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This study investigates the effect of experimental setup design factors on pool boiling CHF, compares spatial
temperature gradient calculation methods and analyzes the uncertainty of heat flux and surface superheat.
Reported CHF values on smooth copper surfaces, measured for saturated pool boiling of water at atmospheric
pressure on flat horizontal samples, are highly scattered, which cannot be explained solely by the measurement
uncertainty or the randomness of the boiling process. CHF data for 54 experiments from 47 publications is
analyzed using regression analysis and ANOVA to determine which experimental setup design factors influence
the CHF value. Methods for estimating the axial temperature gradient in a heating stem are compared using the
Monte Carlo method and analytical nonlinear gradients. Heat flux values calculated using temperature measurements in a cylindrical copper heating stem together with either constant or temperature-dependent thermal
conductivity and various temperature gradient calculation methods are compared. Overall heat flux and surface
superheat measurement uncertainties are analyzed and the impact of contributing uncertainties including that of
the thermal conductivity, temperature measurement and distance between thermocouples is reported.

1. Introduction
The research of phase-change heat transfer and methods of its enhancement is one of the most active fields in the entire thermal

⁎

engineering field of study [1–9]. One of such processes is pool boiling,
which offers high heat transfer rates and is exploited in many engineering fields including electronics cooling [10–12], process engineering (vaporization and separation of various media) and
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refrigeration [13–16]. Many new surface treatments or working fluid
modification methods are presented every year aimed at enhancing this
phase-change phenomenon [4,5]. Active research of this field is warranted, since the rapid development of smaller and more powerful
components goes hand in hand with an increase in the thermal load that
needs to be removed from such components or systems. Additionally,
boiling heat transfer is already utilized in critical applications like in
certain types of nuclear reactors, where it is used to cool the fuel rods or
to ensure in-vessel retention in case of an accident [17–20]. In such
applications, safety is of the utmost importance and the critical heat
flux (CHF), i.e. the upper heat flux limit of the nucleate boiling regime,
where the surface becomes covered by a vapor film and transitions into
the undesirable film boiling regime, must never be approached,
let alone reached. Hence, the problem of highly scattered experimental
data on CHF values recorded under similar conditions is nothing less
than concerning.
Whenever research aimed at enhancing the boiling heat transfer is
conducted, a reference experiment needs to be carried out to establish a
baseline, to which the improvements can be compared. In the studies of
surface enhancement for improved boiling heat transfer, the latter is
usually first evaluated on a reference (polished or as-received) surface.
This reference sample ideally has the same (macro)geometry and dimensions as the enhanced surfaces (although without macroscopic
modifications such as open channel structures) and surface properties
similar to other samples before they are exposed to various treatments.
The reference test should also be conducted under the same conditions
as the later experiments with enhanced surfaces; in pool boiling, this
would mean the same bulk temperature, operating pressure, orientation, gravity, working fluid etc. Reference results in the form of a
boiling curve and recorded critical heat flux can then be used to evaluate the relative enhancement of boiling heat transfer achieved using
enhanced surfaces. The same ideas are also valid for the enhancement
of flow boiling or the enhancement of the working fluid with various
additives in pool boiling.
A review of the literature shows a rather concerning result: reference critical heat flux values, recorded under extremely similar
conditions and on similar surfaces, often show a significant discrepancy. Since in theory the same phenomenon is being observed, the
deviations between reported results should mostly be a consequence of
(i) the random nature of the boiling process and (ii) the measurement
uncertainty. However, the minimal and maximal CHF for pool boiling
of water on polished copper at atmospheric pressure found during our
review differ by a factor of three, which cannot be explained by either
the randomness of the process nor the measurement uncertainty. This
not only makes it hard to compare experimental data and heat transfer
enhancement with other authors due to substantial differences in the
reference values, but can also be a safety concern, if the developed
boiling surfaces exhibit lower CHF values in realistic applications.
This study addresses the issues pointed out above by investigating
the effect of experimental setup design factors on pool boiling CHF,
comparing spatial temperature gradient calculation methods and analyzing the uncertainty of the heat flux and the surface superheat. A total
of 47 scientific publications, where critical heat flux was measured on
smooth copper surfaces under matching conditions, are reviewed and a
total of 54 data points are obtained. The CHF values are analyzed as a
possible function of the surface roughness, the shape of the sample and
the size (characteristic length) of the sample. Additionally, the differences in CHF on the surfaces of separate samples and surfaces, that are a
part of the heating stem, are investigated. Linear regression of normalized data was used to find the effect of each parameter on CHF and
analysis of variance (ANOVA) was utilized to find out, whether the
effect of each parameter is statistically significant. The initial findings
prompted us to analyze the problem of pool boiling heat transfer
measurement further by using temperature measurements to conduct
heat flux calculations using different spatial temperature gradient calculation methods and either temperature-dependent or constant

thermal conductivity. Temperature gradient calculation methods are
also compared using both the Monte Carlo method and predefined
nonlinear analytical gradients. Finally, the effect of separate uncertainties of temperature measurements, thermocouple locations and
thermal conductivity on the overall heat flux and surface superheat
measurement uncertainty is shown. With this analysis, we at least in
part explain the scatter of the data and provide recommendations for
future experiments, which should ensure more comparable results.
2. Methods
2.1. Data gathering and statistical analysis
Data from both the conference papers and journal articles was
considered in our analysis. Since most authors only present the data in
graphical form, we determined the CHF and the corresponding surface
superheat values from the plots using an image editing software. We
estimated the error of data collection to be less than 2% by comparing
the discerned values of graphically presented data with values given
explicitly either in text or tables where both were available.
The CHF value and corresponding surface superheat were noted,
and the shape and dimensions of the boiling surface were determined.
All surfaces were flat and either square or circular; data from experiments on tubes, wires or spheres is not included. The characteristic
length was determined from the size of the sample as the diameter of
the sample for circular samples or the side length for square samples.
Attention was paid to the way the surface was heated with only experiments using heating by conduction being included in our analysis;
experiments with direct Joule heating of the sample are disregarded.
Furthermore, we noted, whether the boiling surface was fabricated on a
separate sample (in all cases with a thickness much greater than the
asymptotic thickness for copper [21,22]) or directly on the heating
stem. We will refer to the latter solution as a “monoblock”. For a sample
to be considered a monoblock sample, the temperatures for the determination of the spatial temperature gradient and calculation of the
heat flux needed to be measured within the sample. A schematic depiction of a separate sample and a monoblock sample is shown in Fig. 1.
We refer to this property of the boiling surface as its “fabrication type”.
While most authors list the arithmetical mean height of the surface
profile (Ra value), some do not disclose the type of roughness measured.
Therefore, we also do not separate different methods of roughness
measurement in our analysis and simply refer to the listed value from
each publication as “roughness”. This was done as we did not want to
assume the type of roughness metric used where it is not explicitly
given in the publication. An additional investigation of various roughness metrics (Ra, Rq, Rz, Sa and Sq) on two polished copper surfaces
using an Alicona InfiniteFocusSL 3D microscope and statistical analysis
was performed. From this, we confirmed that treating potentially different roughness metrics as a single group (due to insufficient data in
the reviewed papers) does not change the statistical significance of the

Fig. 1. Schematic representation of typical surface fabrication types: monoblock (a) and separate sample (b).
2
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influence of surface roughness on the value of the CHF. The roughness
measurements were conducted prior to the boiling measurements.
While oxidation can change the roughness and morphology of the
boiling surface due to exposure to hot water, data on the length of
exposure and surface chemistry, topography and morphology changes
is mostly insufficient and such changes are not considered in this analysis. Since data regarding the roughness of the surface is available for
only ~40% of the CHF data points, we processed the data in two steps.
First, we analyzed only the data points where the roughness is listed,
treating it as a parameter that possibly influences the CHF value. In the
second part of the analysis, we excluded the roughness from the analysis, which allowed us to perform regression over the entire range of
54 data points to evaluate the relative importance of other experimental
setup design parameters.
Since the aim of this publication is only to find out which parameters may affect the CHF value on reference samples and not to come
up with a model, which would describe the exact interaction between
each parameter and the CHF, simple linear regression was used for
statistical analysis. Data was imported into MathWorks MATLAB
R2016b, where the built-in linear regression modelling tool was used.
The model had the following formulation:

Fig. 2. Schematic representation of the heating stem and the sample with dimensions necessary for the calculation of heat transfer parameters. All dimensions are in millimeters.
Table 1
Average temperatures in the heating stem and the sample at four different heat
flux levels.

n

CHF =

i xi,
i=1

(1)

Heat flux level

where xi represents the analyzed parameter and i the corresponding
regression coefficient. Since the shape of the surface and the fabrication
type can only be expressed as discrete values, we decided to normalize
all data except the CHF. Therefore, shape parameter had a value of 1 for
rectangular surfaces and 0 for circular surfaces. Similarly, the fabrication type parameter had a value of 1 for monoblock samples and 0 for
separate samples. The roughness and characteristic length data were
normalized by dividing each value by the greatest overall value of the
parameter.
The calculated regression models were evaluated using the analysis
of variance (ANOVA). The statistical significance of the influence of
each parameter was determined by comparing the calculated p-value
with a predetermined threshold p-value of 0.05 (95% confidence interval; α = 0.05). If the calculated p-value is lower than the threshold,
the parameter has a statistically significant influence on the CHF. This
corresponds to the variance between groups being significantly greater
than the variance within a group.

1
2
3
4

(~220 kW m−2)
(~540 kW m−2)
(~860 kW m−2)
(~1370 kW m−2)

T1 (°C)

T2 (°C)

T3 (°C)

T4 (°C)

Ts (°C)

127.24
154.24
182.09
224.74

124.55
147.85
171.78
208.14

121.74
141.22
161.19
191.18

118.69
133.86
149.50
172.53

109.70
113.14
116.68
122.35

2.2. Comparison of heat flux calculation methods
Fig. 3. Analysis of spatial temperature gradient linearity in the heating stem.

2.2.1. Analysis using experimental results
In order to compare various heat flux calculation methods, we used
existing experimental data obtained on a pool boiling experimental
setup, previously described in [23]. The setup utilizes a copper heating
stem 18 mm in diameter to supply heat to a separate copper sample
with a thickness of 4 mm. The copper stem is pressed against the sample
using springs and thermal paste (Arctic MX-4, thermal conductivity
8.5 W m−1 K−1) is used as the thermal interface material. There are a
total of 4 K-type thermocouples located 5 mm apart along the axis of
the heating stem (T1 − T4). Another thermocouple was embedded in
the sample (Ts). A schematic depiction of the heating stem and the
sample is shown in Fig. 2.
Temperatures recorded in four different steady states (corresponding to four different heat flux levels) are listed in Table 1. The
temperatures were averaged for at least 100 s at each heat flux level.
Linearity of temperatures was confirmed through linear interpolation of
temperatures at each heat flux level and calculation of the R2 value,
which is 0.999 in all cases; these results are shown in Fig. 3.
Heat flux is determined from the spatial temperature gradient
alongside the copper stem. Since the stem is well-insulated with aerogel
fibers with a thermal conductivity below 0.016 W m−1 K−1, heat losses

are negligible and 1D heat transfer is considered. The following
methods of spatial temperature gradient calculation are used: (i) linear
interpolation from four thermocouples [Eq. (2)], (ii) linear interpolation from three thermocouples [Eqs. (3), (4)], (iii) four-point backward
finite difference approximation [Eq. (5)] and (iv) three-point backward
finite difference approximation [Eqs. (6), (7)]:

T
T + T3 T2
= 4
x
4 x

T1

(2)

T
T
T1
= 3
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x
2 x

(3)
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T
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,
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2 x

(4)

T
11T4
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T
3T
4T2 + T1
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,
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4T3 + T2
= 4
.
x
2 x

Table 2
Constants in nonlinear temperature gradient equations.

(7)

As a side note, when linear interpolation from three temperature
measurements is used, only two temperatures are actually present in
the equation with no temperature measurement in the middle of the
considered area [Eqs. (3), (4)]. Heat flux is then calculated by multiplying the spatial temperature gradient by the thermal conductivity of
the material:

q=

k

T
.
x

(8)

0.165T + 378.1 [W m

1

K 1],

(9)

which we determined ourselves for a copper sample of electrolytic
purity (99.9% + Cu) by measuring its thermal diffusivity in the range
from 50 °C to 300 °C and calculating the thermal conductivity using
temperature-dependent density and specific heat data from literature.
The temperature is inserted in degrees Celsius.
2.2.2. Analytical nonlinear gradients and Monte Carlo calculations
In addition to evaluating the spatial temperature gradient calculation methods using experimental data, two analytical comparisons were
carried out using (i) the Monte Carlo (MC) approach and (ii) analytical
functions as examples of nonlinear temperature gradients. For the MC
analysis, temperature gradients were calculated from values T1 and T4
in Table 1 for each heat flux level. Temperatures at two equidistant
locations between them (at one and two thirds of the distance between
the points of T1 and T4 measurement, respectively) were calculated
from the temperature gradient so that the gradient between all four
temperatures was perfectly linear (R2 = 1). MC approach was then used
to simulate how random deviations of each of the four temperatures
defining the gradient affect the spatial temperature gradient calculated
using Eqs. (2)–(7). In one million iterations, performed using a MathWorks MATLAB R2016b script, each temperature was assigned a
random error, which was taken from a normal distribution pool with a
mean value of zero and standard deviation equal to the standard
measurement uncertainty of the temperature used in later calculations
(0.25 K). Eqs. (2)–(7) were then used to calculate the spatial temperature gradients from the error-laden temperatures. Normal distribution
was fitted onto the entire population of calculation results to evaluate
individual spatial temperature gradient calculation methods.
In the last part of the gradient calculation methods comparison,
analytical functions in non-dimensional form were defined to describe
simple nonlinear temperature gradients, which could be present in the
heating stem. Additionally, the non-dimensional linear gradient was
defined as:

T / Tmax (x / x max ) = x /x max .

b

c

d

(12)
(13)
(14)
(15)
(16)
(17)

0
0
−0.2917
0.2917
0
0

−0.2
0.2
0.4375
−0.4375
−0.2
0.2

1.2
0.8
0.9542
1.0458
1.2
0.8

−0.05
0.05
−0.05
0.05
0
0

T
T
T1
= 2
,
x
x

(22)

T
T
T2
= 3
,
x
x

(23)

T
T
T3
= 4
.
x
x

(24)

The calculated values were normalized using the spatial temperature gradient obtained by applying any of the Eqs. (2)–(7) or Eqs.
(22)–(24) to the perfectly linear trend, given by Eq. (10). The analyses
were performed for the case of only three available thermocouples with
a spacing of 5 mm from one another [using Eqs. (3), (6), (22) and (23)]
and for the case of four thermocouples with the spacing of 5 mm using
all listed equations.
2.3. Measurement uncertainty estimation
2.3.1. Heat flux uncertainty
Since the use of three thermocouples in a sample is the most
common solution, the calculation of measurement uncertainty will be
shown for the case of using reindexed Eq. (3) to determine the spatial
temperature gradient in the sample. Tc represents the thermocouple
closest to the surface and Ta the one furthest from the surface, while Tb
Table 3
Constants in nonlinear temperature gradient equations.

(10)

The analytical functions are given by the following general equation:

T / Tmax (x / x max ) = a (x / x max )3 + b (x / x max )2 + c (x / x max ) + d ,

a

where the constants were chosen so that the maximum deviation from
the linear gradient is 5% of the total temperature change ΔTmax in the
analyzed domain and are listed in Table 2 together with the corresponding equation numbers.
The maximum deviation of nonlinear gradients is achieved either at
both x/xmax = 0 and x/xmax = 1 or at x/xmax = 0.5. Furthermore, the
deviations at x/xmax = 0 and x/xmax = 1 can have the same or opposite
notations (plus/minus). Eqs. (12)–(15) represent deviations from the
true gradient at x/xmax = 0 and x/xmax = 1, while Eqs. (16), (17)
represent deviations at x/xmax = 0.5. Four additional gradients were
defined using splines, based on the linear gradient and Eqs. (12), (13),
where deviation from the linear gradient is only present at one edge of
the analyzed domain. Their definitions are listed in Table 3.
In real heat flux measurement setups nonlinear deviations defined
through Eqs. (12)–(21) could be a consequence of temperature measurement errors or other effects such as local heat losses (e.g., through
local contact of the heating stem with other parts of the setup), temperature-dependent thermal conductivity or inhomogeneous material
properties.
In addition to Eqs. (2)–(7), the resulting stepwise changes the spatial
temperature gradient were analyzed by three further linear interpolation equations based on only 2 adjacent thermocouple measurements:

Although the thermal conductivity of materials is generally temperature-dependent with copper being no exception in the temperature
range of usual pool boiling measurements with water at atmospheric
pressure (copper stem temperatures between 100 and 400 °C), a constant value of the thermal conductivity is typically used in calculations.
Furthermore, the value of thermal conductivity used in data processing
is often not explicitly given at all (only in 11 out of 47 papers with
values ranging from 387 W m−1 K−1 to 401 W m−1 K−1 and an arithmetic mean of 395 W m−1 K−1). Hence, we intend to show, how this
impacts the results of heat flux calculations by using either a constant
value of 401 W m−1 K−1 (commonly cited data for pure copper at room
temperature, used in two reviewed papers with another one using
400 W m−1 K−1) or a measured, temperature-dependent value given by
the following equation:

k (T ) = 2.83·10 4T 2

Eq. number

(11)
4

Eq. number

x/xmax ∈ [0, 0.5)

x/xmax ∈ (0.5, 1]

(18)
(19)
(20)
(21)

x/xmax
Eq. (12)
x/xmax
Eq. (13)

Eq. (12)
x/xmax
Eq. (13)
x/xmax
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and that two thermocouples are in use, the expression for the uncertainty of the distance between both thermocouples is:

u ( x) =

2

uhole
3

2

+2

uTC
3

2

.

(28)

In most publications, the measurement uncertainty is given without
a corresponding confidence interval and in the non-expanded form (i.e.,
as standard uncertainty). The expanded confidence interval should
preferably be 95.45%, which requires the calculated combined uncertainty to be multiplied by a coverage factor of K = 2:
(29)

U (q) = 2u (q).

Calculations of the heat flux uncertainty were performed using the
following data, which can be considered a typical example of heat
transfer parameters measurement in pool boiling. A copper heating
stem with three thermocouples at a distance of 5 mm from one another
is used to supply heat to the sample. The expanded uncertainty (95.45%
coverage) of thermocouple temperature measurements is 0.5 K. The
precision of the machine used to make the thermocouple holes (which
are 1 mm in diameter) is 0.05 mm and the diameter of the thermocouple’s sensing tip is 0.4 mm, which means the uncertainty of tip’s
position is up to 0.3 mm and the combined uncertainty obtained from
Eq. (28) is 0.25 mm (standard, non-expanded uncertainty). The stem
temperatures are taken from Table 1 for all four heat flux levels; since it
makes more sense to use thermocouples near the boiling surface, temperatures T2, T3 and T4 from Table 1 are used as Ta, Tb and Tc in this
analysis, respectively. In addition to the calculated expanded measurement uncertainty for the given reference case, the influences of
each individual uncertainty contribution are analyzed by varying one
contributing uncertainty (for example, the uncertainty of temperature
measurement) at a time and keeping other parameters constant with
values equal to the ones in the reference case outlined above. Finally,
best- and worst-case uncertainties are calculated based on our estimate
of the lowest practically achievable uncertainty of each parameter and
the highest reasonably permissible uncertainty of each parameter, respectively. While relatively high measurement uncertainty is expected
at low heat fluxes due to small temperature differences, an expanded
uncertainty of 10% at high heat fluxes will be used as the upper limit of
the acceptable uncertainty range.

Fig. 4. Temperatures for heat flux uncertainty analysis (a), uncertainty of the
thermocouple hole location (b) and the uncertainty of the location of the
thermocouple itself inside the hole (c).

is the thermocouple in the middle (used in thermal conductivity calculation) as shown in Fig. 4(a). Heat flux is calculated from these
temperatures and thermal conductivity given by Eq. (9), which is
evaluated at the arithmetically averaged temperature in the heating
stem (considering Ta, Tb and Tc). The following parameters contribute
to the uncertainty of the heat flux: (i) uncertainty of both thermocouples, (ii) uncertainty of thermal conductivity and (iii) uncertainty of
the position of both thermocouples.
The specifics of the uncertainty of thermocouple temperature
measurements are outside the scope of this paper and will not be discussed in detail. Similarly, the uncertainty of thermal conductivity,
given by the Eq. (9), is estimated to be 3% (expanded uncertainty with a
coverage factor K = 2) and primarily stems from the declared accuracy
of the laser flash apparatus, which was used to measure the thermal
diffusivity, from which Eq. (9) was determined. The uncertainty of the
material properties used in the heat flux calculation should be critically
evaluated. Uncertainty of the thermocouple position, however, needs to
be discussed further. In general, we can attribute the position uncertainty to two sources: (i) uncertainty of the location of the thermocouple hole [Fig. 4(b)] and (ii) uncertainty of thermocouple’s location
inside the hole [Fig. 4(c)]. Here, we will consider the two thermocouple
holes to have no correlation, meaning each of them has its own location
uncertainty and each thermocouple has its own uncertainty of its exact
location within the hole. Therefore, we can express the uncertainty of
the location of each thermocouple using the following equation:
2
2
uhole
+ u TC
,

u ( x) =

2.3.2. Surface superheat uncertainty
Measurement uncertainty of the surface superheat was analyzed
utilizing similar methods as previously used in heat flux uncertainty
analysis. Ts was considered as the relevant temperature for surface
temperature extrapolation; if a monoblock sample was used in the
performed experiment, the extrapolation method would be the same
and would preferably use the temperature measurement closest to the
boiling surface.
Surface superheat ΔTw is generally calculated from the calculated
heat flux, the temperature measured close to the boiling surface (Ts)
and the temperature of the boiling medium (T∞), while accounting for
the thermal conductivity of the material close to the surface and the
distance from the thermocouple to the surface Δxsurf:

(25)

where uhole represents the uncertainty of the location of the thermocouple hole (mostly dependent on the accuracy of manufacturing) and
uTC represents the uncertainty of the location of the thermocouple inside the hole (mostly dependent on the size of the hole and the size of
the thermocouple).
Altogether, the measurement uncertainty of the heat flux can be
expressed as:

q
Ta

u (q ) =

2

u2 (Ta ) +

q
Tc

2

q
x

u2 (Tc ) +

2

u2 ( x ) +

2

q
k

u2 (k ) .

Tw = Tw

(26)

2

k
x

2

u2 (T ) +

k (Ta Tc )
( x )2

2

u2 ( x ) +

(Ta

Tc)
x

2

T .

(30)

The measurement uncertainty is calculated using the following
equation:

Evaluating the partial derivatives and assuming that the uncertainty
of both thermocouples is the same, the following equation is obtained:

u (q ) =

q
x surf
k

T = Ts

Tw
Ts

u ( Tw ) =

u2 (k ) .
(27)

+

Taking into account that both components of the position uncertainty are type B uncertainties with assumed uniform distribution

2

u2 (Ts) +
Tw
x surf

Tw
q

2

u2 ( x surf ) +

2

u2 (q) +
Tw
T

Tw
k

2

u2 (k ) .

2

u2 (T )

(31)

Evaluating the partial derivates gives the following expression:
5
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u ( Tw ) =

2

x surf
k

u2 (Ts ) +

2

q x surf
k2

u2 (q) +

q
k

u2 (k ) +

2

distance between the thermocouple and the surface is 0.176 mm.
Thermal conductivity was evaluated at Ts using Eq. (9) with a standard
uncertainty of 1.5% and the temperature of the boiling water at atmospheric pressure was assumed to be 100 °C. Since this example
considers heat flux calculated using different thermocouples than the
one used in surface temperature extrapolation and superheat determination, Eq. (32) will be used to calculate the measurement uncertainty.
However, the results should not differ much from the ones that would
be obtained if a monoblock sample and Eq. (36) were used and can
therefore serve as a general guide to aid the design of experimental
setups with low overall measurement uncertainty.
To show the influence of individual parameters that affect the uncertainty of the surface superheat, multiple values of each parameter
were used in separate calculations while keeping all other parameters
constant and the same as in the reference case outlined above. Best- and
worst-case uncertainties were also calculated in the same way as during
the heat flux uncertainty analysis and by basing the calculations on the
results of the aforementioned analysis. Expanded absolute uncertainty
of 1.5 K will be considered the desired maximum uncertainty, as it
represents an expanded relative uncertainty of roughly 10% for typical
pool boiling experiments.

u2 .

( x surf ) + u2 (T )
(32)
Assuming a similar calibration process is used to calibrate both
thermocouples (Ts and T∞), their measurement uncertainty is generally
the same. The uncertainty of the thermocouple location relative to the
surface is calculated in a similar way as the uncertainty of the distance
between two thermocouples for heat flux measurements by considering
only one thermocouple hole:
2

uhole
3

u ( x surf ) =

2

uTC
3

+

.

(33)

While the thermal conductivity and the locations of thermocouples
are previously used in the calculation of the heat flux, it is reasonable to
assume there is no correlation with the values used in the surface superheat calculation. Eq. (9) is based on point-wise measurements and
evaluated at different temperatures in the calculation of the heat flux
and the surface superheat. Therefore, a correlation between the thermal
conductivity uncertainty in heat flux and surface superheat calculations
is unlikely. The possible deviation of the thermocouple’s location relative to the surface is not considered in heat flux calculation, making a
correlation between the distance between the thermocouples for spatial
temperature gradient determination and between the top thermocouple
and the surface (for surface temperature extrapolation) also unlikely.
However, if a monoblock sample is used, then the temperature measurement from the thermocouple closest to the surface will be used in
both the heat flux and the surface superheat calculations. Therefore, Eq.
(30) needs to be written in an expanded form, where Tc is used as Ts:

Tw = Tc

q
x surf
k

k q (Ta

T = Tc

Tc )

xq k

T

x surf

T .

3. Results and discussion
3.1. List of CHF values and experiment design details
Table 4 lists 54 data points composed of CHF values and corresponding surface superheats (temperature difference between the surface and the surrounding liquid) alongside the design details of the
experimental setup used to record each of the data points.
Fig. 5 shows the scatter of the CHF values, listed in Table 4. A legend
is intentionally omitted, since the goal of the figure is to show the data
scatter and not to compare the achievements of individual authors.

(34)

In this equation, kq is the thermal conductivity used in heat flux
calculation, kΔT is the thermal conductivity used in surface superheat
calculation and Δxq is the distance between thermocouples for the
spatial temperature gradient calculation. Similarly, Eqs. (31), (32) now
take more complex forms with the measurement uncertainty being
expressed using the following equation:

3.2. Regression analysis of the collected data
3.2.1. Results of the regression analysis
The first linear regression model is based on 23 data points, for
which the roughness of the test surface is known. The model has 18
degrees of freedom and an F-value of 3.15 (p = 0.0397) against a
constant model, which is a degenerate model consisting of only a
constant term. All the parameters are normalized with values between
zero and one. The model can be expressed in the following way:
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2

+ e (roughness ),

(35)

where the regression coefficients are denoted with letters a-e. The values of the latter coefficients are given in Table 5 alongside the results of
the ANOVA analysis.
The results in Table 5 indicate that only the surface roughness is a
statistically significant factor influencing the CHF with a p-value below
the significance threshold of 0.05. Fabrication type, i.e. whether the
sample is separate or a monoblock, should also have a considerable
influence on the CHF according to the results, but without statistical
significance (p = 0.1187 > 0.05). Sample shape and characteristic
length do not influence the CHF with statistical significance according
to the first regression model (p ≫ 0.05 in both cases).
Fig. 6 shows the CHF values of the first group of data points plotted
against the surface roughness. Since most surfaces are polished, the
majority of roughness values fall close to or below 0.2 μm. CHF increases slightly with increasing surface roughness, which is also evident
from the positive regression coefficient.
The second linear regression model is based on 54 data points, for
which the roughness of the test surface is not necessarily known.
Therefore, it is omitted as a possible factor of influence in the analysis.

Evaluating the partial derivates gives the following expression:
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(37)

.
u2 (k T )

x surf ) + u2 (T )
(36)

The following values were used as a reference case corresponding to
the actual experimental setup used to obtain the values in Table 1.
Distance between the thermocouple and the surface is 2 mm (as shown
in Fig. 2), while the heat flux is obtained using Eq. (3) and is taken from
the analysis in the Section 2.3.1 together with its uncertainty. The expanded uncertainty (95.45% coverage) of thermocouple temperature
measurements is 0.5 K and the calculated standard uncertainty of the
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Table 4
List of CHF values and experiment design details.
Author(s)

CHF (kW m−2)

ΔTCHF (K)

Lchar (mm)

Roughness (μm)

Sample shape

Fabrication type

Allred et al. [24]
Auracher & Marquardt [25]
Bai et al. [26]
Cao et al. [27]
Cooke & Kandlikar [28]
Coursey & Kim [29]
Dai et al. [30]
Dharmendra et al. [31]
Gheitaghy et al. [32]
Gheitaghy et al. [33]
Girard et al. [34]
Gupta & Misra [35]
Hsu et al. [36]
Jaikumar & Kandlikar [37]
Kim et al. [38]
Kim et al. [39]

1205
1376
1568
870
1247
606
1450
1030
839
910
1100
1074
956
1280
1012
749
851
844
1051
1052
1010
1163
1406
1403
1413
1490
1000
956
1100
835
560
1045
1279
1291
1066
1164
1200
1066
1245
1250
932
896
1200
1170
1117
866
1483
674
857
1353
877
1210
1650
906

20.4
34
30
22.6
17.1
41.3
16
19.5
13.9
18
18.3
20.1
21.9
19.5
20.7
22.6
20.4
19.4
18
17.2
19.8
19
25.5
43.5
19.7
19.4
21.4
20.9
20
27.7
23.1
27.3
18.9
21.2
18.1
16.7
20.5
25.3
21.4
23.2
31
21.5
38
32
27.4
35.4
25.9
19
29
26.6
18.2
25.9
20.4
16.7

27.2
18.2
10
12
10
16
10
14
21
21
10
10
16.8
10
10
10
10
10
10
10
10
12.7
8
8
8
10
30
50
30
18
9.53
10
10
10
10
10
12
14
50
10
28
20
11
11
25.4
20
10
30
17
17
20
10
12
10

N/A
N/A
N/A
N/A
0.38
N/A
N/A
0.25
0.2
0.5
0.11
0.2
N/A
N/A
N/A
0.041
0.057
0.061
0.114
0.169
N/A
0.3
N/A
N/A
N/A
N/A
N/A
N/A
N/A
0.15
N/A
N/A
N/A
0.93
N/A
N/A
0.04
N/A
0.3
N/A
0.062
0.008
N/A
0.65
0.02
0.06
N/A
N/A
N/A
N/A
0.106
0.3
N/A
N/A

rectangular
circular
circular
circular
rectangular
circular
rectangular
rectangular
circular
circular
rectangular
circular
circular
rectangular
rectangular
rectangular
rectangular
rectangular
rectangular
rectangular
rectangular
circular
rectangular
rectangular
circular
circular
circular
circular
circular
circular
rectangular
rectangular
rectangular
rectangular
rectangular
rectangular
circular
circular
circular
rectangular
circular
circular
circular
circular
rectangular
rectangular
rectangular
circular
circular
circular
circular
rectangular
rectangular
circular

monoblock
separate
monoblock
separate
separate
monoblock
monoblock
monoblock
separate
separate
separate
monoblock
monoblock
monoblock
separate
separate
separate
separate
separate
separate
separate
monoblock
separate
separate
monoblock
monoblock
monoblock
monoblock
monoblock
separate
separate
separate
monoblock
monoblock
separate
separate
monoblock
monoblock
monoblock
monoblock
monoblock
separate
monoblock
monoblock
monoblock
monoblock
monoblock
monoblock
monoblock
monoblock
monoblock
separate
monoblock
monoblock

Kwark et al. [40]
Li & Rioux [41]
Li et al. [42]
Li et al. [43]
Li et al. [44]
Mori et al. [45]
Mori et al. [46]
Može et al. [23]
Park et al. [47]
Patil et al. [48]
Protich et al. [49]
Raghupathy & Kandlikar [50]
Rahman et al. [51]
Rahman et al. [52]
Rainho Neto et al. [53]
Raza et al. [54]
Rioux et al. [55]
Rishi et al. [56]
Rostamian & Etesami [57]
Saeidi et al. [58]
Salari et al. [59]
Salari et al. [60]
Sarangi et al. [61]
Sezer et al. [62]
Shi et al. [63]
Takata et al. [64]
Takata et al. [65]
Walunj & Sathyabhama [66]
Wu et al. [67]
Yang et al. [68]
Yuan et al. [69]

Table 5
Regression coefficients of the first model and ANOVA results.
Parameter

Reg. coefficient

Value

F-value

p-value

/
Lchar
fab. type
sample shape
roughness

a
b
c
d
e

848.6
36.64
105.3
66.46
334.5

/
0.0395
2.684
1.033
6.902

/
0.8447
0.1187
0.3230
0.0171

The model has 50 degrees of freedom and an F-value of 4.11
(p = 0.011) against a constant model. Again, all the parameters are
normalized with values between zero and one. The model can be expressed in the following way:

Fig. 5. 54 data points showing the scatter of CHF versus the surface superheat.
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Fig. 8. CHF versus the shape and fabrication type of the heater.

Fig. 6. CHF versus the surface roughness.

confirmed this observation, since the fabrication type is statistically
significant with a p-value below 0.05 (p = 0.0044) and the sample
shape is not a statistically significant factor (p = 0.1572 > 0.05).

Table 6
Regression coefficients of the second model and ANOVA results.
Parameter

Reg. coefficient

Value

F-value

p-value

/
Lchar
fab. type
sample shape

a
b
c
d

1032
−334.8
203.3
101.0

/
3.401
8.884
2.062

/
0.0710
0.0044
0.1572

3.2.2. Discussion of experimental setup design factors affecting the scatter
of measured CHF values
Results of the statistical analysis of the first regression model show
that only the roughness of the surface has a statistically significant influence on the CHF with its p-value being lower than 0.05. This result is
hardly surprising, since many researchers have shown that the increasing the roughness of the surface will generally increase the CHF
value. Kim et al. [39], some of whose low roughness copper surfaces are
included in this study, have shown that even small increases in surface
roughness can increase the CHF by a considerable margin. By increasing the roughness from 0.041 μm to 0.169 μm (both surfaces could
still be considered “smooth”), the CHF increases by roughly 40%. Similarly, Walunj and Sathyabhama [70] report significant increases of
CHF with increasing surface roughness of copper samples. Ramilison
and Lienhard [71] have shown that CHF is higher on rough surfaces for
a multitude of different working fluids. Finally, Ferjančič and Golobič
[72] have demonstrated that roughness increases CHF on ribbon heaters. The positive regression coefficient e, obtained through our analysis, also shows that CHF is expected to increase with higher surface
roughness of the reference surface.
The analysis of all 54 data points with the second regression model
allows us to draw the following conclusions. The characteristic length
of the heater surface cannot be considered a factor of statistical significance in determining the value of the CHF within the analyzed range
of values, since its p-value is higher than the threshold of 0.05.
However, other studies have shown that the CHF should increase with
decreasing characteristic length of the boiling surface [73–75]. A recent
study by Zhang et al. [76] also suggests that the boiling crisis leading to
CHF depends on the combination of bubble size, growth and waiting
time, which causes the configuration of the bubble footprint area distribution to be scale-free. This behavior should only persist if the heater’s surface area can be considered infinite and should disappear on
very small heaters making their analysis approach potentially suitable
to predict whether the heater size has an effect or not on CHF. Ultimately, more studies are needed to confirm or disprove our findings.
Similarly, the shape of the sample does not appear to be a statistically significant factor with its p-value considerably higher than 0.05.
While correlations and comparisons exist for various forms of the
boiling surface (flat plate, cylinder, sphere, ribbon etc.), it is hard to
offer additional discussion regarding the shape of a horizontal surface,
since few (if any) such experiments have been performed. It could,
however, be possible that the edge effect of a surface of finite dimensions is more pronounced for rectangular than for circular surfaces as
the latter have a smaller perimeter for any given surface area and
characteristic length.
Fabrication type, however, has a p-value much lower than 0.05 in

CHF = a + b (characteristic length) + c (fabrication type) + d (shape ).
(38)
The values of the four regression coefficients are given in Table 6
alongside the results of the ANOVA analysis.
The results from Table 6 indicate that the fabrication type appears
to significantly influence the CHF in the absence of roughness from the
model, which was also indicated in the first model (although without
statistical significance). In the second model, the characteristic length
also affects the CHF with lower CHF on larger surfaces, while circular
samples should theoretically reduce CHF. However, neither of these
observations are statistically significant (p > 0.05).
CHF versus the characteristic length is shown in Fig. 7. It is evident
that a large number of experiments have been performed using surfaces
with a characteristic length of 10 mm, which yielded a wide range of
CHF values. A trend of slightly decreasing CHF with increasing characteristic length (evident from the negative regression coefficient for
the characteristic length) is present.
Fig. 8 shows CHF versus the surface superheat for different sample
shapes and fabrication types. While no clear trend of sample’s shape
influencing the CHF is observable, it is noticeable that the values of blue
markers for separate samples are on average lower than that of red
markers for monoblock samples, which indicates that the fabrication
type of the sample influences the CHF value. ANOVA analysis

Fig. 7. CHF versus the characteristic length of the heater.
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the second model neglecting roughness, showing that whether an experimental setup utilizes a monoblock or a separate sample can have a
statistically significant influence on the CHF value. While fabrication
type is the most significant experimental setup design parameter affecting the CHF when the surface roughness is excluded from the analysis, its significance is much lower, if surface roughness is taken into
account. Positive value of the corresponding regression coefficient
suggests that a monoblock sample should exhibit higher CHF than a
separate sample. A possible explanation would be that thin samples fail
to even out local temperature variations. However, copper has a very
high thermal conductivity and diffusivity and an asymptotic thickness
of approximately 15 μm [50], above which the effect of sample thickness should become negligible. This means that all “separate” samples
were at least one hundred times thicker than the asymptotic thickness
and that should not contribute to lower CHF values. Another, more
realistic explanation would be that separate samples exhibit a so-called
lensing effect. The contact between two solids is never perfect and
despite the use of thermal interface materials (thermal paste, solder,
etc.), heat might primarily be conducted through only a small portion of
the adjacent surfaces. Consequently, temperatures (and the local heat
flux) can be significantly higher on some parts of the boiling surface,
which can lead to a local dryout at lower average heat fluxes resulting
in an earlier CHF onset. As with the shape and size of the surface, additional experiments would be necessary to confirm this assumption.
No single definite reason explaining the magnitude of the CHF
scatter could be identified based on the above statistical analysis. While
several contributing factors have been analyzed, many other parameters might play an important role in changing the CHF on untreated
surfaces. One such parameter is surely the condition of the surface in
terms of its wettability, surface chemistry and morphology, to all of
which little attention is usually paid. The oxidation state before and
during exposure to water can alter the wettability and produce additional nucleation sites. Duration of the exposure to water affects the
surface chemistry and the degassing protocol influences the amount of
entrapped gas on the surface. Repeated controlled transitions into CHF
(without a burnout of the heater surface) accompanied by increased
temperatures can also cause a transition of surface properties and ultimately alter its boiling behavior [23]. All of this means that many
factors, which can possibly affect the CHF and the corresponding surface superheat, are often (i) not described, (ii) not analyzed and/or (iii)
not controlled.

determined at the arithmetically averaged temperature of all thermocouples for every particular spatial temperature gradient calculation
method. At the highest heat flux level, the difference in thermal conductivity at T1 and T4 is less than 3 W m−1 K−1, which is less than the
measurement uncertainty of the thermal conductivity itself. While the
function to describe the thermal conductivity’s dependence on temperature is a quadratic polynomial, the slope between any two temperatures within this analysis is nearly linear. Given all this, we deem
using thermal conductivity evaluated at the arithmetically averaged
temperature satisfactory. Heat flux values, calculated using temperature-dependent thermal conductivity, are listed in Table 8 and shown in
Fig. 9(b). The legend for Fig. 9(b) is the same as for Fig. 9(a).
Fig. 9(c) shows relative differences in calculated heat flux between
the pairs of equations relying on the same selection of thermocouples
(e.g., T2, T3 and T4), but a different method of spatial temperature
gradient calculation (linear interpolation or backward finite difference
approximation). Constant thermal conductivity is used in all calculations. Fig. 9(d) shows the maximum relative differences that result from
using both the different calculation methods and different thermal
conductivities. Calculations made using backward finite difference approximation [using Eqs. (5)–(7)] and a constant thermal conductivity of
401 W m−1 K−1 are compared to calculations made using linear interpolation [using Eqs. (2)–(4)] and temperature-dependent thermal
conductivity given by Eq. (9). These tend to give the maximum and
minimum heat flux values, respectively. Relative values are based on
the difference between the higher and the lower value (i.e., their subtracted value) with the lower value serving as the denominator. The
legend for Fig. 9(d) is the same as for Fig. 9(c).
3.3.2. Monte Carlo calculations of the spatial temperature gradient
Monte Carlo calculations based on error-laden temperatures yielded
results in Tables 9 and 10. Table 9 lists absolute standard deviations of
the normal distribution, which was fitted onto one million calculations
for each of the Eqs. (2)–(7). The mean values of the distributions vary
negligibly with the average gradient for all equations at each heat flux
level, which is given in the rightmost column of Table 9. The results are
shown in graphical form in Fig. 10(a).
The absolute standard deviation of calculations using individual
equations does not change with heat flux (and the spatial temperature
gradient value). The lowest standard deviation is obtained using Eq.
(2), where linear interpolation is used to calculate the spatial temperature gradient from four temperature measurements. If Eq. (5),
which also uses four temperatures but backward finite difference approximation, is utilized, the standard deviation is up to 7.7 times higher
(~192 K m−1 versus ~25 K m−1), which is also evident from
Fig. 10(b,c). Eqs. (3), (4), which are based on three-point sampling,
yield results with a higher standard deviation of the population than Eq.
(2), which could be attributed to less averaging since only two measurements are actually present in Eqs. (3), (4) opposed to four in Eq. (2)
[Fig. 10(e,f)]. The trend for backward finite difference calculations
using three temperatures [Eqs. (6), (7)] is the opposite as the standard
deviation is significantly lower than that of the results obtained using
four temperatures and Eq. (5) [Fig. 10(g)]. This is due to much higher
weights assigned to individual temperatures in Eq. (5), which exacerbate the slight deviations caused by measurement errors. A comparison
of results obtained using two or three thermocouples through Eqs. (4)
and (7) shown in Fig. 10(d) reveals that the standard deviation of the
population is approx. 3.6 times higher for the finite difference method,
which can again be attributed to the use of weights in Eq. (7).
Relative standard deviations of the normal distribution fits are
shown in Table 10. It is evident that the relative deviation of backward
finite difference methods [Eqs. (5)–(7)] exceeds 20% at low heat flux,
whereas the deviation for linear interpolations [Eqs. (2)–(4)] is below
6.2% at the same heat flux. Since the absolute values remain constant
with increasing heat flux, the relative standard deviations decrease with
backward finite difference methods achieving deviations between 3.7%

3.3. Comparison of heat flux calculation methods
3.3.1. Heat flux calculations based on experimental results
Using Eqs. (2)–(7) to calculate the spatial temperature gradient in
the copper heating stem and Eq. (8) to calculate the heat flux, the values in Table 7 were obtained based on the measured temperatures,
listed in Table 1. A constant thermal conductivity of 401 W m−1 K−1
was used. Each column in Table 7 corresponds to one of the equations
used to calculate the spatial temperature gradient. A comparison of the
values in graphic form is shown in Fig. 9(a).
Since the thermal conductivity of copper changes with temperature,
we performed additional calculations using a temperature-dependent
value obtained from Eq. (9). The thermal conductivity was therefore
Table 7
Calculated heat flux values using a constant thermal conductivity value. All
values are in kW m−2.
Heat flux level

Eq. (2)

Eq. (3)

Eq. (4)

Eq. (5)

Eq. (6)

Eq. (7)

1
2
3
4

228
542
866
1387

221
522
838
1346

235
561
893
1428

257
633
1004
1599

230
541
861
1375

254
620
982
1563
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Fig. 9. Heat flux calculated using different methods of calculating the spatial temperature gradient considering constant (a) and temperature-dependent (b) thermal
conductivity. Relative differences between the backward finite difference approximation and linear interpolation at constant thermal conductivity (c) and using
constant thermal conductivity for finite difference approximation and temperature-dependent thermal conductivity for linear interpolation (d), i.e. maximum differences.

approximated using nine different calculation methods. Fig. 11(a)
shows nondimensional plots of Eqs. (12), (13), which match the value
given by the linear gradient [Eq. (10)] at x/xmax = 0.5 and deviate
either positively or negatively at both edges of the analyzed domain.
Fig. 11(b) shows nondimensional plots of Eqs. (14), (15), which deviate
from the linear trend negatively at one edge and positively at the other
while matching its value in the middle of the domain. Finally, nondimensional plots of Eqs. (16), (17) are shown in Fig. 11(c); they match
the linear trend at both edges and deviate from it the most at x/
xmax = 0.5. Nondimensional temperatures were sampled from the
analytical gradients at specific locations shown in Fig. 11(a) and used to
calculate the spatial temperature gradients, which were normalized
based on the value obtained by evaluating the perfectly linear trend
given by Eq. (10) using any of the methods.
The described functions were used to calculate the approximate
spatial temperature gradient based on point-sampling, which matches
typical measurements in pool boiling experiments. Firstly, temperatures
were sampled at three points (x/xmax = [0, 1/2, 1]) and linear interpolation was compared to backward finite difference approximation as
shown in Fig. 11(d). Due to only considering the temperatures at the
edges, Eq. (3) gives a gradient equal to the value of the linear gradient
as long as there is no deviation in temperatures at the edges of the
domain or if they deviate the same amount and in the same direction as
shown in Fig. 11(c) and (a), respectively. The gradient calculated by
three point backward finite difference approximation [Eq. (6)] deviates
more from the linear gradient due to the weights, which significantly
exacerbate the existing nonlinearity. This is especially true when the
deviations are present at x/xmax = 1, where a weight of 3 is used, or at
x/xmax = 0.5, where a weight of 4 is used. Using just two adjacent
thermocouples [Eqs. (22), (23)] will result in deviations, which are on
average lower than that of Eq. (6). Since a linear gradient can be defined using Eqs. (14), (15) and sampling the temperatures at x/
xmax = [0, 1/2, 1], the gradient calculated by any of the considered
equations will be the same in this case.
During the second part of the analysis, all nine equations were applied to four temperatures sampled equidistantly at x/xmax = [0, 1/3,
2/3, 1]. It is again evident that using linear interpolation methods [Eqs.

Table 8
Calculated heat flux values using temperature-dependent thermal conductivity.
All values are in kW m−2.
Heat flux level

Eq. (2)

Eq. (3)

Eq. (4)

Eq. (5)

Eq. (6)

Eq. (7)

1
2
3
4

206
486
774
1233

199
469
748
1195

212
504
800
1271

232
568
897
1421

208
486
769
1220

230
557
879
1392

Table 9
Absolute standard deviation of the temperature gradient normal distribution
fitted onto Monte Carlo results. All results are expressed in K m−1.
Heat flux
level

Eq. (2)

Eq. (3)

Eq. (4)

Eq. (5)

Eq. (6)

Eq. (7)

(ΔT/Δx)avg

1
2
3
4

25.00
24.99
24.99
25.01

35.36
35.33
35.35
35.34

35.35
35.35
35.38
35.38

191.93
192.02
191.74
191.69

127.52
127.63
127.37
127.46

127.52
127.54
127.46
127.36

−569.9
−1358.7
−2172.6
−3480.6

Table 10
Relative standard deviation of the temperature gradient normal distribution
fitted onto Monte Carlo results.
Heat flux level

Eq. (2)

Eq. (3)

Eq. (4)

Eq. (5)

Eq. (6)

Eq. (7)

1
2
3
4

4.39%
1.84%
1.15%
0.72%

6.20%
2.60%
1.63%
1.02%

6.20%
2.60%
1.63%
1.02%

33.70%
14.13%
8.82%
5.51%

22.36%
9.39%
5.86%
3.66%

22.38%
9.39%
5.87%
3.66%

and 5.5% at the highest heat flux, whereas linear interpolation methods
yield deviations of only 0.7–1% at the same heat flux.
3.3.3. Calculations based on nonlinear spatial temperature gradients
Analytically defined nonlinear spatial temperature gradients were
used to obtain temperatures, from which the gradient was then
10
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Fig. 10. Mean spatial temperature gradients calculated using Eqs. (2)–(7) at four heat flux levels using one million Monte Carlo iterations with shown standard
deviations (a), distribution of calculation results for equations using four temperatures at low (b) and high (c) heat flux, distribution of calculation results for
equations using two or three temperatures at low heat flux (d). Distribution of calculation results for linear interpolation equations at low (e) and high (f) heat flux
and distribution of calculation results for backward finite difference equations at low heat flux (g).

(2)–(4) and (21)–(23)] will results in lower deviations from the linear
gradient compared to backward finite difference approximation. When
the gradient deviates from linearity in the same direction at both edges
of the domain, the linear interpolation methods will give similar results,
while especially Eqs. (5), (7) deviate significantly. Eq. (6), which takes
into account temperatures sampled at x/xmax = [1/3, 2/3, 1], yield
results similar to linear interpolation. In case of opposite deviations at
the edges of the domain [Eqs. (14), (15) and Fig. 11(b)], backward
finite difference calculations using Eqs. (5), (7) will yield the values
closest to the linear gradient. Deviations in the middle of the domain
[Eqs. (16), (17) and Fig. 11(c)] will again be handled best by linear
interpolation or Eq. (6) with Eqs. (5), (7) significantly under- or overpredicting the gradient value. The same is also true for splines [Eqs.
(18)–(21)], where Eqs. (2)–(4) and (6) predict values closest to the
linear gradient.

nearly identical conditions, which depend on the design of the experimental setup used for measuring the CHF. However, data processing
methods can also cause significant variations in the calculated heat flux.
Results in Table 7 clearly indicate that the selection of the spatial
temperature gradient calculation method can significantly influence the
calculated heat flux. Using a constant thermal conductivity value of
401 W m−1 K−1, the differences in calculated heat flux are up to
212 kW m−2 (at the highest heat flux level), if the same set of thermocouple measurements is used together with Eqs. (2) and (5). The
highest relative difference between the results given by the latter two
equations is 17% (and 15% at the highest heat flux) with the backward
finite difference approximation yielding higher heat flux values. Considering only three thermocouples (the most common way of measuring
the spatial temperature gradient in pool boiling experiments), the differences between the linear interpolation and backward finite difference approximation are somewhat lower (between 2% and 10%).
As described previously, using a constant value for thermal conductivity can also give false results. Thermal conductivity of copper
decreases with temperature with its value being roughly 5–10% lower

3.3.4. Discrepancies stemming from heat flux calculation
As we have shown in the Section 3.2, there are some explanations
for the discrepancies between the reported CHF values obtained under
11
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Fig. 11. Nonlinear spatial temperature gradients defined by analytical functions (a–c), comparison of normalized calculated gradients for three thermocouples 5 mm
apart based on different nonlinear gradients (d) and comparison of normalized calculated gradients for four thermocouples 5 mm apart based on different nonlinear
gradients (e).

at temperatures, typically measured in heating stems during boiling
experiments, compared to room temperature. Therefore, a temperaturedependent value should be used to reduce the error in calculations.
Note, we deliberately avoided using the term uncertainty, since it is a
physics fact that the thermal conductivity is temperature dependent and
not accounting for this is an error committed in data processing.
Impurities in copper can also reduce the thermal conductivity well
below the typical literature values, which points out the need for an
experimental evaluation of the thermal conductivity to ensure accurate
results. Values in Table 8 show the results of calculations, performed
using temperature-dependent thermal conductivity, given by Eq. (9).
Not accounting for the lower thermal conductivity at higher stem
temperatures yields 10–11% higher heat flux values for the same spatial
temperature gradient calculation method. The differences reach up to
178 kW m−2 at the highest heat flux level.
The combined effect of using different methods of spatial temperature gradient calculation and different values of thermal conductivity can produce differences of up to 366 kW m−2 (30%) using
four thermocouples to calculate the temperature gradient or
292 kW m−2 (23%) when using three thermocouples. This means that

the discrepancies in reported CHF values can definitely be explained in
part by different calculation methods used in data processing. While not
accounting for the temperature dependence of thermal conductivity
and using a value found in literature (mostly for room temperature) is
nothing less than an error in calculations, the correct method of spatial
temperature gradient calculation could be debated.
Monte Carlo analysis has shown that using (backward) finite difference approximation will result in a much higher spread of calculation results, since the deviations of temperatures from the likely linear
gradient (due to errors, nonlinearity, etc.) will be potentiated by the use
of weights in finite difference equations. This suggests that using linear
interpolation is a safer option to avoid exacerbating slight problems
with the experimental setup or measurements by the selection of the
calculation method. The relative standard deviation of the distribution
of calculated spatial temperature gradients exceeds 20% using threepoint finite difference calculations and 30% using four-point finite
difference calculations at low heat fluxes, respectively. Therefore, the
selection of linear interpolation should yield more accurate values with
lower uncertainty especially at low heat fluxes. While the absolute
deviations remain the same at higher heat fluxes, their relative value
12
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decreases to a level, where the selection of the spatial temperature
gradient calculation method is not critical anymore.
From all the nonlinear gradients shown in Fig. 11(a–c), the decreasing trend [defined by Eqs. (12), (16) or splines given by Eqs. (18),
(19)] is the most likely and justified, since (i) heat losses result in lower
heat flux corresponding to gradually decreasing spatial temperature
gradient and (ii) thermal conductivity increases with decreasing temperatures towards the top of the heating stem, which would result in a
decrease of the temperature gradient if the heat flux is to remain constant. Here, linear interpolation performs better if the three-thermocouple case from Fig. 11(d) is considered (values mostly closely match
that of the linear gradient), but the results for the four-thermocouple
case are similar. The results indicate that four-point linear interpolation
on average deviates the least from the linear gradient, although this is
partially caused by the selection of nonlinear functions, where the deviations from the linear gradient at x/xmax = [1/3, 2/3] have the same
magnitude. Furthermore, the most accurate average value of the gradient for nonlinear gradients is debatable and using the classic approach of calculating it from the total change of y over the total change
of x might be misleading.
Nevertheless, the results of analytical and Monte Carlo calculations
indicate that there is no clear advantage of using backward finite difference approximation instead of linear interpolation. Even more, using
finite differences can results in considerable deviations due to potentiating errors, which can negatively impact the measurement precision especially at low heat fluxes, where the temperature differences
and gradients are low and relative temperature measurement uncertainty is high. Finally, using more thermocouples might give a better
picture of the spatial temperature gradient by indicating whether significant deviations from linearity are present and also provide a backup
in case of failure of individual thermocouples, but additional measurement uncertainty induced due to uncertainty of individual thermocouples needs to be taken into account. Therefore, three-point linear
interpolation, which only uses two thermocouple measurements near
the surface [i.e., Eq. (4)], appears to be the most suitable since it will (i)
prevent large (relative) deviations at low heat fluxes due to equal
weights, (ii) provide reasonably accurate spatial temperature gradient
information even if the latter is slightly nonlinear and (iii) ensure low
uncertainty due to only relying on two temperatures and the distance
between them (i.e., few sources of uncertainty).

thermocouple location uncertainty lower than 0.5 mm is required.
While it is quite easy to ensure that the thermocouple holes in the
heating stem are machined in the correct location, it is somewhat
harder to ensure that the sensing tip of the thermocouple is in the desired position. In that sense, additional attention should be paid during
the installation of thermocouples. As we have shown in Fig. 4(c), the
sensing tip can possibly bend during the insertion and end up in an
unexpected position. Since most measurements are performed in either
steady state or a quasi-steady state (with very slowly increasing heat
flux), a thicker thermocouple could be used as its slower response time
is irrelevant, but a thicker sensing tip could possibly reduce the position
uncertainty inside the hole. On the other hand, using a thin thermocouple with a relatively large tip could be the optimal solution, which
(i) reduces bending of the thermocouple in the thermocouple hole thus
(ii) decreasing the tip’s location uncertainty and (iii) reduces spatial
averaging along the tip in comparison with an overall thicker thermocouple.
The analysis also suggests that a standard relative uncertainty of
thermal conductivity of approximately 3% or less is enough for the
overall uncertainty of heat flux to be below 10% at high heat fluxes. A
standard uncertainty of 5% or more can induce an unacceptable level of
uncertainty into the whole experimental system. Since the thermal
conductivity of copper depends heavily on the purity of the material
and the temperature, analysis of thermal conductivity and its temperature dependence should ideally be performed for each copper rod,
from which samples or heating stems are made. If that is not possible, a
fair estimate of uncertainty should be provided.
Furthermore, the results suggest that the standard uncertainty of
temperature measurement should be approximately 0.25 K or lower to
ensure reasonably low heat flux uncertainty at low heat fluxes. While
this value of temperature uncertainty may seem large at first glance, it
is not trivial to achieve, since thermocouples (the most common sensors
in such setups) are susceptible to errors and uncertainties in cold
junction compensation, which can induce measurement errors far
above the desired value of temperature uncertainty. The thermocouples
also need to be accurately calibrated within a wide temperature range
as the temperatures in a copper heating stem will commonly span from
roughly 100 °C at low heat fluxes and up to 300 °C or more near the
CHF.
The calculations for the worst-case scenario show that the overall
measurement uncertainty can quickly become unacceptably high if the
uncertainty of each parameter affecting the heat flux calculation is not
brought to a reasonably low level. We estimate that a fair number of
experiments might have an uncertainty similar to the one shown in the
worst-case scenario based on the design of the experimental setup and
the values used in calculations. On the other hand, our best-case scenario represents the measurement conditions under which the lowest
possible overall uncertainty could be achieved. We believe that an expanded heat flux uncertainty of 2.5% at high heat fluxes is achievable
with reasonable efforts. Reducing the uncertainty below this value becomes increasingly hard, since temperature measurements using thermocouples are not among the most precise and noise-free, reliable
temperature-dependent values of thermal conductivity are also hard to
obtain, and while the thermocouple holes can be manufactured rather
precisely, it is much harder to be sure of the exact position of the
thermocouple in its hole. A possible solution is using accurate thermocouples spaced far apart so that their relative location uncertainty is
lower thus enabling a further reduction of uncertainty especially at high
heat fluxes.

3.4. Analysis of measurement uncertainty
3.4.1. Heat flux uncertainty calculations
The dependence of uncertainty of parameters, which are used to
calculate the heat flux, was studied using existing experimental results
at four distinct heat flux levels with the results shown is Fig. 12.
The relative contribution of thermocouple location uncertainty to
the overall heat flux uncertainty does not change much throughout the
entire range of heat fluxes, as it is evident from Fig. 12(a), but has a
major influence on the overall uncertainty especially at high heat
fluxes, since its relative value does not change with increasing temperatures. The influence of relative uncertainty of the thermal conductivity is smaller than that of the other two parameters [Fig. 12(b)].
It is evident from Fig. 12(c) that temperature measurement uncertainty
has a major influence on the overall heat flux uncertainty especially at
low heat fluxes, where the spatial temperature gradient is small, and
temperature differences are in the range of just a few Kelvin. Fig. 12(d)
shows a comparison of the best- and worst-case scenarios with the reference case. It is evident that the worst-case scenario measurement
uncertainty is almost an order of magnitude greater than that of the
best-case scenario.

3.4.3. Surface superheat uncertainty calculations
The second part of measurement uncertainty analysis deals with the
uncertainty of surface superheat determination. Since the range of
possible surface superheats in pool boiling experiments is very broad
and there is no universal relationship with the heat flux, the absolute
expanded uncertainties are shown in addition to the relative values.

3.4.2. Discussion of heat flux uncertainty
The results suggest that to reach the aforementioned acceptable
heat flux expanded uncertainty of 10% at high heat fluxes, a
13
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Fig. 12. Analysis of expanded relative uncertainty of heat flux considering different standard uncertainty of thermocouple location (a), relative standard uncertainty
of thermal conductivity (b) and standard uncertainty of temperature measurement (c), and analysis of best- and worst-case scenarios and comparison with the
reference case (d).

Analysis was based on existing experimental results at four distinct heat
flux levels from Table 1 with the results shown in Fig. 13 in relative
terms and Fig. 14 as absolute values.
Relative surface superheat uncertainty increases with increasing
distance between the thermocouple for surface temperature extrapolation and the surface [Fig. 13(a)]. Similarly, higher distance uncertainty also yields higher overall uncertainty [Fig. 13(b)], which is
more pronounced at a shorter distance between the thermocouple and
the surface (2 mm versus 6 mm). The influence of thermal conductivity
uncertainty is shown in Fig. 13(c); it has little effect on the overall
uncertainty with near-negligible impact at values below 2.5%, when
the distance between the thermocouple and the surface is short (2 mm).
At a longer distance (6 mm), the temperature drop between the thermocouple and the surface is greater and the contribution of thermal
conductivity uncertainty to the overall uncertainty also increases. The
influence of temperature measurement uncertainty is analyzed in
Fig. 13(d). Especially at a low heat flux, high temperature measurement
uncertainty will greatly increase the total uncertainty. The effect becomes less pronounced with increasing heat flux. The results in
Fig. 13(e) show that high heat flux measurement uncertainty stemming
from the worst-case scenario for heat flux uncertainty considered in
Fig. 12(d) notably increases the overall surface superheat uncertainty in
comparison with the reference case, while low heat flux uncertainty
from the best-case scenario only has a limited effect on reducing the
overall surface superheat uncertainty. Best- and worst-case scenarios
for surface superheat uncertainty are shown in Fig. 13(f) and compared
to the reference case. When all contributing uncertainties are high, the
overall expanded relative uncertainty will exceed 20%. Keeping the
contributing uncertainties reasonably low will, on the other hand, result in expanded relative uncertainty of surface superheat of below 5%
(best-case scenario). The calculated surface superheat for each heat flux
considered is shown in Table 11 alongside expanded and relative expanded uncertainty for the reference case (95.45% coverage).
Since the relative values are calculated using temperatures measured during a pool boiling experiment on a specific surface, they are
not necessarily applicable to every boiling experiment as the surface

superheats vary vastly with different surface treatments. Therefore,
absolute values of the expanded measurement uncertainty are shown in
Fig. 14 to provide a more general base for discussion and comparison.
The trends are mostly the same as in Fig. 13 with an exception of increasing overall absolute uncertainty with increasing temperature
measurement uncertainty [Fig. 14(d)].
3.4.4. Discussion of surface superheat uncertainty
Increasing the distance from the thermocouple, which is used to
extrapolate the surface temperature, to the surface increases the measurement uncertainty with the effect being very pronounced at distances over 6 mm. To achieve the desired maximum uncertainty of
1.5 K, the distance should ideally be 2 mm or less.
The uncertainty of the distance between the thermocouple and the
surface for two distinct distances Δxsurf [Fig. 13(b) and Fig. 14(b)] exhibits an interesting effect on the overall uncertainty. When the distance uncertainty is low, the overall relative uncertainty reduces with
increasing heat flux, while absolute uncertainty increases slightly.
However, at higher distance uncertainties (at 0.4 mm or more), the
overall surface superheat uncertainty increases significantly with increasing heat flux. This indicates that distance uncertainty is the prevailing factor influencing the overall uncertainty when the distance
uncertainty is high, while its influence is reasonably low and comparable to other factors at values up to approx. 0.2 mm. The combination
with a longer distance between the thermocouple and the surface notably increases the overall uncertainty although this effect is reduced at
higher distance uncertainties (above approx. 0.2 mm).
Shorter distance from the thermocouple to the surface also results in
a small temperature drop between the point of temperature measurement and the actual boiling surface. This is reflected in the effect of
thermal conductivity uncertainty being small if not negligible.
However, the large temperature drop that results from a longer distance
(for example 6 mm) not only increases the overall uncertainty, but also
increases the importance of low thermal conductivity uncertainty,
which is evident from Fig. 13(c) and Fig. 14(c). At a distance of 2 mm,
the 0.5% and 5% thermal conductivity uncertainty results in expanded
14
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Fig. 13. Analysis of expanded relative uncertainty of surface superheat considering different distances between the thermocouple for extrapolation and the surface
(a), standard uncertainty of thermocouple location (b), relative standard uncertainty of thermal conductivity (c), standard uncertainty of temperature measurement
(d), standard uncertainty of heat flux from previous analysis (e) and analysis of best- and worst-case scenarios and comparison with the reference case (f).

surface superheat uncertainty of 1.5 K and 1.6 K at the highest heat
flux, respectively. On the other hand, at the distance of 6 mm the same
values of thermal conductivity uncertainty result in an overall uncertainty of 1.9 K and 2.9 K, respectively, which indicates the need for
accurate thermal conductivity evaluation with low uncertainty when
extrapolating the surface temperature using thermocouples more than a
few millimeters from the surface.
Fig. 13(d) and 14(d) show that temperature measurement uncertainty has possibly the greatest influence on the overall uncertainty
at low heat fluxes, where the spatial temperature gradient is very small.
Therefore, low temperature measurement uncertainty is necessary to
ensure not only reasonable heat flux uncertainty, but also to reduce the
surface superheat uncertainty. Specifically, standard uncertainty of
temperature above 0.4 K will result in an overall expanded uncertainty
of surface superheat of at least 1.2 K at the lowest analyzed heat flux
and over 1.7 K at the highest heat flux level. It is also evident from the
said figures that the contribution of temperature measurement uncertainty to the overall uncertainty decreases with increasing heat flux
due to larger spatial temperature gradient and resulting lower relative
temperature uncertainty value.
This leads to the conclusion that temperature measurement uncertainty is the prevailing parameter influencing the overall surface
superheat uncertainty at low heat fluxes, whereas the uncertainty of the
distance between the thermocouple and the surface has the

predominant effect at higher heat fluxes. This can be attributed to the
relative value of the distance uncertainty remaining the same at all heat
fluxes. When the surface temperature thermocouple is close to the
surface, the contribution of thermal conductivity uncertainty is next to
negligible.
Measurement uncertainty of the heat flux has a major influence on
the surface superheat uncertainty only if the worst-case uncertainty
from the previous analysis [Fig. 12(d)] is considered, which is shown in
Figs. 13(e) and 14(e). Finally, Figs. 13(f) and 14(f) show a comparison
of the best- and worst-case uncertainty scenarios with the reference
case. The best-case uncertainty is just 0.31 K at the lowest heat flux and
increases slightly with increasing heat flux reaching 0.78 K (5.1%) at
the highest heat flux. The reference case uncertainty exhibits the same
trend of increasing with heat flux and increases from 0.75 K (8.8%) at
low heat fluxes to 1.5 K (9.8%) at the highest heat flux. The worst-case
uncertainty increases with heat flux more steeply than best- and reference case uncertainties. The trend appears to be dominated by (i)
high uncertainty at low heat fluxes (1.6 K; 18.4%) due to the high
temperature measurement uncertainty, (ii) high uncertainty at high
heat fluxes (4.0 K; 26.0%) due to high uncertainty of the distance between the thermocouple and the surface and (iii) overall heat flux uncertainty, which has a significant effect especially at high heat fluxes,
although its relative value is the greatest at low heat fluxes [Fig. 12(d)].
The results indicate that achieving an expanded surface superheat
15
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Fig. 14. Analysis of expanded absolute uncertainty of surface superheat considering different distances between the thermocouple for extrapolation and the surface
(a), standard uncertainty of thermocouple location (b), relative standard uncertainty of thermal conductivity (c), standard uncertainty of temperature measurement
(d), standard uncertainty of heat flux from previous analysis (e) and analysis of best- and worst-case scenarios and comparison with the reference case (f).

measurement uncertainty of 1.0 K at a high heat flux (and below 0.5 K
at low heat fluxes) is possible by placing the thermocouple for surface
temperature extrapolation close to the boiling surface and by controlling all influencing uncertainties (especially the distance uncertainty
and temperature measurement uncertainty). Since the calculated heat
flux is used to extrapolate the surface temperature and to calculate the
surface superheat, its uncertainty needs to be addressed first to avoid
increasing uncertainty of parameters, the calculations of which rely on
an (accurate) heat flux value.

transfer measurements using water at atmospheric pressure. Therefore,
pertinent conclusions can be drawn from it regarding planning experimental setups, choosing and calibrating data acquisition equipment
and processing the measurement results. Hopefully, the presented results will also aid in estimating the measurement uncertainty in boiling
experiments both critically and fairly.
4. Conclusions
Roughness of the boiling surface has a statistically significant effect
on the CHF even on smooth (polished or finely sanded) copper surfaces.
As a parameter of secondary significance, whether the boiling surface is
fabricated on top of the heating stem or on a separate piece of material
also has a significant influence on the CHF (when neglecting the surface
roughness). Characteristic length and shape of the sample appear not to

3.4.5. Summary
It is important to note that this analysis and the obtained values
refer to a specific example and the numerical results perhaps should not
be taken at face value. Regardless, the analyzed example represents the
most common experimental design and conditions in pool boiling heat

Table 11
Calculated surface superheat and corresponding measurement uncertainties for the reference case.
Parameter

Heat flux level 1 (~212 kW m−2)

Heat flux level 2 (~504 kW m−2)

Heat flux level 3 (~800 kW m−2)

Heat flux level 4 (~1271 kW m−2)

ΔTw
U(ΔTw)
Ur(ΔTw)

8.5 K
0.75 K
8.8%

10.4 K
0.89 K
8.6%

12.3 K
1.1 K
8.9%

15.3 K
1.5 K
9.8%
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be statistically significant experimental setup design parameters that
would influence the CHF within the range of analyzed values. The selection of the spatial temperature gradient calculation method will
greatly affect the calculated heat flux as will not accounting for temperature dependence of the thermal conductivity (inducing errors of
around 10%) with differences between calculations due to the combined effect of both factors of up to 30%. Three-point linear interpolation relying on two temperature measurements near the surface is
recommended over finite difference approximation using weights,
which are susceptible to exacerbating slight measurement errors. We
estimate that a relative expanded heat flux uncertainty of 2.5% and
expanded surface superheat uncertainty of 1.0 K are achievable with
reasonable efforts, but all contributing measurement uncertainties
should be kept low as they can all have a major impact on the combined
uncertainty with special care needed when determining and reducing
the uncertainty of thermocouple location.
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