:

ωq

"
⎛
⎜ ω " q Cu , i
= 1
∑
q
i
,
n i =1 ⎜ Cu q "
Cu , i
⎝
n

"
w

⎞
⎟
⎟
⎠

2

Figs. 2 depicts the pool boiling curves for the two
saturated pool boiling tests plotted versus the temperatures
measured near the top of the copper heating block and
versus the averaged TFT wall temperatures. Fig. 2 (a) shows
the excellent repeatability of the two tests. The differences
of 4 – 6 °C seen in the wall temperatures indicated by the
two thin film thermocouples are artifacts of calibration,
namely bias errors and due to chatter at the bond pads of the
TFT. The chatter caused by bubble departure at the bond
pads results in sudden 3 – 4 °C ‘temperature drops’ due to
loss in signal. Therefore, the boiling curve arches back.

DATA REDUCTION & DISCUSSION OF RESULTS
Boiling curve:
The heat flux within the copper block is evaluated
assuming one-dimensional heat conduction and using the
temperature profiles within the copper block from the data
acquired at 0.2 kHz frequency. The copper block is well
insulated by air on its periphery and by insulating foam
located at the base of the viewing chamber below. The high
thermal conductivity of copper (~ 398 W/mK) ensures that
the assumption of one-dimensional heat conduction is valid.
Heat fluxes are determined for each pair of vertically aligned
thermocouples positioned at different depths and radial
locations within the copper heating block. The mean of all
these heat fluxes gives the mean axial heat flux. Fourier’s
law of one dimensional heat conduction is used to estimate
heat fluxes as follows:
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The heat flux on the wafer is determined using the
following relation as a result of energy conservation:
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The wall temperature is measured by the thin film
thermocouples.
Experimental Uncertainty in wall heat flux
The uncertainty in heat flux within the copper block is
evaluated using the Kline and Mc-Clintock [15] procedure.
The resulting expression for the relative uncertainty in heat
flux is:
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The thermal conductivity of copper is taken from the
standard tables to be 398 W/mK. The relative uncertainty in
the thermal conductivity of copper is ± 1%. The relative
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Fig. 2. Pool boiling curves for two test runs based on:
(a) Average temperature measured near the top of the
copper heating block; and (b)Average of the surface
temperature transients measured by TFT.

Chaos analysis:
Optimal Delay: The first step in non-linear dynamical
analysis involves the determination of an optimal delay time
to perform a suitable embedding.
In the present study, this is done by evaluating the mutual
information from the following expression:
⎡ P(T (t ),T (t + τ )) ⎤
(5)
I (τ ) = ∑ P(T (t ),T (t + τ ))log2 ⎢
⎥
T ( n ),T ( n +τ )
⎣ P(T (t ))P(T (t + τ )) ⎦
The first minimum of the mutual information is chosen as
the optimal value of delay. In this study, the mutual
information determined for two dimensions is used for
higher dimensions as well due to the large computational
time required in higher dimensions. In any case, the optimal
delay is an estimate and is not expected to alter results for
correlation dimensions and other invariants such as
Lyapunov exponents significantly. Mutual information
quantifies the general dependence of two quantities. Thus,
mutual information signifies the information that is gained
about another quantity by knowing the value of a given
quantity. A low value signifies that the two quantities are
relatively independent. The use of this delay will result in a
nearly independent set of co-ordinates thus unfolding the
attractor. Fig. 3 shows the variation of the optimal delay
(determined from the first minimum of the mutual
information function) with wall superheat along the entire
pool-boiling curve. Alternative techniques to estimate delay
exist and these may or may not coincide with the delay
predicted by the mutual information function. A certain
delay determined, for instance, the autocorrelation function
may work well for the purposes of phase plots. However, the
same delay may not be optimal for singular value
decomposition and correlation dimension estimation.
Invariants such as Lyapunov exponents and correlation
dimensions are ‘invariant’ in theory but in practice, the
algorithms used to estimate these quantities are sensitive to
the effects of noise in data. Fig. 4 shows representative
phase plots near ONB and at CHF. The phase plots are
generated using optimal delays estimated by either: (i) First
minimum of the mutual Information approach, or (ii) Time
taken for the autocorrelation function to fall to 1/e times its
value at zero lag.
It is clear that the low value of delay time for the mutual
information function results in a poor unfolding of the
attractor whereas, the larger delays of the autocorrelation
function leads to a better unfolding. In addition, shown in
Figs. 4 is the phase plot generated by projection of the
vectors onto two principal eigen values obtained using
Singular Value Decomposition (SVD). Some structure is
clearly observed in these phase plots. Furthermore, the
structures vary with wall superheat. An analysis of the
Fourier – spectra reveals frequencies of the form f = mf1 +
nf2 to be present where f1 and f2 are two independent
frequencies. This is indicative of quasi-periodic bifurcation.
However, in order to obtain a clearer picture of this scenario
experiments need to be conducted with steady state data
recorded at small increments in heat flux. Given the duration
of these experiments (currently ~ 24 - 30 hours for 12 – 14
steady state points), this can require more concerted
experimental efforts.
Recurrence plots: The idea of recurrence was first
introduced by Poincare and improved upon by Eckmann
[16] to visualize recurrences in a system. A system
possessing a chaotic attractor returns to an arbitrarily close

neighborhood of its states. These near repetitions of a state
are called recurrences. Further details regarding the
procedure can be found in [8]. Fig. 5 shows recurrence plots
at CHF and in film boiling for different embedding
dimensions. The appearance of short straight lines parallel to
the main diagonal with a few isolated spots indicates the
presence of chaotic dynamics. Long lines parallel to the
diagonal indicates quasi-periodic processes. Random or
noisy processes show many isolated points. Other
complicated patterns can occur in recurrence plots. These
are discussed in detail in [16]. It is evident from the Fig. 5
that CHF and film boiling may involve chaotic behavior.
Noise also seems to be present as seen from the large
number of isolated points.

Fig. 3 Plot of optimal delay as a function of wall superheat
False nearest neighbors: The false nearest neighbor test is
devised to determine the minimum embedding dimension
required to embed an attractor completely. It is based on a
simple geometrical principle. If a high-dimensional attractor
is embedded in a lower dimensional phase-space, false
neighbors occur due to projection. Thus, the number of
nearest neighbors of a point is monitored as the embedding
dimension is increased. A true neighbor will remain close
for all embedding dimensions whereas false neighbors no
longer remain close as the embedding dimension is
increased. The ‘closeness’ is governed by a ratio factor. The
variation of false neighbors with various embedding
dimensions is plotted for various values of the ratio factor in
Fig. 7 for CHF and film boiling. It is evident that a
dimension of six or higher is sufficient to embed the
attractor under these conditions. For lower heat flux levels,
the fraction of false nearest neighbors is found to be ~ 10 –
40% due to the effects of noise. Additional details can be
found in [8].

(a)

(c)

(b)

(d)

Fig.4 Phase plots of noise reduced data generated by projection on Eigen vectors determined by Singular Value Decomposition
(SVD). The insets show the phase plots generated by delays based on autocorrelation. (a) Onset of nucleate boiling, (b) Fully
developed nucleate boiling, (c) Critical HeatFlux (CHF), and (d) Film boiling.

(b)
(a)
Fig. 5 Recurrence plots for raw (noisy) data in saturated pool boiling near (a) CHF and (b) Film boiling for Run-1 TFT-1.
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(a)

(a)

(b)

(b)

Fig. 7 Plot for fraction of false nearest neighbors: (a) at
CHF, and (b) in film boiling.

Fig. 8 Space-time separation plots for saturation run-1 using
TFT-1: (a) near CHF, and (b) in film boiling.

Theiler windows: Fig. 8 shows the space-time separation
plots employed to determine the temporal correlations within
the time-series data near CHF and in film boiling. Strong
temporal correlations in the data results in a low correlation
dimension. The effect of temporal correlations can be
removed by simply rejecting points with a temporal distance
less than the Theiler window. Theiler windows can be
estimated using space-time separation plots. Temporal
correlations in data lead to a temporal dependence of the
probability that the distance between a pair of points is less
than a threshold.
For points temporally separated by distances greater than
the Theiler window, the probability that the distance between
a pair of points is less than the threshold depends on the
threshold itself. Thus, a space-time plot saturates once the
Theiler window is exceeded. Fig. 8 shows clear evidence of
saturation for windows greater than ~ 400 and ~ 100
respectively. Lack of saturation implies that the data is very
noisy or governed by stochastic fluctuations.

Correlation Dimensions: Correlation dimension
estimates and Lyapunov exponents are two important
quantifiers. They are invariants and do not vary (in theory)
due to differences in embedding (arising from using different
delays for instance). A robust fractal dimensionality of the
attractor is indicative of chaotic dynamics. The correlation
dimension is determined from the following expressions:

1
Cˆ (ε , m) = 2
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∑∑U (ε − z
m

m
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− zj

)
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The correlation dimension is then found as:
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ε →0
ln ε
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The correlation dimensions are estimated using data from
one of the thin-film thermocouples (TFT-1) for the first run
and depicted in Fig 9. Non-linear algorithm is also employed
to reduce the noise in the data. The algorithm employs an
averaging scheme wherein different components of the vector
are averaged over a neighborhood, the size of which is
specified by the user. The values for correlation dimension
before noise reduction and after noise reduction (NR) are
listed in Table 1.

3)
4)

5)

6)

7)
(a)
8)

Surface temperature fluctuations recorded by the
thin-film thermocouples is analyzed using TISEAN
software for the presence of non-linear determinism.
Fourier spectra shows the presence of two
independent
frequencies
and
their
linear
combinations, indicating the possibility of quasiperiodic bifurcations and ergo chaos.
Phase plots are generated using optimal delays
estimated from the autocorrelation function. Phase
plots are generated using vectors projected onto the
first two eigen basis vectors estimated from Singular
Value Decomposition (SVD).
Correlation dimensions are estimated before and after
noise reduction. Clear saturation in values fo the
correlation dimension are observed near CHF and in
film boiling regimes. Fractal dimensions are
calcualted from the temperature transients are clearly
indicative of chaotic behavior.
The correlation dimensions obtained in this study are
higher than previously reported in the literature for
boiling chaos.
Chaotic behavior is clearly delineated for fully
developed nucleate boiling and film boiling.
However, it is possible that pool boiling process is
stochastic at the Onset of Nucleate Boiling (ONB)
and the Leidenfrost point (collapse of film boiling).

TABLE – I Variation of correlation dimensions with wallsuperheat before noise reduction and after
noise reduction (NR).

Twall (°C)

q" (W/cm2)

Dc- Noisy

Dc- NR

60.06

1.25

11.00

8.78

62.00
63.47
64.28

1.98
2.90
3.93

10.46
8.57
7.95

6.15
6.57
6.04

65.41
67.12

5.11
7.28

7.61
9.42

8.80
7.43

68.43
69.70

8.35
9.90

10.70
8.23

3.38
8.73

70.73
116.50
122.90

11.52
5.81
6.37

7.71
11.13
11.85

4.80
5.25
12.09

123.96
124.47

6.65
6.91

10.75
8.92

8.76
7.61

(b)
Fig. 9 Variation of correlation dimensions along the pool
boiling curve (a) before, and (b) after noise reduction.
The results from these analyses (Fig. 9 and Table 1)
indicate the presence of deterministic and possibly chaotic
dynamics near CHF and in film pool boiling. However,
additional tests are necessary to check if the experimental
time-series is indeed a product of non-linear determinism.
Although no surefire test exists, a surrogate data test is
commonly employed for this purpose alongwith a battery of
null hypotheses. If all the null hypotheses fail, then it is very
likely that the underlying processes are indeed non-linearly
deterministic in nature. These tests are currently being
conducted and will be a part of a future publication.
CONCLUSIONS
1)

2)

Saturated pool boiling experiments on a horizontal
rectangular heater have been conducted and surface
temperature transients have been measured using
surface
micro-machined
thin-film
K-type
thermocouples (TFT).
Pool boiling curves are obtained for two sets of
experiments and the data show good repeatability.
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