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Nomenclature
Latin letters:

𝑎
Ar
Bo
𝑐p
𝐶
[𝐶]
𝐶0
𝐶b
𝐶F
𝐶g
𝐷 12
𝐷b
𝐷 eq
𝐷f
𝐷L
𝑓n
𝑓n 𝐷 b
𝐹
𝐹D
𝐹p
𝐹𝛼
Fr
𝑔
Ja′
𝐾
𝐿 ch
𝑚
𝑀m
MRE
𝑛
𝑛n
𝑁
𝑁n
Nu
𝑝
𝑝 cr
𝑝 red
Pr
𝑞
[𝑞]
𝑞 ac
𝑞c
𝑞 cr
𝑞 el
𝑛
𝑞 i,j
𝑞 ONB

(m2 s−1 )
(−)
(−)
(J kg−1 K −1 )
(−)
(−)
(−)
(−)
(−)
(m2 s−1 )
(m)
(m)
(m)
(m)
(s−1 )
(m s−1 )
(−)
(−)
(−)
(−)
(−)
(m s−2 )
(−)
(m)
(kg mol−1 )
(−)
(m−2 )
(−)
(−)
(−)
(Pa)
(Pa)
(−)
(−)
(W m−2 )
(W m−2 )
(W m−2 )
(W m−2 )
(W m−2 )
(W m−2 )
(W m−2 )
(W m−2 )

thermal diffusivity, 𝑎 = 𝜆/( 𝜚 𝑐 p )
Archimedes number, defined by Equation (1.30)
Bond number, defined by Equation (1.28)
isobaric specific heat capacity
coefficient, parameter
correction matrix, calculated with Equation (A1)
scaling factor, empirical parameter of the Schlünder correlation (2.27)
boiling parameter of Yagov correlation (1.76)
coefficient of Fritz correlation, see Equation (1.26)
dimensionless growth constant, used in Equation (1.43)
binary diffusion coefficient
bubble departure diameter
equivalent bubble diameter
footprint diameter of a zone affected by heat transfer
Laplace diameter, defined by Equation (1.27)
nucleation frequency, 𝑓n = 1/𝑡n
bubble growth rate
correction factor, defined in Equation (2.13)
suppression factor due to diffusion, see Equation (2.39) or (2.40)
pressure factor, used in correlations (1.67) and (1.71)
relative decrease of HTC, defined in Equation (2.15)
Froude number, Fr = 𝑢 2ch /(𝐿 ch 𝑔)
gravitational acceleration
modified Jakob number, defined in Equation (1.13)
coefficient, parameter
characteristic length
exponent
molar mass
mean relative error, calculated with Equation (6.3)
exponent, index of time layer
active nucleation site density, 𝑛n = 𝑁n /𝑆
number of data points
number of active nucleation sites
Nusselt number, Nu = 𝛼 𝐿 ch /𝜆
pressure
critical pressure
reduced pressure, 𝑝 red = 𝑝/𝑝 cr
Prandtl number, Pr = 𝜈/𝑎
heat flux
matrix of heat flux calculated from matrix [𝑇s ]
accumulative heat flux, calculated with Equation (8.3)
convective heat flux, calculated with Equation (8.4)
critical heat flux (CHF), see Figure 1
heat flux generated by electrical heating, see Equation (8.2)
value of heat flux over node 𝑖, 𝑗 in the time layer 𝑛
heat flux required for the onset of nucleate boiling
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𝑞 pd→fd
𝑄b
𝑟
𝑅
Ra
𝑅cr
𝑅m
Rp
𝑅shunt
Ra
Re
𝑆
SEE
Sn
𝑡
𝑡g
𝑡n
𝑡w
𝑇
𝑇b
𝑇b,s
[𝑇cor ]
𝑇cr
𝑇d
𝑇i,j𝑛
𝑇L
𝑇¯raw
[𝑇raw ]
𝑇red
𝑇s
[𝑇s ]
𝑇sat
𝑢(𝛾)
𝑢 ch
𝑢 r (𝛾)
𝑈 (𝛾)
𝑈foil
𝑈shunt
𝑉
VP
𝑤
𝑥
𝑥i
|𝑥 i − 𝑦 i |
𝑋i
𝑦
𝑦i

(W m−2 )
(J)
(m)
(m)
(m)
(m)
(J mol−1 K −1 )
(m)
(Ω)
(−)
(−)
(m2 )
(−)
(s)
(s)
(s)
(s)
( ◦ C)
( ◦ C)
( ◦ C)
( ◦ C)
( ◦ C)
( ◦ C)
( ◦ C)
( ◦ C)
( ◦ C)
( ◦ C)
(−)
( ◦ C)
( ◦ C)
( ◦ C)
(m s−1 )
(−)
(V)
(V)
(m3 )
(−)
(kg m−2 s−1 )
(m)
(−)
(−)
(−)
(m)
(−)

heat flux required for transition to fully developed boiling
thermal energy consumed by nucleating bubbles
radial coordinate
radius
roughness of the heating surface according to standard ISO 1302
critical radius
universal gas constant, 𝑅m = 8314.46 J kmol−1 K −1
roughness of the heating surface according to standard DIN 4762
nominal resistance of the shunt
3 /(𝜈 𝑎)
Rayleigh number, Ra = 𝛽vol 𝑔 (𝑇s − 𝑇L ) 𝐿 ch
Reynolds number, Re = 𝑢 ch 𝐿 ch 𝜚/𝜇
surface area
standard error of the estimate, calculated with Equation (6.2)
Scriven number, defined in Equation (2.18)
time
bubble growth period
period of nucleation, 𝑡n = 𝑡g + 𝑡w
waiting period
temperature
bubble-point temperature
bubble-point temperature affected by mixture effects
matrix of corrected temperatures, calculated with Equation (A2)
critical temperature
dew-point temperature
value of temperature over node 𝑖, 𝑗 in the time layer 𝑛
temperature of the liquid bulk
value of the average raw temperature
matrix of raw temperatures
reduced temperature, 𝑇red = 𝑇/𝑇cr
temperature of the heating surface
matrix of surface temperatures
saturation temperature
uncertainty of a property 𝛾
characteristic velocity
relative uncertainty of a property 𝛾, 𝑢 r (𝛾) = 𝑢(𝛾)/𝛾
maximum deviation of a property 𝛾
measured voltage across the foil
measured voltage across the shunt
volume
volatility parameter, defined in Equation (2.38)
mass flux
Cartesian coordinate
molar fraction of component i in the liquid phase
equilibrium molar fraction difference
dimensionless complex of the Stephan and Abdelsalam correlation (1.60)
Cartesian coordinate
molar fraction of component i in the vapor phase
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Greek letters:

𝛼
𝛼ˆ
𝛼1 , 𝛼2
𝛼b
𝛼id
𝛼tot
𝛽
𝛽cm
𝛽vol
𝛾
𝛿foil
𝛿ml
𝛿p
𝛿t
ΔℎLG
Δ𝐿 px
Δ𝑇
Δ𝑇add
Δ𝑇db
Δ𝑇id
Δ𝑇ONB
Δ𝑇sat
Δ𝑇sub
𝜀
𝜗c
𝜆
𝜆′
𝜇
𝜈
𝜉
𝜚
𝜎
𝜏film
𝜑
𝜔w

(W m−2 K −1 )
(W m−2 K −1 )
(W m−2 K −1 )
(W m−2 K −1 )
(W m−2 K −1 )
(W m−2 K −1 )
(m s−1 )
(◦)
(−)
(m)
(m)
(m)
(m)
(J kg−1 )
(m)
(K)
(K)
(K)
(K)
(K)
(K)
(K)
(−)
(◦)
(W m−1 K −1 )
(W m−1 K −1 )
(Pa s)
(m2 s−1 )
(−)
(kg m−3 )
(N m−1 )
(s)
(◦)
(−)

heat transfer coefficient (HTC), defined by Equations (1.1), (1.4), and (2.5)
correlated heat transfer coefficient, used in Equations (6.2) and (6.3)
heat transfer coefficients of pure components
boiling heat transfer coefficient, defined by Equation (1.10)
ideal heat transfer coefficient, defined by Equation (2.1) or (2.2)
total heat transfer coefficient, defined by Equation (1.9)
mass transfer coefficient
angle of cavity mouth
coefficient of volumetric expansion
an unspecified property
thickness of the investigated foil
thickness of the microlayer
√
penetration depth, 𝛿p = π 𝑎 𝑡
thickness of the thermal boundary layer
latent heat of vaporization
spatial resolution of the recorded IR videos
temperature difference
additional superheat, used in Equation (2.11)
boiling range, defined in Equation (2.16), Δ𝑇db = 𝑇d − 𝑇b
ideal superheat, defined in Equation (2.6)
temperature difference required for the onset of nucleate boiling
superheat, defined by Equation (1.3)
subcooling, defined by Equation (1.5)
ratio of HTC differences, defined by Equation (7.5)
contact angle, see Figure 1.3
thermal conductivity
thermal conductivity of the sample, used in Equation (7.3)
dynamic viscosity
kinematic viscosity
relative subcooling, used in Equations (1.39) and (1.40)
density
surface tension
period of recording of IR videos, 𝜏film = 1/fps
interface angle, 𝜑 = 𝜗c + 𝛽cm , used in Equations (1.39) and (1.40)
water mass fraction of the liquid phase
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Subscripts:

b
c
cr
Cu
d
D
eq
ev
f
G
𝑖
in
id
inf
int
𝑗
L
lh
max
min
ml
nc
psc
r
red
ref
s
sat
sub
tc
Ti
tot
w

boiling, bubble, bubble-point
cavity
critical
copper
dew-point
diffusion
equivalent
evaporation
footprint
vapor phase
ordinal index
initiation
ideal
influence
interface
ordinal index
liquid phase
latent heat
maximum
minimum
microlayer
natural convection
pseudo-single-component
relative
reduced
reference
heating surface
saturation
subcooling
transient conduction
titanium
total
water

Abbreviations:

CHF
DAQ
fps
HTC
IR
ONB
px
PEEK
TC

critical heat flux
data acquisition
frames per second
heat transfer coefficient
infrared
onset of nucleate boiling
pixel
polyether ether ketone
thermocouple
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Introduction and Scope of This Thesis
Boiling is a process characterized by the local formation of bubbles over the parts of a heating surface [1].
Boiling (especially the nucleate regime of boiling) offers intense heat transfer at a relatively small driving
temperature difference [2,3]. The dependence of the heat flux 𝑞 on the driving temperature difference
(most typically the superheat Δ𝑇sat ) is often visualized using the so-called boiling curve [4]. A typical
boiling curve is shown in Figure 1. Although the proportions of the boiling curve might be different
for different geometries of the heating surface (planar, tubular, etc.) and for different boiling conditions
(pressure, saturation temperature, etc.), its basic shape should be universal and independent of the surface
parameters and boiling conditions.

Figure 1: A typical boiling curve. The nucleate boiling regime lies between the point of the onset of
nucleate boiling (ONB) and the point of the critical heat flux (CHF).
The boiling curve might be divided into several parts (or regimes of boiling):
• The regime of natural convection which is represented by the part of the boiling curve from the origin
to the onset of nucleate boiling (ONB).
• Nucleate boiling lies beyond the ONB and is limited by the point of the critical heat flux (CHF) which
is a local maximum of the boiling curve. When nucleate boiling is established, bubbles periodically
emerge from the active nucleation sites of the heating surface. Nucleate boiling is often subdivided
into more sub-regimes such as the regime of partially developed boiling, the regime of fully developed
boiling, and others.
• Transition boiling between the point of CHF and the so-called Leidenfrost point which is the a local
minimum of the boiling curve beyond CHF. This regime is characterized by the formation of an unstable
insulative vapor film which covers the heating surface and causes significant deterioration of heat
transfer. The nucleation of bubbles no longer occurs from the nucleation sites of the heating surface, but
from the outer layers of the vapor film. The thickness of the film increases with the driving temperature
difference and causes a further reduction of heat transfer.
• Stable film boiling which occurs beyond the Leidenfrost point. The vapor film is fully stable in this
regime. More bubbles are produced from the outer layers of the film when the driving temperature
difference is increased.
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Nucleate boiling is the most important regime of pool boiling characterized by the highest boiling
performance. It is commonly utilized in various industrial applications such as, for example, cooling of
electronic devices [5], heat exchangers [6], thickening evaporators [7], distillation [8], refrigeration [9],
nuclear engineering [10] and others. In general, the boiling performance is typically evaluated with respect
to one or multiple following parameters [11]:
• The heat transfer coefficient (HTC), denoted 𝛼, which is the ratio between the transferred heat flux 𝑞
and the driving temperature difference. Generally speaking, HTC quantifies the intensity of heat transfer
during boiling. Nucleate boiling is characterized by the highest HTCs relative to all the other regimes of
pool boiling.
• The critical heat flux (CHF), i.e., the maximum heat flux 𝑞 cr which might be reached in the regime
of nucleate pool boiling before the transition to film boiling and a strong deterioration of HTC occur.
The fast transition to film boiling is sometimes called the boiling crisis, see Figure 1, and might lead
to a rapid and substantial increase of the temperature of the heating surface and eventually to a severe
thermal damage to apparatuses and devices (melting, deformation, etc.). In most applications, the heat
flux is carefully monitored and kept well below 𝑞 cr .
• The temperature difference Δ𝑇ONB and the heat flux 𝑞 ONB which are required for the onset of nucleate
boiling (ONB), i.e., for the transition from natural convection to nucleate boiling.
• The boiling hysteresis which is the difference between the boiling curves obtained during increasing and
decreasing heat flux. A significant hysteresis is typical for boiling of fluids with a high wettability and
for surfaces with a narrow distribution of the characteristic dimensions of cavities.
This thesis focuses on heat transfer during saturated nucleate pool boiling of binary mixtures of water and
glycerin. Knowledge of HTC during boiling is crucial for cost-saving design and efficient operation of
industrial apparatuses. The thesis is divided into three main parts. The first part is theoretical and introduces
the reader to the problematic of boiling of pure components and mixtures. It also contains the section which
discusses motivation and the current state-of-the-art with respect to boiling of water–glycerin mixtures. The
second part presents the experimental measurements of HTC during boiling of water–glycerin mixtures
on copper, nickel-plated, and titanium surfaces. In the third part, the findings of the thesis are summarized
and the conclusions based on results of experiments are drawn.
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PART I

Theoretical Background
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1.

Saturated and Subcooled Pool Boiling Heat Transfer

The heat transfer coefficient (HTC) is defined with Newton’s cooling law
𝑞
𝛼=
,
(1.1)
Δ𝑇
where 𝑞 denotes the heat flux and Δ𝑇 is a characteristic temperature difference. During boiling, heat is
transferred from the heating surface which has a temperature 𝑇s into the boiling liquid at a temperature 𝑇L .
The temperature difference between the heating surface and the boiling liquid
Δ𝑇 = 𝑇s − 𝑇L ,

(1.2)

therefore, might be substituted into the denominator of Equation (1.1).
When boiling is saturated, the temperature of the boiling liquid 𝑇L equals to its saturation temperature 𝑇sat .
The temperature difference between the heating surface and the saturation temperature of the liquid is
called superheat
Δ𝑇sat = 𝑇s − 𝑇sat .
(1.3)
For saturated boiling, 𝑇L = 𝑇sat and the superheat is the driving temperature difference. HTC, therefore,
might be calculated as
𝑞
𝛼=
.
(1.4)
𝑇s − 𝑇sat
It is worth mentioning that the representation of the heat transfer performance solely by the value of
HTC calculated with Equation (1.4) might not be sufficient. Since the superheat Δ𝑇sat is based on the
average temperature of the heating surface 𝑇s , information about the temporal and spatial distribution of the
superheat is not taken into account which might lead to misconceptions in the research of boiling [12,13].
Subcooled boiling occurs when the surface is superheated but the temperature of the boiling liquid 𝑇L is
lower than its saturation temperature 𝑇sat . Subcooling of the liquid is defined as
Δ𝑇sub = 𝑇sat − 𝑇L .

(1.5)

The superheat (1.3) and the subcooling (1.5) might be substituted into Equation (1.2) to obtain
Δ𝑇 = Δ𝑇sat + Δ𝑇sub .

(1.6)

Forster and Greif [14] noticed, by comparing experimental data of others, that when the heat flux during
subcooled boiling is higher than a certain limiting heat flux, developed subcooled boiling occurs, and
HTC becomes independent of the subcooling. Although Forster and Greif themselves did not use the term
developed subcooled boiling, I adopted it because reaching the boiling performance independent of various
parameters is typical and well-known for the developed regime of saturated boiling. Various researchers
observed that the influential parameters, which clearly affect boiling performance in the so-called partially
developed regime1 of saturated boiling, become insignificant after boiling becomes (fully) developed. For
example, independence of acceleration, external forces, the shape and dimensions of the heating surface,
the inclination angle, the position of a tube in a tube bundle, or the velocity of the boiling fluid during flow
boiling was observed and reported in the literature [15–20]. Correlations for the heat flux 𝑞 pd→fd required
for the transition from partially- to fully developed boiling were also proposed in the literature, such as the
correlation of Zuber [21]
"
# 1/4
1.53π
𝜎 𝑔 ( 𝜚L − 𝜚G )
𝜚 G ΔℎLG
(1.7)
𝑞 pd→fd =
6
𝜚 2L
1

Various definitions of boiling regimes can be found in the literature. For the purpose of this work, the partially developed
regime is defined as the regime outside of the fully developed regime of boiling. The regime is characterized by nucleation
of isolated bubbles which do not mutually interact.
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or the correlation of Moisis and Berenson [22]


√︁

𝑞 pd→fd = 0.11 𝜗c 𝜚 G ΔℎLG

𝜎𝑔
( 𝜚L − 𝜚G )

 1/4
,

(1.8)

where the contact angle 𝜗c should be in degrees. Whether boiling occurs in the fully developed regime
might also be noticeable by visual observation of the process of boiling. It was reported that the vertical
merging of bubbles (characteristic for developed boiling) starts at more or less the same heat flux as the
horizontal merging of neighboring bubbles which might be visible by the naked eye or on a high-speed
video footage [23].
When boiling becomes fully developed, the boiling curves obtained for different values of the influential
parameters merge into a single curve. This is sometimes designated as the merging trend [15]. An
advantageous consequence of the merging trend is that correlations for developed pool boiling might
be used for a wide range of conditions and geometries. In fact, pool boiling correlations might even be
suitable for fully developed flow boiling [14,20]. Several explanations of the merging trend were proposed
in the literature. I outline three theories for illustration:
1. Forster and Greif [14] believe that as the subcooling increases (which for a given Δ𝑇sat should increase 𝑞
due to a greater temperature difference between the heating surface and liquid), the bubble radius and
average period of nucleation cycles decrease (which decreases HTC due to generally smaller volumes
of bubbles). These competing effects cancel themselves out and the surface superheat Δ𝑇sat , which
determines the number of active nucleation sites, becomes the governing temperature difference for
HTC.
2. Yagov [17] uses theories of Labuntsov and considers the merging trend to be a consequence of the
molecular pulsation which occurs deep in the thermal boundary layer. Phenomena that occur deep in
the layer are characterized by their independence from any external disturbances.
3. Monde [24] considers boiling to be controlled by a very thin layer of the boiling fluid next to the heating
surface. This thin layer is, according to him, independent of the motion of the fluid as well as of the
surface conditions.
No matter what the exact cause of the merging trend is, the heat flux appears to be not affected by Δ𝑇sub , and
is only a function of Δ𝑇sat after the developed subcooled regime is reached. This led some researchers [25–
27] to consider the superheat Δ𝑇sat , defined in Equation (1.3), to be the driving temperature difference,
and to use the definition of HTC in Equation (1.4) even for subcooled boiling. However, in contrast,
there is another cohort of authors [28,29] which relate HTC to the temperature difference defined by
Equation (1.6). The inconsistency between both groups might confuse the readers and makes the results of
both groups incomparable and misleading. For instance, some authors may report enhancement of HTC
with increasing subcooling while others may obtain completely different trends and deterioration of HTC
for higher subcooling, as a consequence of different definitions of their HTCs. In this work, I adopt the
terminology suggested by El-Genk and Parker [30] and distinguish between the total- and the boiling heat
transfer coefficient during subcooled boiling. The total HTC 𝛼tot is defined with the general definition, see
Equation (1.1), and contains the temperature difference (1.6) in the denominator
𝑞
𝛼tot =
.
(1.9)
𝑇s − 𝑇L
The boiling HTC 𝛼b is defined with Equation (1.4)
𝑞
𝛼b =
.
(1.10)
𝑇s − 𝑇sat
The relation between the total- and the boiling HTC is then
1
1 Δ𝑇sub
=
+
.
(1.11)
𝛼tot 𝛼b
𝑞

24

For saturated boiling, 𝛼 = 𝛼b = 𝛼tot . El-Genk and Parker [30] consider the term 𝑞/Δ𝑇sub in Equation (1.11)
to represent the heat transfer resistance due to convection in the liquid pool and due to condensation of
bubbles in the subcooled liquid. Although a higher subcooling might increase the boiling HTC, it might
also simultaneously lower the total HTC. El-Genk and Parker [30] consider saturated boiling superior to
subcooled boiling because the total HTC is generally higher for saturated boiling.

1.1

Boiling Mechanisms

Different underlying mechanisms were proposed to explain the enhancement of heat transfer during
boiling. Knowledge of boiling mechanisms enables to develop a physical theory of boiling, to estimate the
boiling performance or to predict and explain the impact of various factors on the boiling performance.
Mechanistic models should be universal for various boiling liquids, heating surfaces, and conditions (or
at least more universal than empirical correlations) [31]. Unfortunately, the mechanisms of pool boiling
heat transfer are, in general, poorly understood which limits the mechanistic approach to boiling [15].
Moreover, mechanistic models often require knowledge of various boiling parameters which are not easy
to calculate or measure, such as the number of active nucleation sites 𝑁n (or its density 𝑛n ), the bubble
departure diameter 𝐷 b , or the nucleation frequency 𝑓n . Currently, there are no comprehensive models and
reliable data for these parameters [31,32].
The following complementary boiling mechanisms were proposed in the literature for the partially
developed regime of boiling [15,33]:
• Mechanisms of enhanced convection. In this work, I distinguish between:
– Microconvection, i.e., microscale movement of the liquid induced by the growth and motion of the
vapor–liquid interfaces of bubbles.
– The pumping effect of bubbles which pushes hot liquid away from the heating surface and brings
colder liquid from the bulk to the vicinity of the surface.
• Mechanisms related to the transport of latent heat. The following are the most important:
– Microlayer evaporation (might be accompanied by possible condensation at the top of bubbles). The
transport of latent heat gets stronger when microlayer evaporation is promoted which typically occurs
at higher heat fluxes or at lower pressures.
– Three-phase contact line heat transfer. The boiling theories based on this mechanism suppose that
most of the heat is transferred near the point where the vapor–liquid interface is in contact with the
heating surface.
• Transient heat conduction to the liquid in the vicinity of the heating surface and to the liquid displaced in
the wakes of departing bubbles. The mechanism is dominant during the waiting periods2 of nucleation
cycles.
• Natural convection occurs over the parts of the heating surface which are not influenced by emerging
bubbles.
For fully developed boiling, mechanisms are, unfortunately, much more complex than for partially
developed boiling, because at higher heat fluxes, emerging bubbles mutually interact and form complicated
vapor formations of mushroom-resembling shapes. A liquid layer called the macrolayer is trapped between
these formations and the heating surface. Vapor stems emerge from nucleation sites and penetrate the
macrolayer. The ratio of the area of the rising stems to the total area was experimentally found to be of
about 0.17 [15]. The complicated mechanisms occurring in the macrolayer have a crucial impact on heat
transfer and seem not to be affected by parameters, which influence boiling in the partially developed
2

The waiting period is the time period between the nucleation of two successive bubbles from the same nucleation spot.
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regime, as was already pointed out when discussing the merging trend. The thickness of the macrolayer is
a function of the heat flux and usually lies in the range from 0.05 to 1 mm [15].
For 𝑖 mechanisms which affect boiling heat transfer simultaneously, the heat flux 𝑞 might be calculated as
∑︁ 𝑆i
𝑞=
(1.12)
𝑞i ,
𝑆
i
where 𝑞 i and 𝑆i are the heat flux and surface area corresponding to a particular mechanism, respectively.
It is common practice to relate 𝑆i to the cross-sectional area of emerging bubbles 𝑆b = π 𝐷 2b /4. For
instance, it is usually assumed that the transport of latent heat occurs above the area 𝑆lh = 𝑁n 𝑆b . The
area of transient conduction is usually calculated as 𝑆tc = 𝐶tc 𝑁n 𝑆b , where the empirical coefficient of
the bubble-influenced area 𝐶tc > 1. The coefficient 𝐶tc is often fitted, so it provides the best agreement
with the experimental data. The values of 𝐶tc as low as 1.8 and as high as 7.5 were proposed by various
researchers [15]. Nevertheless, 𝐶tc ≈ 4 is often assumed in
√ mechanistic models [20,34]. The diameter of
influence 𝐷 inf = 𝐶inf 𝐷 b is sometimes used, where 𝐶inf = 𝐶tc is given instead of 𝐶tc . Natural convection
is often assumed to occur above the area outside of 𝑆tc , which would mean that 𝑆nc = 𝑆 − 𝑆tc .
It is also important to point out that although different mechanisms and explanations of boiling heat
transfer have been proposed by various researchers in the past, some of the most fundamental experimental
observations related to boiling might be explained by more than just a single mechanism or model. For
instance, it is common knowledge that for higher heat fluxes, HTC increases, and more bubbles are
produced during boiling. Models based on latent heat would relate higher HTC to more latent heat being
transported by individual bubbles. However, the increase of HTC might also be a consequence of more
intense agitation due to growing and rising bubbles [35], which agrees with the models based on enhanced
convection. Careful and accurate experimental observations have to be made to choose one model of
boiling over others [36]. The modified Jakob number
Ja′ =

𝑐 𝑝L 𝜚 L Δ𝑇
ΔℎLG 𝜚 G

(1.13)

might be an indicator of whether the sensible heat transferred into liquid or the latent heat of phase change
is more important with respect to the total heat transfer during boiling. Empirical data were used to obtain
values of Ja′ ≈ 160 for subcooled boiling of water [14], which means that during water boiling, the
mechanisms related to the transfer of sensible heat to the boiling liquid are expected to be more important.
In the following parts of this section, individual mechanisms of boiling are introduced and discussed.
Mechanisms Related to Enhanced Convection

Models based solely on the idea of enhanced convection do not consider latent heat to be responsible for heat
transfer during boiling. In other words, as Hsu and Graham [37] wrote, “Bubble is a passive agent that keeps
the fluid agitated but is never directly involved in the heat transfer process.” With increasing number of
emerging bubbles, the boundary layer in the vicinity of the heating surface gets disrupted by the turbulent motion induced by growing and collapsing bubbles as well as by the motion of liquid behind the wakes of rising
bubbles.
During subcooled boiling of water, a film made of highly superheated liquid, which was approximately 125 μm thick and had
a significant thermal resistance, was observed [38]. This film was,
however, continuously disrupted by the bubbles emerging from the
surface. According to Forster and Greif [14], the characteristic velocities of radial motion induced by growing bubbles, see Figure 1.1,
Figure 1.1: Radial motion of liqare between 3 and 6 m s−1 . Forster and Zuber [38] give a range
uid induced by growing bubbles.
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from 2.5 up to 4.6 m s−1 . They also noted that the agitation effect due to radial motion is a decreasing
function of pressure and that smaller bubbles tend to grow more rapidly while larger bubbles grow more
slowly. The contribution of small and large bubbles to the agitation of the fluid should, therefore, be
comparable.
The basic idea that forced convection is responsible for boiling heat transfer was experimentally verified
for various (but not all) liquids and boiling conditions. Jakob and Linke [39] were probably the first who
proposed that boiling heat transfer is governed with the mechanism of forced convection and that heat
is primarily transferred to the liquid and not to the vapor phase. Correlations commonly used for forced
convection heat transfer were found to provide a satisfactory agreement with HTCs measured for pool
boiling [38,39]. Jakob and Linke made their pioneering experiments with water already in 1933. Their
work served as a stepping stone for various different and often used boiling correlations such as those of
Rohsenow [20] or Forster and Zuber [38]. For developed flow boiling, the effect of macroscopic forced
convection on heat transfer was observed to become negligible. The parameters of emerging bubbles
(bubble diameters, bubble velocity, etc.), therefore, seem to be more important than the characteristics
of the system and experimental conditions (geometry and dimensions of the heating surface, velocity of
the flowing liquid, etc.). This is the reason why parameters related to bubbles are very often employed
in the correlations based on enhanced convection [20]. It was already pointed out that such pool boiling
correlations might be used even for flow boiling when boiling occurs in the fully developed regime.
Kim [13] reported that transient conduction and microconvection are the dominant mechanisms responsible
for heat transfer during boiling of FC-72 and that heat transfer through the microlayer and three-phase
contact line contributes less than 25 % to the total heat transfer. They used an array of microheaters and
calculated the equivalent bubble diameter 𝐷 eq based on time integration of the supplied heat flux
∫ 𝑡
π 𝐷 3eq
𝜚 g ΔℎLG =
𝑞 𝑆 d𝑡 .
(1.14)
6
0
According to their observations, heat transferred by the mechanism of microlayer evaporation and the
contact line heat transfer are not sufficient for the observed bubble growth rates (they contribute at
most 12.5 % to the total heat transfer) which means that transient conduction and microconvection in the
boiling liquid are the dominant mechanisms of boiling heat transfer. The superheated liquid layer close to
the heating surface was found to act as a reservoir and a source of energy for growing bubbles. However,
the contribution of microlayer- and contact-line evaporation to the total heat transfer might become higher
during subcooled boiling due to condensation occurring at the top of growing bubbles [13].
The term enhanced convection used in this work covers two separate mechanisms proposed by different
authors, namely microconvection and the pumping effect of bubbles. The idea of microconvection is based
on the turbulent convection of the boiling liquid in the vicinity of the heating surface. Because of that,
researchers usually assume that the Nusselt number is a function of the Reynolds number and the Prandtl
number, which are both related to the liquid phase, because it is assumed that the major part of heat is
transferred from the surface into the liquid [20]. These three dimensionless criteria are typically used for
forced convection heat transfer. The function is almost always assumed to be a power function
Nu = 𝐶 Re𝑚1 PrL𝑚2 .

(1.15)

The coefficient 𝐶 and the exponents 𝑚 1 and 𝑚 2 are usually found empirically. For instance, Kurihara
and Myers [40] claim that based on experiments, dependency 𝛼 ∝ 𝑛1/3
n might be assumed. Due to the
fact that the velocity in Re is proportional to 𝑛n , the exponent 𝑚 1 = 1/3. The exponent 𝑚 2 = −0.89 was
quantified from the data obtained with a constant value of the active nucleation site density 𝑛n . This was
latter commented on by Tien [41], according to whom 𝛼 ∝ 𝑛n𝑚 , where 𝑚 lies in the range from 0.3 to 0.5.
The value 𝑚 = 1/3 can be used only when the effect of natural convection is significant (for instance when
there is a low number of active nucleation sites). Nevertheless, Lienhard [42], who followed up Tien, again
uses the value 𝑚 = 1/3.
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Although microconvection is considered to be an important boiling mechanism, it is most probably not
the single one. Forster and Greif [14] pointed out that neither the merging trend observed for developed
boiling nor the nullification of the effect of forced convection during developed flow boiling is adequately
explained by models based solely on microconvection. For instance, the question arises why the effect
of forced convection is suppressed in the regime of developed boiling even when forced convection has
a higher velocity than the velocity of the liquid motion induced by growing bubbles. Because of that,
Forster and Greif proposed that the so-called pumping effect of emerging bubbles is responsible for the
enhanced heat transfer and is more important than microconvection. During the nucleation of bubbles, hot
liquid is pushed away from the vicinity of the heating surface into the bulk, and colder liquid is brought
from the bulk towards the heating surface. This mechanism should be 10 to 100 times more intense than
forced convection and independent of the velocity of the liquid above the heating surface. It should also be
more effective than diffusion by eddies which occurs during microconvection [14]. However, models based
solely on the pumping effect also raise questions and contradict some of the experimental findings [37].
For instance, there are ambiguous opinions about the actual volume of liquid which is being replaced and
thus participates in the enhanced heat transfer [35].
Mechanisms Related to the Transport of Latent Heat

For boiling of some liquids, significant temperature drops (around 10 or 20 ◦ C) on the heating surface
below the growing bubbles were recorded [35]. However, according to the heat transfer models based
on enhanced convection, temperature drops should occur after the bubble departure and not during
nucleation. This led some scientists to believe that transport of latent heat is the main mechanism of boiling
heat transfer. Two most discussed mechanisms, which differ in the localization of the phase change, are
mechanisms of microlayer evaporation and contact-line heat transfer. The microlayer and the contact-line
region are schematically illustrated in Figure 1.2.

Figure 1.2: The localization of the boiling mechanisms related to the transport of latent heat highlighted in
red color (the shapes and thicknesses are intentionally magnified): (a) the microlayer between the bubble
base and heating surface, (b) the three-phase contact region located between the adsorbed liquid layer and
the vapor–liquid interface whose curvature corresponds to the current bubble diameter.
Measurements of temperature course in time and optical measurements showed that a significant amount of
heat is transferred during evaporation of the so-called microlayer which is a thin liquid layer with thickness
from approximately 0.5 to about 30 μm trapped between growing bubbles and the heating surface [35,37].
Microlayer heat transfer seems to be especially important for quite large bubbles with diameters from 20
to 30 mm and growth periods higher than 50 ms [13]. Although models were proposed which assume that
all heat is transferred from the heating surface to emerging bubbles through the vapor–liquid interface [43],
it was experimentally proven that heat transfer during boiling is usually too high to be caused only by the
transfer of latent heat stored in the bubbles departing from the heating surface [35,38]. It was also reported
that the bubble diameters calculated from the balance between the heat transferred from the heating
surface and the latent heat spent for vaporization are much smaller than those which were experimentally
measured [13,44]. However, Zuber [21] distinguishes between two regimes of pool boiling: boiling with
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isolated bubbles and interference boiling3. According to him, latent heat might be the most important
mechanism with respect to total heat transfer when interference boiling is reached [21].
The initial thickness of the microlayer 𝛿ml,0 might be estimated [45] using
 1/2
𝛿ml,0 ≈ 𝐶 𝜈L 𝑡g
,

(1.16)

where the coefficient 𝐶 ≈ 0.8, 𝜈L is the kinematic viscosity of the liquid phase, and 𝑡g is the bubble growth
period, which is discussed in Section 1.2 below. The initial thickness of the microlayer was also correlated
for water as a function of the radial coordinate 𝛿ml,0 = 4.66 𝑟 0.69 and the maximum radius of the microlayer
1.8 [46]. The rate of microlayer evaporation
region as a function of the superheat 𝑅ml,max = 1.38 × 10−2 Δ𝑇sat
should be almost independent of the heat flux (the transferred heat flux should only affect the duration of
individual bubble cycles) [47].
For a steady state of evaporation, the theoretical evaporation mass flux (or the so-called Knudsen rate) 𝑤 ev
might be estimated using the kinetic theory of evaporation

 1/2

𝑀m
𝑝 sat − 𝑝 g ,
(1.17)
𝑤 ev =
2 π 𝑅m 𝑇sat
where, 𝑝 sat is the saturation pressure corresponding to 𝑇sat and 𝑝 g is the pressure above the free surface of
the boiling liquid [35,37,48]. The theoretical maximum heat flux, which is possible due to evaporation, is
then
𝑞 = 𝐶ev ΔℎLG 𝑤 ev,max ,
(1.18)
where the maximum evaporation mass flux 𝑤 ev,max might be obtained with Equation (1.17) assuming
that 𝑝 g = 0. The coefficient of evaporation 𝐶ev is the correction which lowers the maximum evaporation
mass flux 𝑤 ev,max and depends on the boiling liquid. For instance, coefficients 𝐶ev = 0.040, 0.02, and 0.045
were experimentally measured for water, ethanol, and methanol, respectively. Some researchers used
the evaporation mass flux to combine the convective models of boiling heat transfer with the models of
microlayer evaporation. According to these models, heat flows into the bubble from regions near the bubble
base and is transported to the top of the bubble where condensation and release of heat into the liquid bulk
occurs. Models were also developed which combine microlayer evaporation with forced convection [49].
The three-phase contact line, see Figure 1.2, is the zone where the liquid–vapor interface contacts the
heating surface. The zone is typically about 1 μm wide [49–51] and contains a very thin liquid meniscus.
The thickness of the liquid film in this zone was reported to be from 10 to 100 nm [52]. The three-phase
line moves during each nucleation cycle as the liquid trapped between the growing bubble and the heating
surface completely evaporates above some portion of the heating surface4. According to the model of
Stephan and Hammer [49], it is possible to achieve a local heat flux of about 100 times the value of CHF
in the contact-line region due to adhesion pressure and due to the strong curvature of liquid meniscus
which induces capillary flow and also causes a local change of the liquid volatility. The three-phase
region and its neighborhood are characterized by significant and fast local temperature drops and by very
intense localized heat transfer. For example, numerical simulations of heat transfer during boiling of
a propane–butane mixture predicted values of about 4 × 107 W m−2 near the three-phase contact line for
the mean value of heat flux over the heating surface 2 × 104 W m−2 [53]. It was reported that evaporation
at the three-phase contact line is stronger than microlayer evaporation for the liquid–surface combinations
characterized by a low wettability [54].
3

4

Interference boiling is reached for higher heat fluxes and is characterized by mutual bubble interactions and a decreased
spacing between neighboring bubbles. During interference boiling, the distance between two neighboring bubbles is lower
than two diameters of bubbles.
To be exact, it does not completely evaporate due to strong adsorption bonds, but forms an adsorption layer with a negligible
thickness of a few molecules as illustrated in Figure 1.2 on the previous page [49,52].
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Transient Heat Conduction

The transient conduction of heat occurs when a colder liquid from the bulk gets into the vicinity of the
heating surface. The movement of liquid is caused by the displacement of the superheated layers of liquid
after bubbles depart from the surface. Because of this, heat transfer by transient conduction occurs mainly
above active nucleation sites during the waiting periods between two successive nucleation cycles. When
there is no bubble nucleation over some portions of the heating surface, the thermal boundary layer grows
to a certain limiting thickness which is governed by the disruption of its topmost parts due to turbulence
in the liquid [55]. Because of that, the liquid bulk which is far-enough from the heating surface is not
affected by transient conduction.
The diameter of the area affected by transient conduction is often assumed to be twice the diameter of
each departing bubble [34,56]. Nevertheless, various models based on transient heat conduction differ in
the assumed area [35]. Some generalized transient heat conduction models were also developed which are
based on the idea that the entire process of bubble growth in a superheated liquid layer might be described
with equation for one-dimensional transient heat conduction
𝑇L − 𝑇int
𝑞=𝜆 √
.
(1.19)
π 𝑎L 𝑡
The equation is valid only when the growing bubbles are completely surrounded by an initially isothermal
liquid layer, which was found to be fulfilled for the values of the modified Jakob number Ja′ ≫ 1, see
√
definition (1.13). In Equation (1.19), the denominator π 𝑎 L 𝑡 is the penetration depth 𝛿p , 𝑇int is the
temperature at the vapor–liquid interface and 𝑇L is the temperature of the superheated liquid layer [57].
Although the equation was originally formulated for planar surfaces, it might be used even for bubbles
when 𝛿p /𝑅b ≪ 1. The fact that Equation (1.19) was found to be able to quite accurately predict the bubble
growth [57] using a substitution
d𝑅b
𝑇L − 𝑇int
(1.20)
ΔℎLG 𝜚 G
=𝜆 √
d𝑡
π 𝑎L 𝑡
without considering the effect of inertia and surface tension, seems to indicate that these effects might not
be crucial for the bubble growth.
An influential mechanistic model was also developed by Mikic and Rohsenow [34]. The model is based
solely on the mechanism of transient conduction, since no additional mechanisms were required for it to
produce sufficiently accurate results. In the model, the heat flux due to transient conduction is averaged for
a certain nucleation frequency
∫ 𝑡n
∫ 1/ 𝑓n
𝜆 Δ𝑇
𝜆 Δ𝑇 √︁
𝑞¯ = 𝑓n
𝑞 d𝑡 = 𝑓n
d𝑡 = 2 √
𝑓n .
(1.21)
√
π 𝑎L
π 𝑎L 𝑡
0
0
The average heat flux 𝑞¯ is then used for the calculation of the heat flux across the entire heating surface
𝑞 = 𝑞¯ π 𝐷 2b 𝑛n ,
where the area of influence is assumed to be π

(1.22)

𝐷 2b .

Despite both the models discussed above might provide accurate predictions of heat transfer and bubble
growth rates, they lack physical background and were also reported to contradict some experimental
findings. Perhaps the most significant objection against these models is that transient conduction was
experimentally confirmed only during wall rewetting and not during the entire duration of individual
nucleation cycles [13].
Natural Convection

Natural convection occurs over parts of the heating surface which are not influenced by the formation
of bubbles [15,56]. Usual correlations verified for natural convection might be used for these regions as
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well as for the segment of the boiling curve to the left of the ONB, see Figure 1. For instance, Mikic and
Rohsenow [34] used the following correlations in their boiling model:
• For the laminar regime in the range of the Rayleigh number 105 < Ra < 2 × 107
! 1/4
𝛽vol 𝑔 Δ𝑇 5 𝑎 3L
,
𝑞 = 0.54 𝜚 L 𝑐 𝑝L
𝐿 ch 𝜈L

(1.23)

where the characteristic length is assumed to be the square root of the area of the heating surface 𝐿 ch =
• For the turbulent regime in the range 2 ×

107

< Ra < 3 ×

𝑞 = 0.14 𝜚 L 𝑐 𝑝L

√
𝑆.

1010

𝛽vol 𝑔 Δ𝑇 4 𝑎 2L
𝜈L

! 1/3
.

(1.24)

In Equations (1.23) and (1.24), 𝛽vol is the volumetric expansion coefficient, and the definition of the
Rayleigh number is
3
𝛽vol 𝑔 (𝑇s − 𝑇L ) 𝐿 ch
.
(1.25)
Ra =
𝜈L 𝑎 L

1.2

The Most Important Parameters of Boiling

This section deals with the most important parameters related to pool boiling and its performance. Their
influence on boiling heat transfer is discussed and methods suitable for their estimation are suggested.
Approaches adopted towards these characteristic parameters are included in various models and theories
of boiling. Although the output of correlations presented in this section is usually a single number,
a distribution of values is typically recorded during the boiling process [57,58]. For various liquids, it
was observed that the distributions of individual boiling parameters are usually close to normal Gaussian
distributions [58].
Bubble Departure Diameter

In Section 1.1, I emphasized that the characteristics related to the emerging bubbles are often more
important than the parameters of the heating surface such as its geometry or dimensions (especially for
the fully developed regime of boiling). Also, the area affected by a certain boiling mechanism might be
directly related to the area of bubbles which depends on the bubble diameter 𝐷 b . Knowledge of the bubble
diameter is, therefore, an important requirement for the modeling and prediction of boiling performance.
The bubble departure diameter is most often calculated using the Fritz [59] correlation
𝐷 b = 𝐶F 𝜗c 𝐷 L .
The coefficient 𝐶F = 0.0208 is usually used, because it provides
the best agreement with experimental data obtained for various
liquids [15,35,60]. The contact angle 𝜗c should be placed into (1.26)
in degrees. It is the angle between the vapor–liquid interface and
the heating surface measured through the liquid phase, as shown
in Figure 1.3. During pool boiling of ordinary liquids on common
surfaces, the advancing and receding contact angles are typically
within only ±5◦ . Therefore, it is not important to distinguish between
static and dynamic contact angles for these cases [31]. The contact
angle is strongly dependent on the boiling liquid, on the material
of the heating surface, and its micro- and nanostructure [61,62].
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(1.26)

Figure 1.3: The contact angle 𝜗c .

The values of 𝜗c around 45◦ are typical for ordinary liquids and surfaces and recommended when the
exact value of 𝜗c is not known [35]. The contact angle is also typically used to characterize the surface
wettability5 since measurement of the surface energy is much more difficult. According to the classical
theories of boiling, the surfaces which have higher contact angles are typically characterized by increased
CHF, decreased HTC, and also by increased superheat required for the initiation of boiling [65].
𝐷 L in Fritz correlation (1.26) denotes the Laplace diameter of bubbles (or the so-called capillary constant)
√︂
𝜎
𝐷L =
.
(1.27)
𝑔 ( 𝜚L − 𝜚G )
The Laplace diameter is a thermophysical property of the boiling liquid (for example, for water at
atmospheric pressure and saturation temperature, 𝐷 L = 2.50 mm). It might be considered as the diameter
of a hemispherical cap for which the balance between the force of surface tension and buoyancy force is
established, as a scale of the maximum thickness for which surface tension is able to overcome gravity, or
as a scale of the distance to which a perturbation (such as the contact with the heating surface) might
protrude [66,67]. The Laplace diameter is related to the Bond number (which is sometimes called the
Eötvös number)


𝐷 eq 2
,
(1.28)
Bo =
𝐷L
where the equivalent bubble diameter 𝐷 eq is the diameter of a sphere with the same volume as the bubble.
The Bond number is a useful indicator of whether bubbles tend to be spherical or deformed. When Bo ≪ 1,
surface tension overcomes gravity, and bubbles are much more likely to be spherical. For Bo ≫ 1,
nonspherical bubbles (ellipsoidal shapes, truncated shapes, caps, puddles, etc.) are expected [67].
Yagov [17] strongly criticizes the fundamental assumption of the Fritz correlation (1.26) that it is possible
to calculate the bubble departure diameter from the balance of some chosen forces and labels it as “delusion
enjoyed by almost everyone”. He explains that for a fixed contact angle, there is an infinite number of
bubble diameters, which satisfy the balance of some chosen forces and that the diameter 𝐷 b obtained
with the Fritz correlation (1.26) should be considered as the radius of bubble at which the vapor–liquid
interface loses its stability due to small perturbations. There also seems to be a disagreement between
different authors on the role of surface tension during nucleation. According to some of them, surface
tension holds the growing bubble on the heating surface. Others, on the contrary, suppose that it assists the
bubble departure by making the bubble spherical [23]. Nevertheless, the bubble departure diameter 𝐷 b
and the Laplace diameter 𝐷 L are very often used in various boiling correlations [20,21,68,69]. Most
often, they are treated as the characteristic lengths of dimensionless numbers (most typically the Reynolds
number and the Nusselt number).
According to some researchers, the bubble departure diameter 𝐷 b depends on the shapes of cavities and
on the superheat [23,33], which is often neglected [44]. During boiling, a distribution of 𝐷 b is obtained
rather than a constant value [57]. The equilibrium of buoyant- and surface-tension force, which is the
basic assumption of the Fritz correlation (1.26), seems to play an important role at a low superheat and
a low intensity of the agitation induced by bubbles [38]. The Fritz correlation (1.26) is then applicable and
produces satisfactory results. However, for a higher superheat and also for subcooled boiling, dynamic
forces (which capture the effects of inertia, flow resistance, and pressure) and the effects of induced
5

Formerly, the effect of the surface wettability on boiling performance was often considered to be secondary or less
important and was included in different parameters of the heating surface (most often its roughness). In the past, a typical
common range of contact angles of different surfaces was from about 30◦ to 110◦ . Nowadays, it is common to reach
contact angles lower than 10◦ for superhydrophilic and higher than 150◦ for superhydrophobic surfaces. The effects of
contact angle, wettability, and wickability are currently considered to be among the most crucial with respect to the pool
boiling performance [63]. Biphilic and superbiphilic surfaces, which consist of a pattern of hydrophobic zones placed on
a hydrophilic substrate, are actively developed to simultaneously achieve intense stable nucleation and a strong resupply of
the liquid to the heating surface [64].
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agitation become more significant. This means that there are some cases for which the balance between
the forces assumed by Fritz is not applicable for the prediction of 𝐷 b . This might be demonstrated using
the experimental evidence obtained during boiling on both sides of a horizontal strip. It was observed
that bubbles did not just slide over the bottom side of the strip, but were rather pushed away from it [38].
Clearly, radial forces and radial motion in the vicinity of the heating surface were more important than the
effects of buoyancy and surface tension. The correlation of Cole and Shulman
"

 3/2 #
d𝐷
𝐷 b = 𝐶F 𝜗c 𝐷 L 1 + 0.0025
(1.29)
d𝑡
approaches the correlation of Fritz as d𝐷/d𝑡 → 0. It is also consistent with the findings of Forster and
Zuber [38], because the growth rate d𝐷/d𝑡 increases with the superheat and because the intensity of
agitation might be related to d𝐷/d𝑡. Simply said, dynamic forces hold emerging bubbles attached to the
heating surface. The bubble departure diameter should, therefore, become larger relative to the result of
the Fritz correlation. On the other hand, for subcooled boiling or for larger bubbles, intense condensation
might occur at the top of the bubbles. For these cases, bubbles are generally smaller compared with the
results of the Fritz correlation (1.26). Nevertheless, heat transfer might be intensified, since simultaneous
evaporation at the base of a bubble and condensation at its top might be viewed as a short circuit for heat
transfer [70].
Due to the discrepancy between the observed bubble diameters and the Fritz correlation (1.26), a plethora
of alternative correlations were proposed. However, it seems that neither a generalized correlation nor
a comprehensive model were found for the bubble departure diameter [31]. Different correlations for 𝐷 b
produce a wide scatter of predicted values, see, for instance, significant spread of the correlated values in
Figure 10 in the work of Mohanty and Das [71]. To close this section, I put forward three alternative and
often used correlations which can be used to estimate 𝐷 b :
1. Kutateladze and Gogonin proposed that the bubble departure diameter 𝐷 b depends on the Laplace
diameter 𝐷 L as well as on the modified Jakob number Ja′ , see definition (1.13), the Prandtl number of
the liquid phase PrL = 𝜈L /𝑎 L , and the Archimedes number
Ar =

( 𝜚 L − 𝜚 G ) 𝜚 L 𝑔 𝐷 3L
𝜇L2

=

Re2 𝜚 L − 𝜚 G
,
Fr
𝜚L

(1.30)

which is the scale of the effects of gravitational and viscous forces on the motion of bubbles. The
rightmost fraction ( 𝜚 L − 𝜚 G )/𝜚 L in Equation (1.30) is sometimes called the buoyancy modulus. The
correlation of Kutateladze and Gogonin, given in [33], has the form
"
# 1/2
 ′ 2
Ja
1
𝐷 b = 0.25 𝐷 L 1 + 105 ×
(1.31)
PrL Ar
and should be valid in the range 5 × 10−7 ≤ Ja′2 PrL−2 Ar −1 ≤ 0.1 [33].
2. In their mechanistic model, Mikic and Rohsenow [34] used the correlation developed by Cole and
Rohsenow [72]
𝐷 b = 𝐶 𝐷 L Ja′5/4 .
(1.32)
For water, the coefficient 𝐶 = 1.5 × 10−4 . For other liquids, 𝐶 = 4.65 × 10−4 [34,72]. The definition
of the modified Jakob number Ja′ is slightly different from Equation (1.13) and uses the saturation
temperature 𝑇sat instead of the temperature difference Δ𝑇 in the numerator. The correlation should
be valid for PrL < 0.2 and should be used for commercial smooth heating surfaces with standard
distributions of cavity sizes and for reduced pressures 𝑝 red < 0.2 [35]. Although the modified Jakob
number Ja′ should be able to reflect the effect of pressure on 𝐷 b , the correlation was reported to fail for
pressures higher than 5 MPa for which Ja′ are low.
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3. Dhir [31] discusses the correlation of Kocamustafaogullari for high pressures

 0.9
𝜚L − 𝜚G
−5
𝐷 b = 2.64 × 10 𝐷 L
𝜚G
and the correlation of Gorenflo for high heat fluxes and elevated pressures
! 4/3
! 1/3
√︂
Ja′4 𝑎 2L
2π
𝐷b = 𝐶
,
1+ 1+
𝑔
3 Ja′

(1.33)

(1.34)

where the value of coefficient 𝐶 has to be selected according to the boiling liquid. For R12, R22 and
Propane, the coefficient 𝐶 = 14.7, 16.0 and 2.78, respectively [32]. The bubble departure diameter
generally decreases with pressure [73].
Critical Bubble Radius, Radius of Cavities, and Initiation of Boiling

For a small superheat Δ𝑇sat , it is possible to calculate the critical radius of vapor nuclei using the equation
2𝜎
2 𝜎 𝑇sat
𝑅cr =
=
,
(1.35)
𝑝 b − 𝑝 L ΔℎLG 𝜚G Δ𝑇sat
where 𝑝 b is the pressure of the vapor phase inside bubbles and 𝑝 L is the pressure of the liquid phase
far-enough from the vapor–liquid interface. The difference ( 𝑝 b − 𝑝 L ) is called the Laplace pressure.
Equation (1.35) might be derived after the integration of the Clausius–Clapeyron equation
 
ΔℎLG
d𝑝
ΔℎLG 𝑝 𝑀m
 ≈
= 
(1.36)
d𝑇 sat 𝑇 𝜚 −1 − 𝜚 −1
𝑅m 𝑇 2
L
G
over the interval of pressures from 𝑝 L to 𝑝 b and the corresponding interval of temperatures from 𝑇sat (the
saturated temperature of the liquid) to 𝑇b (the temperature of the superheated liquid layer in the vicinity of
the vapor–liquid interface).
Bubbles with radii 𝑅 < 𝑅cr are not able to grow in the liquid superheated by Δ𝑇sat and might eventually
condense. Only bubbles with radii 𝑅 > 𝑅cr are able to grow at the superheat Δ𝑇sat . Also, a very important
consequence of Equation (1.35) is that smaller bubbles require a larger superheat for them to grow because
the critical radius 𝑅cr is indirectly proportional to the superheat Δ𝑇sat .
Using Equation (1.35), one can calculate the superheat Δ𝑇sat,in required for the initiation of bubble
nucleation from a cavity which has a mouth radius 𝑅c
𝑇sat
2𝜎
Δ𝑇sat,in =
𝐾.
(1.37)
ΔℎLG 𝜚 G 𝑅c
The coefficient 𝐾 is the dimensionless maximum curvature [23]. For contact angles 𝜗c ≤ 90◦ , the
coefficient 𝐾 = 1 due to the fact that the minimum bubble radius during nucleation 𝑅min = 𝑅c /𝐾 is equal
to the cavity mouth radius 𝑅c . However, for 𝜗c > 90◦ , the coefficient 𝐾 = sin(𝜗c ), because the growing
bubble spreads out of its cavity before its diameter reaches the cavity mouth diameter. Therefore, the radius
of the vapor–liquid interface is higher and its curvature and the Laplace pressure lower compared with the
previous case. For both cases, the nucleation process is illustrated in Figure 1.4. The minimum radius 𝑅min
is crucial for nucleation to occur, because it corresponds to the maximum curvature of the vapor–liquid
interface and to the maximum Laplace pressure during nucleation events. It, therefore, determines whether
a certain nucleation site is active during boiling.
Correlations based on Equation (1.37) were proposed which enable calculation of the superheat required for
the initiation of boiling over the entire heating surface, i.e., the superheat required for ONB. A representative
might be
1.6 𝜎 𝑇sat
Δ𝑇sat,ONB =
,
(1.38)
𝑅c 𝜚 G ΔℎLG
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Figure 1.4: The process of bubble nucleation from a single cavity in the range of contact angle: (a) 𝜗c ≤ 90◦ ,
(b) 𝜗c > 90◦ . The vapor–liquid interface depicted with the solid line represents the moment when the
minimum diameter of bubble is reached during the nucleation cycle. The dashed line illustrates the
following increase of the bubble diameter and the decrease of the interface curvature. Notice that for
case (a), the minimum bubble radius 𝑅min = 𝑅c . On the other hand, for case (b), 𝑅min = 𝑅c /sin(𝜗c ).
where 𝑅c represents the average mouth radius of the cavities of the heating surface. It is possible to
estimate 𝑅c ≈ 0.8 𝑅b using the bubble departure radius [74].
Hsu [75] published the criterion for the minimum and the maximum radius of active nucleation sites
𝑅c,min and 𝑅c,max , respectively, above which nucleation occurs during boiling
√︄
"
#
𝛿t sin 𝜑
8 𝜎 𝑇sat (1 + cos 𝜑)
2
𝑅c,min =
1 − 𝜉 − (1 − 𝜉) −
,
(1.39)
2 (1 + cos 𝜑)
𝜚 G ΔℎLG 𝛿t (Δ𝑇sub + Δ𝑇sat )

𝑅c,max

√︄
"
#
𝛿t sin 𝜑
8 𝜎 𝑇sat (1 + cos 𝜑)
2
=
1 − 𝜉 + (1 − 𝜉) −
.
2 (1 + cos 𝜑)
𝜚 G ΔℎLG 𝛿t (Δ𝑇sub + Δ𝑇sat )

(1.40)

The relative subcooling 𝜉 = Δ𝑇sub /(Δ𝑇sub + Δ𝑇sat ). For saturated boiling, 𝜉 = 0. The angle of the
vapor–liquid interface with respect to horizontal 𝜑 = 𝜗c + 𝛽cm , where 𝜗c is the contact angle, see Figure 1.3,
and 𝛽cm is the angle of the cavity mouth with respect to the horizontal direction (for a conical cavity,
𝛽cm = 0◦ ). The thickness of the thermal boundary layer 𝛿t for water during boiling is usually in the range
from 0.1 mm to 1.0 mm [76–78]. The thickness 𝛿t around 0.3 mm is usually recommended for water in
the literature [37,49]. For subcooled boiling of water, it was reported to increase to about 0.7 mm [79].
The thickness 𝛿t can also be estimated using either
𝛿t ≈

𝜆L
,
𝛼nc

(1.41)

where 𝛼nc is the HTC due to natural convection [78,80], or using a suitable correlation valid for turbulent
natural convection [23] such as
 1/3

𝜈L 𝑎 L
𝛿t = 7.14
.
(1.42)
𝑔 𝛽vol (𝑇s − 𝑇L )
According to the standard theories of nucleation, the cavity mouth diameter determines the superheat
required for the initiation of boiling above a certain cavity and the shape of the cavity determines its
stability after the initiation [81]. Using Equations (1.39) and (1.40), the optimal radii of cavities which are
able to provide stable nucleation spots might be calculated. For various contact angles during boiling of
water at atmospheric pressure, optimal radii are in the range from 0.1 to 100 μm [55].
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Radius of Bubbles and Bubble Growth in Time

A typical relation for the radius of a growing bubble as a function of time is 𝑅(𝑡) = 𝐶 𝑡 1/2 [49,53]. However,
based on the sensitive measurements performed with microelectromechanical systems (MEMS), it seems
that the period of rapid growth occurs from 𝑡 = 0 to 3 or 5 ms for which 𝑅 ∝ 𝑡 0.6 . After this period, the
growth continues at a slower rate and 𝑅 ∝ 𝑡 0.1 . Nevertheless, the most often used correlations for 𝑅(𝑡) are
based on the theoretical work of Scriven [82] who derived an equation which describes the growth of
a spherically symmetric bubble surrounded with infinite liquid continuum made of a Newtonian binary
mixture
𝑅(𝑡) = 2 𝐶g (𝑎 L 𝑡) 1/2 ,
(1.43)
where 𝐶g is a dimensionless growth constant. Equation (1.43) might be applied for pool boiling of pure
liquids and binary mixtures and should be valid for all stages of bubble growth with the exception of its
earliest stages (Scriven’s solutions are asymptotic) [83]. It was proposed and confirmed by measurements
that functions 𝑅(𝑡) developed for spherical bubbles are also valid for hemispherical bubbles [84].
The following representatives of 𝑅(𝑡) correlations might be used:
1. The Labuntsov correlation [17]
√︄
𝑅(𝑡) =

12 𝜆L Δ𝑇 𝑡
.
ΔℎLG 𝜚G

(1.44)

2. The correlation of Benjamin and Balakrishnan [85]
𝐷 (𝑡) = 𝐶 Ar0.135 (Ja′ 𝑎 L 𝑡) 1/2 ,

(1.45)

where the constant 𝐶 = 1.55 for water, CCl4 , and n-hexane. For n-pentane and acetone, 𝐶 = 1.55−1 .
3. The correlation of Plesset and Zwick [86–88]
  1/2
12
𝑅(𝑡) =
Ja′ (𝑎 L 𝑡) 1/2 .
π

(1.46)

Nucleation Frequency and Bubble Growth Rate

The nucleation frequency
𝑓n = 𝑡 w + 𝑡 g

 −1

(1.47)

is related to the bubble-growth period 𝑡g and the waiting period 𝑡w . Both time periods are illustrated
in Figure 1.5. Nucleation frequencies are typically estimated from image analysis either as the time
difference between two successive initiations of bubbles or as the time between two departure events
from a single nucleation site [89]. It is, unfortunately, quite difficult and subjective to estimate 𝑓n [23].
Nucleation frequencies might also be evaulated from bubble departure diameters (measured or estimated)
and functions of 𝑅(𝑡) presented in previous sections. Higher nucleation frequencies (together with higher
nucleation site densities) prevent the formation of large vapor-covered areas, dryout, local overheating

Figure 1.5: The waiting period 𝑡w and the growth period 𝑡g during the nucleation of two successive
bubbles.
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of heating surfaces, and transition to film boiling [55]. The nucleation frequency 𝑓n increases with the
superheat [23].
The bubble growth rate is given by the product 𝑓n 𝐷 b [58]. It is often used as a characteristic velocity 𝑢 ch
in the definition of the Reynolds number. However, the assumption that 𝑢 ch = 𝑓n 𝐷 b is permissible only at
¤ should
lower heat fluxes. For higher heat fluxes, the immediate radius and radial velocity (𝑢 ch = 2 𝑅 𝑅)
be used instead [38]. Nevertheless, the bubble growth rate 𝑓n 𝐷 b is often discussed and evaluated in the
literature dealing with boiling, because it was found that it is more or less independent of various boiling
conditions and system parameters6. In the study of Tolubinsky and Ostrovsky [58], the bubble growth rate
was found to be independent of the parameters of the heating surface, heat flux (even when it increased of
about five times), viscosity, and the Prandtl number of the boiling liquid [58]. According to Tolubinsky
and Ostrovsky [58], 𝑓n 𝐷 b decreases with increasing pressure (almost solely due to decrease of 𝐷 b ). On
the other hand, Nishikawa [90] obtained a constant value of 𝑓n 𝐷 b for pressures from 5.5 kPa to 4 MPa. It
was also reported that at low heat fluxes (although for some liquids, it might be as much as 80 % of the
critical heat flux), both 𝐷 b as well as 𝑓n are rather independent of the heat flux and that the enhancement
of HTC observed at higher heat fluxes is primarily caused by the increased number of active nucleation
sites [57]. The assumption of a constant bubble growth rate 𝑓n 𝐷 b means that smaller bubbles should be
produced with higher frequencies and vice versa. A value of 𝑓n 𝐷 b = 7.7 cm s−1 was proposed for water
and CCl4 [21]. However, according to the results of precise experiments, rather the product 𝑓n 𝐷 b𝑚 remains
constant, where the exponent 𝑚 varies in the range from 0.5 to 2 [15,33]. However, correlations based on
the value of the exponent 𝑚 = 1 still seem to be the most reliable [32].
The bubble growth rate 𝑓n 𝐷 b is very often correlated. The most often used is the correlation
"
# 1/4
𝜎 𝑔 ( 𝜚L − 𝜚G )
𝑓n 𝐷 b = 𝐶
𝜚 2L

(1.48)

which is based on the empirical equation of Peebles and Garber [91] for the velocity of a bubble rising in
a gravitational field7 [35]. According to the solution presented by Peebles and Garber, the coefficient
𝑡g
.
(1.49)
𝐶 = 1.18
𝑡g + 𝑡w
For 𝑡g = 𝑡w , which is often assumed when the exact values of both time periods are not known, the
value of the coefficient 𝐶 = 0.59 might be obtained. This result is very close to another recommended
value 𝐶 = 0.6 based on experimental measurements [33,92]. However, for heat fluxes 𝑞 > 0.2 𝑞 cr , it was
observed that 𝑡w ≪ 𝑡g [35].
The Malenkov correlation
1
𝑓n 𝐷 b =
π



 1/2

𝐷 b 𝑔 ( 𝜚L − 𝜚G )
2𝜎
𝑞
+
+
2 ( 𝜚L + 𝜚G )
𝐷 b ( 𝜚L + 𝜚G )
𝜚 G ΔℎLG

(1.50)

should be applicable even for boiling with mutually interacting bubbles. For the situations when bubbles
do not mutually interact, the last fraction in Equation (1.50) should be omitted [33]. The correlation should
cover situations when 𝑡w ≈ 𝑡g as well as when 𝑡w ≪ 𝑡g and should provide accurate results even outside
the hydrodynamic regime of boiling.
The CFD software ANSYS Fluent [93] implemented the correlation
𝑓n2 𝐷 b =
6
7

4 𝑔 ( 𝜚L − 𝜚G )
3
𝜚L

(1.51)

At least for the so-called hydrodynamic regime of boiling for which buoyancy and drag are the main force components
acting on bubbles [35].
Equation (1.48) is, therefore, valid only for the hydrodynamic regime of boiling introduced in the previous footnote.
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into its mechanistic model of boiling called the RPI model. The correlation was formed for the so-called
inertia-controlled bubble growth, which is characterized by a rapid growth of the bubbles of a hemispherical
shape, and it is not applicable to subcooled boiling. For the so-called heat-transfer controlled bubble
growth which may follow after the inertia-controlled growth and is characterized by rather spherical shapes
of growing bubbles and smaller growth rates, the correlation of Mikic and Rohsenow
𝑓n1/2 𝐷 b = 0.83 Ja′ (π 𝑎 L ) 1/2

(1.52)

is applicable [15,34].
Density of Active Nucleation Sites

The active nucleation site density
𝑁n
(1.53)
𝑆
is defined as the number of active nucleation sites per unit area of the heating surface. The number of
active sites 𝑁n is often counted from the high-speed recordings of boiling. The active nucleation site
density 𝑛n is strongly affected by the superheat Δ𝑇sat . Proportionality 𝑛n ∝ Δ𝑇 𝑚 is often assumed, where
the exponent 𝑚 depends on the heating surface and usually lies in the range 4 ≤ 𝑚 ≤ 6 [23]. The density
of active nucleation sites 𝑛n increases with pressure [58].
𝑛n =

Benjamin and Balakrishnan [85] formulated the correlation for the active nucleation site density
1 −0.4
(Δ𝑇sat ) 3 ,
𝐾
𝑛n = 218.8 Pr1.63
(1.54)
L
𝐾s Ra
where the parameter
√︄
𝜆s 𝜚s 𝑐 ps
𝐾s =
(1.55)
𝜆 L 𝜚 L 𝑐 𝑝L
contains the properties of the heating surface in the numerator and the properties of the boiling liquid in
the denominator. The roughness parameter


2

Ra 𝑝
Ra 𝑝
+ 0.4
.
(1.56)
𝐾Ra = 14.5 − 4.5
𝜎
𝜎
Correlation (1.54) can be used for the following ranges of parameters: 1.7 < PrL < 5, 4.7 < 𝐾s < 93,
0.02 < Ra < 1.17 μm, 5 < Δ𝑇sat < 25 ◦ C, 13 × 10−3 < 𝜎 < 59 × 10−3 N m−1 , 2.2 < 𝐾Ra < 14.
In ANSYS Fluent [93], the empirical correlation
𝑛n = 𝐶 𝑛 (𝑇s − 𝑇sat ) 𝑛 ,
is employed, where the empirical coefficients 𝑛 = 1.805 and 𝐶 = 210

1.3

(1.57)
m−2/𝑛

K −1 .

Correlations for Heat Transfer during Boiling of Pure Fluids

It is possible to relate the HTC during boiling either with the driving temperature difference Δ𝑇 or with
the heat flux 𝑞 using a simple empirical power function
𝛼 = 𝐶 Δ𝑇 𝑚

(1.58)

𝛼 = 𝐶′ 𝑞𝑛 .

(1.59)

or, alternatively,
From the general definition of HTC, see Equation (1.1), one can derive that 𝑛 = 𝑚/(1 + 𝑚) and
that 𝐶 ′ = 𝐶 1−𝑛 . In his handbook, Stephan [33] lists the following exponents:
• For evaporation during laminar flows, 𝑚 = 1/4 and 𝑛 = 1/5.
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• For evaporation during turbulent flows, 𝑚 = 1/3 and 𝑛 = 1/4.
• For nucleate boiling, 0.6 < 𝑛 < 0.8 (or 1.5 < 𝑚 < 4).
Although the aforementioned range of the exponent 𝑛 for boiling is generally reported [14], it is
only a very rough estimate which might not be applicable for some specific conditions. For example,
although 0.6 < 𝑛 < 0.7 is a typical range for the developed boiling of common fluids, exponents 𝑛 close to
zero were obtained during boiling of viscous polymer solutions. This suggests that 𝑛 is a function of either
the molar mass or the viscosity of the boiling liquid [87]. Also, the coefficient 𝐶 ′ in Equation (1.59) is
strongly dependent on the boiling liquid and the heating surface and is often considered to be a function
of other parameters characteristic for boiling (thermophysical properties, roughness, pressure, etc.) [94].
Some representatives of correlation (1.59) might be the correlation 𝛼 = 1.95 𝑝 0.24 𝑞 0.72 obtained during
boiling of water at pressures 50 kPa < 𝑝 < 2 MPa [33] or the correlations of Nishikawa et al. [95]
𝛼 = 7.14 · 10−2 𝑝 0.2 𝑞 0.8 for water boiling at 6 < 𝑝 < 196 kPa and 𝛼 = 1.28 · 10−2 𝑝 0.3 𝑞 0.8 for ethanol
boiling at 19 < 𝑝 < 98 kPa, which were both obtained during boiling on smoothed and cleaned copper
surfaces. In all three listed correlations, the coefficient 𝐶 ′ is assumed to be a function of pressure.
Although some dependence between multiple thermophysical properties or between various dimensionless
criteria is typically considered in pool boiling heat transfer correlations, these correlations might be
simplified to the basic form of Equation (1.58) or (1.59) [37]. In fact, one is able to create multiple
correlations for given experimental data using completely different sets of thermophysical properties
because of their mutual interdependence [52]. For example, it was observed that substances consisting
of molecules with a higher molar mass 𝑀m tend to have a lower thermal conductivity 𝜆 [96]. Therefore,
the thermal conductivity 𝜆 might be substituted by 𝑀m in pool boiling correlations. According to the
handbook of Lienhard and Lienhard [70], the fact that some authors are able to successfully correlate
the dependence of heat flux on the driving temperature difference for various materials of the heating
surface and for a variety of boiling liquids is just a lucky coincidence, because according to Yamagata,
𝑞 ∝ Δ𝑇 𝑎 𝑛n𝑏 , where 𝑛n is the density of active nucleation sites and empirical exponents are approximately
𝑎 ≈ 1.2 and 𝑏 ≈ 1/3. The luckiness is in the fact that for the most typical manufacturing processes, the
cavities are distributed on the heating surface in such a way that 𝑛n ∝ Δ𝑇 𝑐 , where 5 < 𝑐 < 6. This makes
the heat flux during boiling on these surfaces roughly proportional to 𝑞 ∝ Δ𝑇 3 (more exactly 𝑞 ∝ Δ𝑇 𝑑 ,
where 2.87 ≲ 𝑑 ≲ 3.20). The Yamagata correlation also implies that for accurate calculation of 𝑞 or 𝛼,
accurate determination of 𝑛n is required.
A plethora of heat transfer correlations can be found in the literature dealing with pool boiling. A relatively
detailed list can be found in my master’s thesis8 [97] written in 2017. Regarding the main topic of this work,
in this section, I discuss only several heat transfer correlations which were found to produce convenient
results when they are used for the calculation of HTC during saturated boiling of mixtures. The method
for employing these correlations in the calculation of HTC during boiling of mixtures is discussed in
Section 2 of this thesis.
Correlation of Stephan and Abdelsalam

The Stephan and Abdelsalam correlation [69] is perhaps the most often used correlation for calculation of
the HTC during saturated boiling of pure fluids and of the so-called ideal HTC during boiling of mixtures,
which is introduced in Section 2.1. It was developed using regression analysis of wide set of experimental
data obtained by numerous authors for different fluids (more than 5 000 data points in 72 works). The
general form of the correlation is
Ö
Nu = 𝐶
𝑋i𝑎i ,
(1.60)
i

8

The thesis is written in Czech language.
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where 𝑋i is a suitably chosen and more or less arbitrarily defined dimensionless complex powered by the
corresponding exponent 𝑎 i . Different dimensionless complexes are employed for different boiling fluids.
Some correlations formed for specific boiling liquids are as follows:
• For water boiling at reduced pressures 10−4 ≤ 𝑝 red ≤ 0.886 assuming the value of contact angle
𝜗c = 45◦
!
!

 0.673
 5.22
2 1.26 
2 −1.58 𝑐
𝑇
𝐷
Δℎ
𝐷
𝑞
𝐷
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𝑝L
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LG
b
b
b
7
Nu = 0.246 × 10
(1.61)
𝜆L 𝑇sat
𝜚L
𝑎 2L
𝑎 2L
with a mean absolute error of 11.3 %.
• For hydrocarbons boiling at reduced pressures 5.7 × 10−3 ≤ 𝑝 red ≤ 0.9 assuming 𝜗c = 35◦
"
! 0.246
   0.5 # 0.67 
 −4.33
ΔℎLG 𝐷 2b
𝑞 𝐷b
𝜚G
𝜚L − 𝜚G
Nu = 0.0546
𝜆L 𝑇sat 𝜚 L
𝜚L
𝑎 2L

(1.62)

with a mean absolute error of 12.2 %.
• For cryogenic fluids boiling at reduced pressures 4 × 10−3 ≤ 𝑝 red ≤ 0.97 assuming an extremely low
contact angle reported in the literature 𝜗c = 1◦
! 0.374
! −0.329

 0.624 

 
ΔℎLG 𝐷 2b
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(1.63)
𝜆L 𝑇sat
𝜚 L 𝑐 𝑝L 𝜆L
𝜚L
𝑎 2L
𝑎 2L
with a mean absolute error of 14.3 %.
• For refrigerants boiling at reduced pressures 3 × 10−3 ≤ 𝑝 red ≤ 0.78 assuming 𝜗c = 35◦

 0.745   0.581   0.533
𝑞 𝐷b
𝜚G
𝜈L
Nu = 207
𝜆L
𝜚L
𝑎L
with a mean absolute error of 10.6 %.
The universal correlation was also proposed
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(1.64)

(1.65)

for all the substances mentioned above boiling at reduced pressures 10−4 ≤ 𝑝 red ≤ 0.97. A mean absolute
error of 22.3 % was reported for correlation (1.65). According to the authors, correlations (1.61) to (1.64)
should be preferred over correlation (1.65) due to relatively higher error of the universal correlation [69].
In all the five listed correlations, the Nusselt number is related to the emerging bubbles and is defined as
𝛼 𝐷b
Nu =
,
(1.66)
𝜆L
where the bubble departure diameter 𝐷 b should be calculated with the Fritz correlation (1.26). Thome and
Shakir [98] recommend that one should still use the values of contact angles assumed by Stephan and
Abdelsalam even when the actual contact angle differs (they themselves measured the contact angle for
water on their copper surface of about 85◦ , but still used the value 𝜗c = 45◦ for the calculation of bubble
departure diameter 𝐷 b ).
Correlation of Gorenflo and Kenning

For boiling of various fluids, especially refrigerants and various hydrocarbons, the correlation of Gorenflo
and Kenning [99]

𝑚 
 0.6 
 2/15 

𝜆s 𝜚 s 𝑐 ps 1/4
𝛼
𝑞
𝑃L
Ra
=
𝐹p
.
(1.67)
𝛼ref
𝑞 ref
𝑃L,ref
Ra,ref
𝜆Cu 𝜚 Cu 𝑐 pCu
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might be applied for reduced pressures 𝑝 red < 0.9. The correlation is based on the theorem of corresponding
states9. The exponent 𝑚 and the factor 𝐹p depend only on the reduced pressure 𝑝 red :
and the factor 𝐹p = 1.73 𝑝 0.27
+ 6.1 𝑝 2red + 0.68 𝑝 2red /(1 − 𝑝 2red ).
• For water, the exponent 𝑚 = 0.9 − 0.3 𝑝 0.15
red
red
• For organic liquids, 𝑚 = 0.95 − 0.3 𝑝 0.3
and 𝐹p = 0.7 𝑝 0.2
+ 4 𝑝 red + 1.4 𝑝 red /(1 − 𝑝 red ).
red
red
The so-called property ratio 𝑃L = (d𝑝/d𝑇)sat /𝜎 is tabulated for various single-component fluids in [99].
The reference value of the property ratio 𝑃L,ref = 1 μm−1 K −1 . The last fraction in correlation (1.67) is the
ratio between the properties of the heating surface and properties of a reference copper heating surface.
To calculate 𝛼 from correlation (1.67), one has to know the reference heat transfer coefficient 𝛼ref . This
coefficient is either tabulated, estimated from a suitable correlation, or has to be measured during boiling
under the following reference conditions: 𝑝 red,ref = 0.1, 𝑞 ref = 20 kW m−2 , and Ra,ref = 0.4 μm.
Correlation of Nishikawa

The Nishikawa [100] correlation
𝛼=

31.4 𝑝 1/5
cr
𝑀m1/10 𝑇cr9/10



Ra
8
Ra,ref

 0.2 (1− 𝑝red )

𝑝 0.23
𝑞 4/5
red
(1 − 0.99 𝑝 red ) 0.9

(1.68)

is frequently used mostly, but not only, by Japanese researchers. It is based on the theorem of corresponding
states and was originally developed for boiling of R11, R21, R113, and R114 on horizontal copper surfaces
in the roughness range 0.022 ≤ Rp ≤ 4.31 μm at reduced pressures 0.03 ≤ 𝑝 red ≤ 0.98. The reference
roughness Ra,ref = 0.4 μm. The molar mass 𝑀m needs to be in (kg kmol−1 ), the roughness Ra in μm,
𝑝 cr in pascals, and 𝑇cr in kelvins.
Correlation of Cooper

The Cooper [96] correlation
0.12−0.2 log Rp

𝛼 = 55 𝑝 red

(− log 𝑝 red ) −0.55 𝑀m−0.5 𝑞 0.67

(1.69)

for various liquids is also based on the theorem of corresponding states. In his previous work, Cooper [101]
proposed and verified that boiling correlations might be simplified to the basic form
𝑚1 𝑚2
𝛼 = 𝐶 𝑞 𝑛 𝑝 red
𝑇red (1 − 𝑇red ) 𝑚3 ,

(1.70)

where the coefficient 𝐶 and exponents 𝑚 i and 𝑛 are fitting parameters. This simplification was found to
produce errors below ±5 % relative to various verified pool boiling correlations. Correlation (1.69) is
a modified version of (1.70) which includes the effect of roughness of the heating surface (the effect of
roughness is assumed to decrease with increasing pressure) and also the implicit effect of the thermal
conductivity of the boiling liquid, which is lower for liquids composed of larger molecules characterized by
a higher value of the molar mass 𝑀m . The unit of 𝑀m in correlation (1.69) is (kg kmol−1 ). The roughness
Rp ≈ 0.4 Ra . It is recommended to use the value Rp = 1 μm when the exact value of Rp (μm) is not known.
The correlation was formed for various media in the range of molar masses 2 ≤ 𝑀m ≤ 2 000 kg kmol−1
boiling at reduced pressures 0.001 ≤ 𝑝 red ≤ 0.9.
9

The theorem of corresponding states is based on an assumption that every thermophysical property 𝛾 related to a certain
reference value 𝛾ref is a function of the reduced pressure, i.e., 𝛾/𝛾ref = 𝑓 ( 𝑝 red ). Due to the fact that HTC is often assumed
to be a certain function of various thermophysical properties, there is no need to measure these properties at elevated
pressures, because it might be simply assumed that the ratio of actual HTC 𝛼 to the reference value of HTC 𝛼ref depends on
the reduced pressure, i.e., 𝛼/𝛼ref = 𝑓 ′ ( 𝑝 red ) [18]. The reference value 𝛼ref is, however, needed to apply the theorem of
corresponding states. Sometimes, the values of 𝛼ref obtained from experiments are tabulated [99]. Otherwise, 𝛼ref has to be
measured or calculated with a suitable correlation. The empirical function 𝑓 ′ depends on the boiling liquid and might often
include another boiling parameters (most typically the heat flux or the roughness of the heating surface) [18,33].
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Correlation of Mostinski

The Mostinski [102] correlation
0.7
𝛼 = 0.00417 𝑝 0.69
𝐹p
cr 𝑞

(1.71)

proposed in 1963 is also often used, despite the fact that it is the oldest correlation in this list. It is often
presented in the alternative form
2.333 3.333
𝛼 = 1.167 · 10−8 𝑝 2.3
𝐹p
.
cr Δ𝑇sat

(1.72)

In both correlations, the critical pressure 𝑝 cr is in kPa. The empirical equation for the pressure-correction
factor
1.2
10
𝐹p = 1.8 𝑝 0.17
(1.73)
red + 4 𝑝 red 10 𝑝 red
was also presented by Mostinski. Instead of Equation (1.73), Palen [103] recommends to use the two
following alternative functions for design purposes:
• For reduced pressures 𝑝 red ≤ 0.2,
𝐹p = 2.1

𝑝 0.27
red





+ 9+ 1−

𝑝 2red

 −1 

𝑝 2red .

(1.74)

• For reduced pressures 𝑝 red > 0.2,
𝐹p = 1.8 𝑝 red .

(1.75)

Correlation of Yagov

The Yagov [52] correlation is based on the approximative model of boiling. Based on the assumption that
the total transferred heat flux consists of the convective heat flux and of the heat flux transferred due to
strong evaporation near the three-phase contact region, correlation
!

√︁
𝜆2L Δ𝑇 3
ΔℎLG Δ𝑇 𝑀m 
−4
1
+
𝑞 = 3.43 × 10
1+
1
+
800
𝐶
+
400
𝐶
(1.76)
b
b
2
𝜈L 𝜎 𝑇sat
2 𝑅m 𝑇sat
was formed, where the boiling parameter
𝐶b =

ΔℎLG ( 𝜚 G 𝜈L ) 3/2
𝜎 (𝜆L 𝑇sat ) 1/2

(1.77)

is dimensionless and the saturation temperature 𝑇sat is in kelvins. Correlation (1.76) has to be solved
iteratively, because the HTC 𝛼 is contained in the temperature difference Δ𝑇 = 𝑞/𝛼.
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2.

Pool Boiling of Multicomponent Mixtures

Separation processes are probably the most obvious application of boiling of multicomponent mixtures.
Besides that, mixture boiling can also be employed in various industrial sectors, such as chemical,
petrochemical, pharmaceutical, air-separation, refrigeration, or air-conditioning applications [104]. This
specific type of boiling might also bring several advantages over boiling of single-component fluids:
• Desired thermophysical properties and improved behavior might be achieved by mixing fluids which are
about to be enhanced. For example, mixtures of water and ethylene glycol avoid the risk of freezing,
mixtures of highly flammable and nonflammable fluids can reduce flammability to an acceptable
level [105] and maintain the desired thermophysical properties, etc.
• The employment of mixtures might be more ecological compared with single-component fluids, as they
are able to significantly reduce the global-warming potential [106,107].
• Some mixtures might have a beneficial effect on the boiling process. They were particularly reported
to significantly increase the critical heat flux [108], to stabilize the boiling process, or to make the
heat removal from heating surfaces more uniform [109,110]. For some mixtures, enhancement of pool
boiling HTC was achieved [107,111,112].
• Thermodynamic cycles which involve boiling of mixtures might have higher efficiencies compared with
the cycles operating with single-component fluids. For instance, the Kalina cycle, which is based on
the circulation of ammonia–water mixture, is considered as a replacement of the classic water-based
Rankine cycle for power plants [113]. Improvements in the cooling capacity and cooling efficiency were
also reported [106].
• Flow boiling of suitable mixtures is able to reduce the thermodynamic irreversibility (lower the loss of
exergy) for apparatuses such as heat exchangers, heat pumps, and thermal engines which operate either
with cold- and heat sources of variable temperature [6,88,114] or with a high temperature difference
between the heat source and heat sink [115].
On the other hand, boiling of mixtures also brings several disadvantages compared with boiling of pure
fluids. The following are the most serious:
• The heat transfer coefficient is reduced compared with boiling of single-component fluids [116].
• For a more accurate estimation of the boiling performance (or some other quantities, such as cooling
performance), detailed knowledge is often required of the thermophysical properties of the mixture and
of its phase equilibriums. However, there is a higher uncertainty in the properties and general behavior of
mixtures which makes their performance and behavior much more unpredictable relative to pure fluids.
In this section, boiling of binary miscible mixtures of liquids is discussed. In other words, the mixtures
are assumed to form a homogeneous solution of two liquid components. Researchers usually investigate
the following four groups of miscible mixtures: 1) mixtures of organic liquids, 2) aqueous solutions,
3) refrigerants contaminated by oils, and 4) mixtures containing surfactants [107]. In the literature, most
of the experiments with boiling of mixtures were conducted on tubular heating surfaces at atmospheric
pressure [107].

2.1

Deterioration of Heat Transfer during Boiling of Mixtures

HTC is a strong function of the composition of the boiling liquid [117]. Although there are some exceptions
(noted in Section 2.4), the HTC during boiling of multicomponent mixtures is generally reduced compared
with boiling of pure liquids. More precisely, the HTC of the boiling mixture 𝛼 is lower than the so-called
ideal heat transfer coefficient 𝛼id , as illustrated in Figure 2.1. The decrease of HTC during mixture boiling

43

Figure 2.1: The decrease of the HTC 𝛼 relative to the value of the ideal HTC 𝛼id .
is a general trend which was confirmed for different types of mixtures (with negative, zero, and positive
deviations from Raoult’s law), various roughnesses, inclination angles, pressures and other experimental
conditions [118]. The following two methods might be used for the calculation of the ideal HTC:
1. Interpolation between the HTCs of pure components 𝛼i . It is common practice to number the components
with respect to their volatility (𝑖 = 1 for the most volatile, 𝑖 = 2 for the second most volatile, etc.).
Generally, two interpolation formulas are used. The vast majority of researchers assume that the ideal
HTC is equal to the harmonic mean
∑︁ 𝑥i
1
=
,
(2.1)
𝛼id
𝛼i
i
where the weight factor 𝑥 i is the molar fraction of component i and 𝛼i is the HTC during boiling of
the pure component 𝑖 under the same conditions as those of the boiling mixture, see 𝛼1 and 𝛼2 in
Figure 2.1. The formula is based on the linear interpolation of the ideal superheat and is derived in
Section 2.3 below. Besides that, some authors [119] use a simpler linear interpolation of HTC
∑︁
𝛼id =
𝑥 i 𝛼i ,
(2.2)
i

which is illustrated in Figure 2.1 for an unspecified binary mixture. Sporadically, some researchers [120]
use mass fractions 𝜔i as weight coefficients in Equations (2.1) and (2.2) instead of 𝑥i , but the majority
prefer the molar fractions 𝑥 i . The values of 𝛼id obtained with Equations (2.1) and (2.2) do not
differ much from each other, except for when there is a large difference between the HTCs of pure
components 𝛼i [107,119]. For each heat transfer correlation formulated for such mixtures, one should
always follow the way chosen by its authors for the calculation of 𝛼id .
2. Calculation of 𝛼id using pure-fluid correlations such as those given in Section 1.3. In this case,
the thermophysical properties of the boiling mixture are inserted into the selected correlation. The
calculated value 𝛼id then represents the HTC during boiling of a hypothetical single-component fluid
with the same thermophysical properties as those of the boiling mixture. The advantage of this method
is that it can be applied even when the HTCs of pure components are not available. The main drawback
is that knowledge of various thermophysical properties of the mixture is required which can be very
laborious to obtain, especially at elevated pressures [112,119,121] or for mixtures which contain some
highly volatile components [122,123]. Because of that, interpolated properties of the boiling mixture
are very often used. Although more or less complicated formulas for estimation of individual properties
can be found in the literature, linear interpolation
∑︁
𝛾¯ =
𝑥 i 𝛾i
(2.3)
i

is typically used, where 𝛾¯ is the interpolated value of a certain mixture property and 𝛾i is the property
of the pure component i. However, interpolation (2.3), should be used with caution, because some
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mixtures evince strong nonlinear variations of some of their properties with respect to their composition.
This is noticeable in Figure 2.2 which was adopted from the paper of Fujita and Tsutsui [124].
Quite often, only one or two properties of the boiling mixture exhibit nonlinear dependency on its
composition [125]. However, HTCs estimated with heat transfer correlations are strongly dependent
on input values of thermophysical properties [126]. Although significant errors might be produced,
linear interpolation (2.3) is still very often used even for the mixtures characterized by a strong
nonlinearity of their properties. Various corrections are employed afterward to reduce the error
caused by the linear interpolation of nonlinear properties. This approach is often questioned and
criticized [125,127]. Furthermore, the mixture correlations and models which include empirical
constants and various correction factors cannot be easily extended to include mixtures with higher
number of components [119].

Figure 2.2: The dependence of nine different thermophysical properties on the liquid composition:
(a) sufficiently linear variations for the mixtures of methanol–ethanol, (b) nonlinear and stronger variations
for the mixtures of ethanol–water. Adopted from Fujita and Tsutsui [124].

2.2

Mixture Effects

The term mixture effects is used for the various factors responsible for the deterioration of HTC observed
during boiling of mixtures [124,125,128]. All mixture effects might be viewed as manifestations of
the local or global shifts of the liquid composition, which is the most characteristic aspect of mixture
boiling [6,118]. The shifts are caused by the fact that during boiling, bubbles are enriched with the
more volatile component(s) due to the vapor–liquid equilibrium. The concentration of the less volatile
component(s), therefore, increases in the liquid layer close to the heating surface. Some researchers
consider the growing bubbles to be completely surrounded with the liquid depleted of the more volatile
component(s) [98,125]. Others suggest that the depletion occurs more locally, for instance only in the
microlayer [129,130]. Nevertheless, the local surplus of the less volatile component(s) in the liquid layer
has a crucial impact on the process of boiling. The following mixture effects are the most often considered
by researchers:
• The saturation temperature of the liquid layer depleted of the more volatile component(s) increases.
Because of this, the actual superheat of the liquid layer in the vicinity of the heating surface becomes
lower than the superheat Δ𝑇sat which is related to the saturation temperature of the liquid bulk, see
definition (1.3). The superheat Δ𝑇sat , which is often called the apparent superheat, is therefore greater
than the actual driving temperature difference during boiling of mixtures [119,127].
• The diffusive mass flux of the more volatile component(s) from the bulk is induced by the concentration
gradient between the liquid bulk and the liquid layer close to the heating surface. The boiling performance
thus becomes dependent on mass transfer which is, however, a much slower and less intense process
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compared with heat transfer. The impact of mass transfer on HTC might be viewed as an additive heat
transfer resistance [98,117].
• The local changes of various thermophysical properties which are caused by the different local
compositions of the boiling mixture. For some mixtures, these changes are rather linear. For others, they
can be highly nonlinear and difficult to predict [124].
• The mixture composition affects various boiling parameters, such as the energy needed for bubble
nucleation, the number of active nucleation sites, the bubble departure diameter, the nucleation period,
and others [125,131]. For example, bubble departure diameters are expected to be lower due to the mass
transfer resistance which limits the supply of more volatile component(s) to the interface of the growing
bubbles.
• The retardation of the fundamental mechanisms of heat transfer, such as microlayer evaporation or
microconvection, might occur [131]. For example, the effects of inertia and surface tension on nucleation
were reported to be diminished (more precisely, they are important only during the initial expansion of
bubble nuclei) as the bubble growth quickly becomes limited by mass transfer [82].
Currently, there are no methods which would enable one to predict the contribution of individual mixture
effects to the total decrease of heat transfer for individual cases of mixture boiling [132]. Nevertheless,
the first and the second item on the list above seem to be the most important, as they are the most often
discussed and considered in the literature. This is also the reason why various correlations for mixture
boiling typically involve quantities and properties mostly related to mass transfer regardless of their
difficult measurement and their strong variation with composition [6,107].

2.3 Heat Transfer Coefficients During Boiling of Multicomponent Mixtures
During pool boiling of mixtures, the heat transfer coefficient 𝛼, for a given heat flux 𝑞, can be defined with
Newton’s cooling law, see Equation (1.1). For saturated boiling of mixtures, the superheat
Δ𝑇sat = 𝑇s − 𝑇b

(2.4)

is calculated according to the Equation (1.3), where the saturation temperature 𝑇sat was substituted by
the bubble-point temperature 𝑇b of the liquid bulk. The bubble-point temperature is a function of the
composition of the liquid phase, as depicted in Figure 2.3. Therefore, the heat transfer coefficient might be
defined as
𝑞
𝑞
𝛼=
=
.
(2.5)
Δ𝑇sat 𝑇s − 𝑇b

Figure 2.3: A typical phase diagram of an unspecified binary mixture.
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Due to the fact that the HTC during saturated boiling of mixtures is lower than the ideal HTC, a higher
superheat is required for a given heat flux 𝑞 compared with the so-called ideal superheat which is, by
definition, calculated using linear interpolation
∑︁
Δ𝑇id =
𝑥 i Δ𝑇sat,i .
(2.6)
i

The ideal superheat Δ𝑇id might be viewed as the temperature difference, which would theoretically have
been reached during mixture boiling, if the mixture effects had not affected the boiling performance.
Alternatively, it might also be regarded as the driving temperature difference Δ𝑇id = 𝑇s − 𝑇b,s , where
𝑇b,s denotes the local elevated bubble-point temperature of the liquid layer in the vicinity of the heating
surface, which is affected by the mixture effects. The temperature 𝑇b,s is often implicitly included in HTC
correlations. For binary mixtures, it might be approximated as
𝑇b,s ≈ 𝑇s +

d𝑇b
(𝑥1s − 𝑥1 ) ,
d𝑥 1

(2.7)

where 𝑥 1,s represents the liquid composition in the liquid layer affected by the mixture effects and might
be calculated employing the film theory of diffusion [98,117]. The temperature difference Δ𝑇sat,i in
Equation (2.6) is the superheat reached during boiling of pure component 𝑖 at a given heat flux 𝑞. It can,
therefore, be calculated by rearranging Newton’s cooling law, see Equation (1.4),
𝑞
Δ𝑇sat,i =
,
(2.8)
𝛼i
where 𝛼i is either measured or calculated with a suitable correlation for boiling of the pure component 𝑖 at
the same heat flux 𝑞 as the boiling mixture [112] and, perhaps, at the same pressure 𝑝 (Gorenflo et al. [133],
however, suggests the same reduced pressure 𝑝 red to maintain the corresponding state of the pure fluid and
of the mixture).
The ideal HTC might then be defined with respect to the ideal superheat
𝑞
𝛼id =
.
Δ𝑇id

(2.9)

The combination of Equations (2.6), (2.8) and (2.9) gives
𝛼id = ∑︁
i

𝑞

∑︁ 𝑥 i
= ∑︁ 𝑞 =
𝛼i
𝑥i
i
𝛼
i
i
𝑞

𝑥 i Δ𝑇sat,i

! −1
(2.10)

which is the interpolation formula given by Equation (2.1). Due to the fact that 𝛼 < 𝛼id during boiling of
mixtures, the superheat Δ𝑇sat = 𝑇s − 𝑇b needs to be higher than the ideal superheat Δ𝑇id for a given heat
flux 𝑞, which comes naturally by comparing Equations (2.5) and (2.9). In other words, as the bubble-point
temperature 𝑇b locally rises due to the depletion of the more volatile component(s) in the liquid layer close
to the heating surface, the temperature of the heating surface 𝑇s has to increase to maintain the driving
temperature difference between the heating surface and the liquid layer for the given 𝑞. Therefore, the
equation
Δ𝑇sat = Δ𝑇id + Δ𝑇add = Δ𝑇id (1 + 𝐹)
(2.11)
might be formed, where Δ𝑇add > 0 is the additional superheat required to overcome the local rise of the
bubble-point temperature 𝑇b . The correction factor
𝐹=

Δ𝑇add
Δ𝑇id

(2.12)

represents the relative increase of superheat due to the mixture effects with respect to the ideal superheat Δ𝑇id .
According to Equation (2.11), the apparent superheat Δ𝑇sat is always greater than the ideal superheat Δ𝑇id .
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However, the ideal superheat Δ𝑇id is the actual driving temperature difference of heat transfer during
boiling of mixtures10.
Combining Equations (2.5), (2.9) and (2.11), the relation
𝛼id
𝛼=
(2.13)
1+𝐹
might be obtained. Equation (2.13) is important, because the correction factor 𝐹 is typically correlated in
the heat transfer correlations developed for boiling of mixtures (some of these correlations are discussed
in Section 2.5).
The alternative equation
𝛼 = 𝐹𝛼 𝛼id

(2.14)

can also be found, although less often, in the literature, where the coefficient 𝐹𝛼 < 1 represents the relative
decrease of HTC. The value of 𝐹𝛼 typically lies between 0.8 and 1.0, although values lower than 0.4 are
also quite common (especially for mixtures with a high difference in the boiling temperatures of pure
components). From the last two equations, it follows that
𝐹𝛼 =

1
.
1+𝐹

(2.15)

For a fixed composition of the boiling mixture, HTCs are generally
less dependent on the pressure and heat flux with respect to boiling
of pure fluids. Simultaneously, for a higher heat flux, HTC was
reported to be a stronger function of composition for binary
as well as ternary mixtures [124,134–136]. See, for example,
Figure 2.4 adopted from Inoue et al. [134] which was obtained
during boiling of the mixture of R22 and R11 at the elevated
pressure of 0.7 MPa. Although for this specific mixture, the lowest
HTCs were obtained for 𝜔1 ≈ 0.3, the composition, for which the
lowest HTCs are achieved, is unique to each individual boiling
mixture.
The correction factor 𝐹 as well as the additional superheat Δ𝑇add
are usually assumed to be linear functions of the equilibrium
molar fraction difference |𝑦 i − 𝑥 i | [109,117,137] and of the boiling
range [98,108,124]
Δ𝑇db = 𝑇d − 𝑇b ,

(2.16)

Figure 2.4: HTCs measured for
R22–R11 mixtures at four various heat fluxes. Adopted from Inoue et al. [134].

which is the temperature difference between the dew-point and the bubble-point temperature, as illustrated
in Figure 2.3. Parameter |𝑦 i − 𝑥 i |11 is the difference between the molar fraction of the vapor 𝑦 i which is in
equilibrium with the liquid in the bulk, which has molar fraction 𝑥 i , see 𝑦 1 which corresponds to 𝑥 1 in
Figure 2.3. The equilibrium molar fraction difference |𝑦 i − 𝑥 i | typically represents the effect of the mass
transfer resistance for the more volatile component(s) to reach the layers of liquid close to the heating
surface [124]. HTC was reported to decrease more strongly with increasing |𝑦 i − 𝑥 i |. This trend is further
10

11

It is, in fact, needed to use Δ𝑇id instead of Δ𝑇sat to obtain reliable results when using the various universal correlations
valid for pure liquids as well as mixtures. For example, it is possible to use the correlation of Plesset and Zwick, see
Equation (1.46), for mixtures, but Δ𝑇id has to be employed instead of Δ𝑇sat to calculate the modified Jakob number Ja′ , see
definition (1.13).
The absolute value allows to express the difference either for the more volatile component 𝑖 of the investigated mixture
for which 𝑦 i − 𝑥 i > 0, or for the less volatile component 𝑗 for which 𝑦 j − 𝑥j = (1 − 𝑦 i ) − (1 − 𝑥i ) = 𝑥i − 𝑦 i < 0. This
might become useful, as, for instance, azeotropic mixtures have a positive difference on one side of the azeotrope, but
a negative difference on the other side. Based on his experiments, Afgan [109] explicitly states that HTC does depend on
the equilibrium molar fraction difference regardless of whether it is positive or negative.
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accented under higher pressures [112]. The dependence of HTC on both Δ𝑇db and |𝑦 i − 𝑥 i | might vary for
different boiling mixtures [138]. Because of that, additional parameters are often needed to capture the
observed trends [73]. For example, Nahra and Næss [127] observed a better correspondence of HTC to
the trend of Δ𝑇db relative to the trend of |𝑦 1 − 𝑥 1 | for the mixtures of methanol and 1-pentanol. However,
for specific mixtures (for instance, ammonia–water mixtures), completely different and unpredictable
HTC trends were reported with respect to both Δ𝑇db and |𝑦 1 − 𝑥 1 | which is typically caused by higher
values of either Δ𝑇db or |𝑦 1 − 𝑥 1 | [115]. In contrast, the boiling behavior of the mixtures characterized
by lower values of Δ𝑇db and |𝑦 1 − 𝑥 1 | might be comparable to boiling of single-component liquids [139].
Some representatives of such mixtures might be methylethylketone–benzene, benzene–cyclohexane
or methylethylketone–cyclohexane for which Δ𝑇db is lower than 1 ◦ C.

2.4

Specific Cases of Mixture Boiling

In this section, four specific topics related to boiling of mixtures are briefly outlined which are important
to better understand the topic of mixture boiling.

Boiling of Binary Mixtures

In the literature, binary mixtures are the main target of research.
For the mixtures with three or more components, heat transfer
data are inconsistent, limited, and insufficient for generalized
conclusions [132]. There is no verified theory which could be
used to estimate relative contributions of individual components
to the total drop of HTC for the mixtures consisting of more
than two components [124]. Also, it is a very difficult task
to measure the vapor–liquid equilibriums for these mixtures.
This is also the reason why most heat transfer correlations are
presented only for binary mixtures [124,127]. Applicability of
correlations developed for binary mixtures to the mixtures with
more components is uncertain and generally not advised. The
conclusions of the works, which studied whether the decrease of
HTC is smaller or larger for ternary mixtures relative to binary
mixtures, are ambiguous.

Boiling of Azeotropic Mixtures

For an azeotropic mixture precisely at the azeotropic composition,
there should be no observable drop of HTC and the measured
Figure 2.5: HTC deterioration for
HTC should be equal to the ideal HTC [140]. This is due to the
the binary azeotropic mixture of
fact that for the azeotrope, the vapor and liquid phases are of the
R23 and R13. Adopted from Jungsame composition and the mixture effects are, therefore, absent.
nickel et al. [116].
HTC at the azeotropic composition can thus be calculated with
pure-fluid correlations, see Section 1.3. Furthermore, for the binary azeotropic mixtures which are not at
their azeotropic composition, it is necessary to evaluate all concentrations (typically the molar fractions
𝑥 i and 𝑦 i ) with respect to the azeotrope and not to the both pure components. The decrease of HTC occurs on
both sides of the azeotrope, as demonstrated in Figure 2.5 adopted from the work of Jungnickel et al. [116]
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for boiling of azeotropic mixtures of R23 and R13 at three different pressures12. Heat transfer is influenced
by the mixture effects on both sides of the azeotrope [116].

Enhancement of Heat Transfer for Specific Mixtures

Occasionally, enhancement of HTC with respect to the ideal HTC 𝛼id is observed during boiling of specific
mixtures [105,141]. The improvement is often explained as a consequence of favorable variation of the
different thermophysical properties of the mixture, which promotes boiling. The most often discussed
properties responsible for the increase of HTC are: the saturation vapor pressure [109,141], the surface
tension [130], the contact angle [142] or the wettability [143]. Some typical representatives of mixtures
which, only for certain compositions, were reported to exhibit HTC enhancement are: water with small
additions of oil or alcohols [107,111,144], oil in refrigerants [107], the mixtures of water and ethylene
glycol [145], the mixtures of water and glycerin [130,143], amine–water solutions [130], liquids with
additions of surfactants [144], or the mixtures of various coolants [105].

Subcooled Pool Boiling of Mixtures

In Section 1, it was discussed that although the boiling HTC
might increase with the subcooling, a drop of the total HTC is
expected during subcooled boiling. In the literature, subcooled
boiling has been investigated mostly for pure single-component
fluids. Regarding mixtures, there are couple of studies [147–149]
which focused on the enhancement of CHF during subcooled
boiling of the mixtures of refrigerants. Other studies [150,151]
aimed to reach the so-called microbubble emission boiling13.
However, the effect of subcooling on HTC during boiling of
binary mixtures has not yet been systematically studied, and
the number of works is very limited. Hu et al. [152] observed
Figure 2.6: HTCs measured for varthat a higher subcooling is capable of enhancing the total HTC
ious compositions and subcoolings
and CHF for the self-rewetting14 mixtures of heptanol and water.
of ethanol–water mixtures. Adopted
On the other hand, Hui and Thome [146] measured a decrease
from Hui and Thome [146].
of the total HTC at higher subcoolings for ethanol–water and
ethanol–benzene mixtures, see Figure 2.6. However, the drop of the total HTC caused by the increased
subcooling was lower compared with pure fluids. Furthermore, the measured HTCs were reported to be
rather insensitive to the nucleation site density during subcooled boiling.
12

13

14

Leaving aside azeotropic mixtures, Figure 2.5 on the previous page also shows an interesting trend that lower HTCs and
a weaker dependency of HTC on the composition were measured for mixtures of R23 and R13 when pressure was decreased.
Although a similar trend was also obtained for different mixtures, for instance the mixtures of methylethylketone–toluene [117],
an opposite trend was also observed. For example, Arima et al. [114] measured higher HTCs and slightly stronger
dependencies of HTC on the composition during boiling of ammonia–water mixtures at 0.7 MPa relative to the HTCs
obtained at 1.5 MPa.
Microbubble emission boiling is the regime of subcooled boiling characterized by the emission of relatively small bubbles.
The regime is typically reached at a high subcooling of about 50 K. For some specific single-component liquids and
mixtures, this regime was reported to increase the boiling performance [150,151].
During boiling of self-rewetting fluids, the so-called inverse Marangoni flow of the liquid is induced during boiling. Because
of the inverse Marangoni flow, the liquid is spontaneously flowing from the cold regions of the liquid bulk towards the hot
spots on the heating surface due to the gradient of surface tension. The gradient is caused by local changes of concentration
(solutal Marangoni flow) and temperature (thermal Marangoni flow). For self-rewetting fluids, the thermal Marangoni flow
acts in the same direction as the solutal Marangoni flow [153,154].
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2.5

Correlations for Heat Transfer during Boiling of Mixtures

Afgan [109] lists three basic approaches which are typically employed for estimation of HTC during
boiling of mixtures:
1. The solution of the Rayleigh–Plesset equation15 which is then used to calculate the bubble growth rate
and the movement of the vapor–liquid interface in a liquid binary mixture. This solution was presented
by Scriven [82] for spherical bubbles growing in a binary mixture, see Equation (1.43), and latter picked
up by van Stralen [86] who derived a modified version of Equation (1.46) valid for binary mixtures
  1/2
12
𝑅(𝑡) =
Ja′ Sn (𝑎 L 𝑡) 1/2 ,
(2.17)
π
where the Scriven number
"

 1/2 

 # −1
𝑐 𝑝L
(d𝑅/d𝑡) mixture
𝑎L
d𝑇b
Sn =
= 1 − (𝑦 1 − 𝑥 1 )
(d𝑅/d𝑡) pure-fluid
𝐷 12
ΔℎLG d𝑥 1

(2.18)

is the ratio between the bubble growth rate in the mixture and in a hypothetical pure fluid with the
same thermophysical properties [88,121,155]. For single-component fluids and azeotropes, Sn = 1.
Otherwise, Sn < 1, because the last fraction in definition (2.18) is negative [121,139]. Besides 𝑅(𝑡)
and (d𝑅/d𝑡), the Scriven number Sn was found to influence other boiling parameters as well. This
is due to the fact that the Scriven number might be viewed as a correction for the loss of available
superheat due to the mixture effects which have crucial impact not only on the course of 𝑅(𝑡), but also
on other boiling parameters (the influence of the mixture effects on HTC was already discussed in
Section 2.3). For instance, according to the correlation of Calus and Leonidopoulos [120], 𝐹𝛼 = Sn,
where the coefficient 𝐹𝛼 was defined in Equations (2.14) and (2.15). Later, Thome [156] analytically
derived that 𝐹𝛼 = Sn7/5 . A different example might be the simple dependency
𝐷b
= Sn4/5
𝐷 b,id

(2.19)

often used for the calculation of the bubble departure diameter 𝐷 b during boiling of mixtures, where
𝐷 b,id is the bubble departure diameter of a hypothetical single-component liquid with the same
thermophysical properties as those of the boiling mixture [88]. Typically, minimum bubble departure
diameters (and Scriven numbers) during boiling of mixtures are expected for the compositions which
closely correspond to the highest equilibrium molar fraction difference |𝑦 1 − 𝑥 1 | [88]. Similarly to
pure fluids, bubble departure diameters during mixture boiling were also reported to decrease with
pressure [73].
2. Relate the drop of HTC to the boiling range Δ𝑇db [98,121,124]. For instance, Thome [121] assumes
that the additional superheat equals to the boiling range (Δ𝑇add = Δ𝑇db ). Based on Equation (2.12), the
correction factor 𝐹 thus equals to
Δ𝑇db
𝐹=
.
(2.20)
Δ𝑇id
The assumption is based on the idea that for 𝑞 → 𝑞 cr , all the liquid that approaches the heating
surface evaporates. The vapor composition 𝑦 1 should, therefore, be equal to the composition of the
liquid in the bulk 𝑥 1 . Or, in other words, the increase of the temperature of the liquid layer affected
15

The Rayleigh–Plesset equation describes the movement of the bubble interface in a liquid continuum. It is a second-order
differential equation written in spherical coordinates, which can be obtained from the 𝑟-component of the Navier–Stokes
equations using the substitution for the radial velocity 𝑢 r = (𝑅/𝑟) 2 𝑢 R , where 𝑢 R is the radial velocity of the vapor–liquid
¤ which is
interface of a bubble which has an instantaneous radius 𝑅, and using the substitution 𝑝 b = 𝑝 L + 2 𝜎/𝑅 + 4 𝜇L 𝑅/𝑅
based on the fact that the pressure inside a bubble is given by the local pressure of the surrounding liquid, by the Laplace
pressure, and by normal viscous stresses which all act against the bubble growth [67].
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by the mixture effects is limited by the dew-point temperature [138]. The liquid layer near the heating
surface has concentration 𝑥 1 (𝑇d ), as depicted in Figure 2.7. One can then estimate that the maximum

Figure 2.7: The maximum superheat Δ𝑇max = Δ𝑇id + Δ𝑇db reached for a binary mixture at 𝑞 → 𝑞 cr .
superheat Δ𝑇max = Δ𝑇id + Δ𝑇db . Although this assumption might seem valid only for heat fluxes close
to 𝑞 cr (or, at best, for intermediate and relatively high heat fluxes), correlation (2.20) was found to
be still quite accurate for heat fluxes far below 𝑞 cr . Thome guesses that its accuracy for lower heat
fluxes might be due to microlayer evaporation being the dominant heat transfer mechanism [121]. In
fact, it is even possible to use correlation (2.20) to predict the upper limit of possible deterioration of
heat transfer for any heat flux. The result should then be interpreted as a conservative (and possibly
underpredicted) estimation of HTC. To obtain more accurate results, the additional superheat Δ𝑇add
can be related to the boiling range Δ𝑇db using a simple relation [118,157]
Δ𝑇add = 𝐶 Δ𝑇db .

(2.21)

The coefficient 𝐶 is then a function of the heat flux 𝑞 and should satisfy two limiting conditions: 𝐶 → 0
for 𝑞 → 𝑞 ONB , where 𝑞 ONB is the heat flux at ONB required for initiation of boiling, and 𝐶 → 1
for 𝑞 → 𝑞 cr (which is the limiting case assumed by Thome). Combining Equations (2.12) and (2.21),
the correction factor 𝐹 can be calculated using
𝐹 =𝐶

Δ𝑇db
.
Δ𝑇id

(2.22)

3. Relate the change of HTC to the change of the critical cavity radius 𝑅cr , see Equation (1.35). According
to this approach, minimum heat transfer coefficient obtained for a given heat flux at a certain composition
can be predicted considering the variation of (𝜕 𝑝/𝜕𝑇) sat which causes a certain change of the critical
cavity radius 𝑅cr , see Section 1.2.
Similarly to pure fluids, there is a plethora of mostly empirical or semi-empirical heat transfer correlations
which were developed for boiling of mixtures. Only the most important, often-used, and influential
correlations for boiling of binary mixtures are presented in this section. The correction factor 𝐹, see
Equations (2.11) and (2.13), is by far the most often correlated quantity in the literature dealing with
boiling of mixtures.
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Correlation of Stephan and Preusser

According to the correlation of Stephan and Preusser [137], the correction factor 𝐹 linearly depends on
the equilibrium molar fraction difference |𝑦 i − 𝑥 i |. For a mixture which consists of 𝑁 components
𝐹=

𝑁
−1
∑︁

𝐶iN (𝑦 i − 𝑥i ) ,

(2.23)

i=1

where the component 𝑁 is the one with the lowest volatility (or with the highest boiling point). Each
coefficient 𝐶iN has to be found empirically. For binary mixtures, the correlation is simply
𝐹 = 𝐶12 |𝑦 1 − 𝑥 1 |

(2.24)

which was proposed already in 1969 by Stephan and Körner [158]. Stephan and Preusser [137] correlated
the coefficient 𝐶12 in correlation (2.24) as a function of pressure


′
𝐶12 = 𝐶12
0.88 + 0.21 × 10−5 𝑝
(2.25)
′ is the value of 𝐶 at 100 kPa. The value of the
in the range 0.1 MPa ≤ 𝑝 ≤ 1 MPa. The coefficient 𝐶12
12
′ has to be selected for each individual mixture and lies in the range 0.42 ≤ 𝐶 ′ ≤ 3.56.
coefficient 𝐶12
12
′ = 1.53 which
When the exact value is not known, an average value has to be used. Hewitt [15] gives 𝐶12
′ = 1.4.
is the average value for approximately 150 different mixtures. According to Stephan [33], 𝐶12
′ = 1.53, but only if the condition |𝑦 − 𝑥 | < 0.635 is satisfied.
Ünal [159] agrees with 𝐶12
1
1

In correlation (2.24), the coefficient 𝐶12 is not a function of 𝑞, as was suggested by later studies [116,121].
Correlations (2.23) and (2.24) were not verified in the range of molar fractions 𝑥 1 < 0.021 [159].
Later, Happel and Stephan [160] proposed that
𝐹 = 𝐶12 |𝑦 1 − 𝑥 1 | 𝑛 ,

(2.26)

where the coefficient 𝐶12 and the exponent 𝑛 have to be found experimentally for a given mixture, heat
flux, and pressure.
Correlation of Schlünder

In 1982, Schlünder [117,161] presented his semi-theoretical correlation for multicomponent mixtures
(N−1
)



𝛼id ∑︁
−𝐶0 𝑞
𝐹=
𝑇sat,N − 𝑇sat,i (𝑦 i − 𝑥 i ) 1 − exp
(2.27)
𝑞 i=1
𝜚 L ΔℎLG 𝛽L
which can be simplified for binary mixtures




𝛼id
−𝐶0 𝑞
𝐹=
𝑇sat,2 − 𝑇sat,1 (𝑦 1 − 𝑥 1 ) 1 − exp
.
𝑞
𝜚 L ΔℎLG 𝛽L

(2.28)

The correlation had a strong influence on other researchers. It is based on the film model of diffusion and
on mixing laws. Schlünder neglected the mass transfer resistance in the vapor phase and assumed that
the equilibrium molar fraction difference |𝑦 i − 𝑥 i | at the vapor–liquid interface is the same as in the bulk.
This assumption was reported to be “very inexact”, especially when the molar fraction 𝑥 i is located near
the ends of the bubble-point curve [98,125]. The so-called scaling factor 𝐶0 is the ratio of the area of the
heating surface to the surface of the vapor–liquid interfaces of all emerging bubbles, which is multiplied
by the proportion of the heat flux used to form the bubbles [117]. If it is assumed that all of the heat is
transferred to the vapor bubbles, then 𝐶0 ≈ 1, which is the value recommended by Schlünder. The mass
transfer coefficient for the liquid phase 𝛽L ≈ 2 × 10−4 m s−1 was also recommended by Schlünder [117].
This value was measured for the mixtures of SF6 and R12, but is also typical for falling-film vaporization
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of organic mixtures and for physical and chemical absorption either in aerated agitated vessels, in bubble
columns or in jet reactors [117]. Gorenflo [162] suggests to use 𝐶0 /𝛽l = 1 × 104 s m−1 . To apply the
Schlünder correlation, the ideal HTC should be calculated with the pure-fluid correlation of Stephan and
Abdelsalam, see Equation (1.60).
Thome and Shakir [98] slightly modified correlation (2.28). They employed Equation (2.7) in their
calculations and used the approximation
d𝑇b
Δ𝑇db
≈
,
(2.29)
d𝑥 1 𝑥 1s − 𝑦 1s
where 𝑦 1s is the vapor molar fraction which corresponds to the molar fraction 𝑥 1s of the liquid layer
affected by the mixture effects. This approximation should be more accurate compared with the one used
by Schlünder who assumed that d𝑇b /d𝑥 1 ≈ 𝑇sat,2 − 𝑇sat,1 . Using approximation (2.29), Thome and Shakir
formed the correlation



𝛼id
−𝐶0 𝑞
(2.30)
𝐹=
Δ𝑇db 1 − exp
𝑞
𝜚 L ΔℎLG 𝛽L
and recommended to choose 𝐶0 = 1 and to find an optimal mass transfer coefficient in the range
1 × 10−4 ≤ 𝛽L ≤ 5 × 10−4 m s−1 . Correlation (2.30) was compared with the boiling data measured for
ethanol–water, methanol–water, 1-propanol–water and acetone–water mixtures.
Correlation of Fujita and Tsutsui

Fujita and Tsutsui [6,132] presented their correlation
h
 𝑞 i
𝛼id
𝐹=
Δ𝑇db 1 − 0.8 exp − 5
(2.31)
𝑞
10
for aqueous, nonaqueous, zeotropic and azeotropic mixtures with a linear- or a nonlinear variation of their
thermophysical properties and higher as well as lower values of their boiling range Δ𝑇db and equilibrium
molar fraction difference |𝑦 i − 𝑥 i |. The correlation is based on Equation (2.21) and should respect the
fact that the bubble-point temperature 𝑇b,s of the liquid layer near the surface, see Equation (2.7), varies
with the heat flux. Correlation (2.31) was transformed into a dimensionless form and extended for ternary
mixtures
! 1/4  








 −60 𝑞
𝜚 2G
𝛼id
 .

𝐹=
Δ𝑇db 1 − exp 
(2.32)


𝑞



 𝜚 G ΔℎLG 𝜎 𝑔 ( 𝜚 L − 𝜚 G )



The ideal HTC should be calculated either with the correlation of Stephan and Abdelsalam (1.60) or with
the correlation of Nishikawa (1.68).
Correlation of Inoue and Monde

Inoue et al. [108] presented the correlation for the coefficient 𝐶 from Equations (2.21) and (2.22)


𝐶 = 1 − 0.75 exp −0.75 × 10−5 𝑞 ,
(2.33)
which was obtained from their experiments with mixtures of various Freons characterized by a wide
boiling range Δ𝑇db from 75.0 to 102.8 ◦ C. Freon mixtures were boiled at pressures from 250 to 700 kPa
and at a wide range of heat fluxes up to 𝑞 cr . The correlation was further tested on mixtures of alcohols and
fluorocarbons. Based on their experiments with mixtures of ammonia and water, Inoue and Monde [138]
correlated their data with the linear combination of correlation (2.22) and the Schlünder correlation (2.28)
to respect the effect of both Δ𝑇db and |𝑦 i − 𝑥 i | on the measured deterioration of HTC. They published the
correlation





𝛼id
−𝐶0 𝑞
𝐹=
𝑎 𝐶 Δ𝑇db + 𝑏 𝑇sat,2 − 𝑇sat,1 (𝑦 1 − 𝑥 1 ) 1 − exp
,
(2.34)
𝑞
𝜚 L ΔℎLG 𝛽L
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where the empirical adjustable coefficients 𝑎 = 0.15 and 𝑏 = 0.25 were proposed by Inoue and
Monde [138]. These coefficients might be changed for different mixtures. The coefficient 𝐶 is calculated
with correlation (2.33). The coefficients of the Schlünder correlation 𝐶0 = 1 and 𝛽L = 2 × 10−4 m s−1
were recommended when using correlation (2.34).
Model of Kandlikar

Kandlikar [125] developed a theoretical boiling model for binary mixtures which is based on the analysis
of the bubble growth and diffusion of components in the liquid bulk. The model considers the actual
composition 𝑥 1,s and the corresponding saturation temperature 𝑇sat,s at the vapor–liquid interface of
growing bubbles. The model should be applicable even for highly nonideal binary mixtures with nonlinear
dependencies of their thermophysical properties on composition. The main drawback of the model is
that it requires the values of thermophysical properties of the boiling mixture and both pure components,
knowledge of vapor–liquid equilibrium, and values of single-component HTCs. Also, the model is quite
complex and requires to iteratively solve the system of equations discussed below.
Based on the universal correlation of Stephan and Abdelsalam (1.65), the equation for calculation of the
so-called pseudo-single-component HTC

 −0.674 
 0.371   0.297  
  0.284
𝑇sat
ΔℎLG
𝜚G
𝜎 −0.317 𝜆L
𝛼psc = 𝛼¯ mix
(2.35)
𝜚¯ G
𝜎
¯
𝑇¯sat
𝜆¯ L
Δ ℎ¯ LG
is proposed [125]. In Equation (2.35), the thermophysical properties with bars are the interpolated
properties of the boiling mixture calculated with Equation (2.3). The properties in the numerators of the
individual fractions of Equation (2.35) are the actual properties of the boiling mixture. The average heat
transfer coefficient of the mixture 𝛼¯ mix is calculated with the equation
"

 −1 #
𝑥1 𝑥2
𝛼¯ mix = 0.5 (𝑥 1 𝛼1 + 𝑥 2 𝛼2 ) +
+
,
(2.36)
𝛼1 𝛼2
where the HTCs of both pure components 𝛼1 and 𝛼2 should be obtained at the same pressure, or at the
same reduced pressure, or at the same system temperature as of the mixture [125]. The actual HTC during
mixture boiling is assumed to be
𝛼 = 𝐹D 𝛼psc ,
(2.37)
where 𝐹D is the suppression factor due to diffusion. According to the value of the so-called volatility
parameter

 1/2
𝑐 pL
𝑎L
d𝑇b
(𝑦 1 − 𝑥 1 ) ,
VP =
(2.38)
ΔℎLG 𝐷 12
d𝑥 1
the suppression factor 𝐹D is calculated using the following equations:
• For VP > 0.005,

"
# −1

 1/2
𝑐 pL
𝑇sat,s − 𝑇sat
𝑎L
2.13
1+
.
𝐹D =
π
ΔℎLG 𝐷 12
𝛾

(2.39)

𝐹D = 1 − 64.0 VP .

(2.40)

• For 0 < VP ≤ 0.005,
The liquid molar fraction at the vapor–liquid interface, which is required to calculate the corresponding
saturation temperature 𝑇sat,s , is obtained using the relation

 1/2

2.13 ′ 𝑎 L
𝜚G
𝑥 1,s = 𝑥 1 −
JaD
𝑦 1,s − 𝑥 1 .
(2.41)
π
𝐷 12
𝜚L
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′
The modified Jakob number JaD
in Equation (2.41) accounts for the effect of the mass transfer due to
diffusion
"
(
#)

 1/2
𝑇
−
𝑇
Δℎ
𝑎
𝜚
sat,s
sat
LG
L
G
′
+
JaD
= (𝑇s − 𝑇sat )
.
(2.42)
𝜚 L 𝑐 pL
𝐷 12
𝛾

In Equations (2.39) and (2.42), the parameter
𝛾=

𝑥 1 − 𝑥 1,s
.
𝑦 1,s − 𝑥 1,s

(2.43)

The system of equations listed above has to be solved iteratively. The following algorithm might be applied:
1) calculate 𝛼psc , 2) make an initial estimate of 𝑥 1,s < 𝑥1 (for example, 𝑥 1,s = 𝑥 1 − 0.05) and an initial
estimate of the HTC 𝛼 (it might be roughly estimated with a pure-fluid correlation), 3) calculate 𝑇sat,s
and 𝑦 1,s corresponding to 𝑥 1,s according to the vapor–liquid equilibrium, 4) calculate the temperature of
′
the heating surface 𝑇s = 𝑇sat + 𝑞/𝛼, 5) calculate 𝛾, JaD
and a new value of 𝑥 1,s , 6) calculate VP and 𝐹D ,
7) calculate a new value of the HTC 𝛼, 8) repeat the algorithm from step 3) until the difference between
the latest and the previously calculated 𝛼 becomes negligible.
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3.

Boiling of Water–Glycerin Mixtures

3.1

Production and Utilization of Glycerin

Glycerin (glycerine, glycerol, 1,2,3-propanetriol)16 is environmentally friendly stable trivalent alcohol
which is a colorless, odorless, sweet-tasting, nontoxic, hygroscopic and viscous liquid with a high boiling
point [163,164]. Nowadays, there is a surplus of excessive glycerin on the global market which is
mainly caused by the production of biodiesel. Approximately 90 % of the total produced glycerin stems
from the biodiesel production [165]. Biodiesel (typically fatty acid methyl ester) is usually produced
by the transesterification of triglycerides (either from vegetable oils, animal fats, or microalgae) [166].
Triglycerides are made of unsaturated fats connected to a glycerin base, as illustrated in Figure 3.1.
Transesterification is a chemical reaction which follows a basic reaction scheme
base

tryglyceride (fat or oil) + alcohol −−−−−−−→ glycerin + ester ,
catalyst

where methanol is the most-often used alcohol for its reactivity, high conversion rates, relatively easy
production, and nonpolar molecules [167].

Figure 3.1: The structural formulas of: (a) glycerin C3 H5 (OH)3 , (b) an unspecified triglyceride with the
highlighted glycerin base. R1 , R2 and R3 stand for alkyl groups, which might be identical or different from
each other.
Glycerin is the main byproduct of transesterification. Approximately 1 kg of low-cost crude glycerin of
rather low quality (purity of about 50 %) is produced per each 10 kg of biodiesel [166,168,169]. The
worldwide production of glycerin, estimated from the total biodiesel production reported and predicted by
OECD [170], is shown in Figure 3.2. High-grade glycerin is commonly used in the food, pharmaceutical,
and cosmetics industries. In the future, other ways of glycerin utilization are expected to be developed,
which will decrease the production cost of biodiesel [166]. Currently, there is growing interest and ongoing
research towards suitable utilization of glycerin. The following options seem to be the most promising:
• Utilization as an ecological and bio-based solvent whose characteristics are comparable to water or
simple aliphatic alcohols [163,171,172].
• Utilization as an entrainer for vacuum distillation or as an absorbent [168,173,174].
• Employment as an additive for its antifreezing, moisture-retaining, and thickening capabilities [163].
• Nitration to produce nitroglycerin which might be used for manufacturing of explosives or drugs [163].
• Catalytic conversion or pyrolysis to other valuable chemicals such as syngas [175,176].
• Fermentation (microbial conversion) to valuable products such as 1,3-propanediol [177].
To find reasonable and well-suited applications, the thermophysical, chemical and transport properties
of glycerin and its mixtures have to be thoroughly studied and described together with their behavior in
various apparatuses at different operating conditions.
16

Although all of these names are most often used interchangeably, glycerol is sometimes reserved for the chemical compound
1,2,3-propanetriol and glycerin(e) for the purified commercial products which contains more than 95 % of glycerol [163]. In
this work, I do not distinguish between glycerin(e) and glycerol and use only the term glycerin.
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Figure 3.2: The annual production of glycerin estimated from the worldwide biodiesel production [170].

Boiling of mixtures of glycerin usually takes place inside of distillation columns. Flash distillation at
subatmospheric pressures in the order of 10 kPa is usually employed to lower the boiling temperature and
prevent thermal decomposition and degradation of glycerin [168,175,178]. Distillation is often performed
in the following processes:
• Regeneration of the entrainer during extractive distillation. Glycerin might be employed as an entrainer
for the extractive distillation of mixtures of ethanol and water. Extractive distillation is the most widely
used method for the production of anhydrous ethanol [179]. Glycerin is one of the most effective
substances which are able to suppress the azeotropic behavior of ethanol–water mixtures [168,174].
A mass fraction of about 10 % of glycerin is needed for complete suppression [171]. It has been also
reported that the presence of glycerin increases the relative volatility of ethanol to water and raises the
purity of the produced ethanol [171,173]. Glycerin is more effective and also cheaper than commonly
used entrainers, such as ionic liquids or ethylene glycol (which is also toxic and harmful) [168,173].
Similar entraining capabilities of glycerin were also reported for 1-propanol–water and 2-propanol–water
mixtures [180,181].
• Separation of ethanol from mixtures of water and glycerin. The mixtures of water and glycerin are used
to absorb the ethanol vapor carried by CO2 . Glycerin mixtures have been reported to improve the rate of
absorption compared with pure water (at least for lower concentrations of glycerin in the mixture). Since
these mixtures have a higher boiling point than water, they enable more efficient regeneration of the
solvent [174].
• Purification processes. Pure glycerin is usually manufactured by purification of low-grade glycerin. It
can be also synthesized from propene [165,182]. Distillation is often used either to increase the glycerin
concentration or as a step which follows after various purifying processes (neutralization, crystallization,
filtration, centrifugation, and others) [175]. To produce glycerin of a high purity, distillation has to be
done under medium vacuum from about 0.5 to 1.5 kPa and unwanted chemical reactions have to be
suppressed [165,175]. Vacuum distillation is capable of producing pharmaceutical-grade glycerin with
purity greater than 99.9 % [169]. Distillation might also be used as a single step of purification for the
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manufacturing of technical-grade glycerin. Purification processes are quite expensive and demanding.
Therefore, it should be a priority to utilize crude and low-grade glycerin whenever possible [172].

3.2

Properties and Phase Diagram of Water–Glycerin Mixtures

Despite that glycerin is a common and thoroughly described substance, the thermophysical properties and
phase equilibriums of water–glycerin mixtures are rarely addressed. The thermophysical properties of
water–glycerin mixtures adopted from scarce literature sources are given in Table 3.1 for different water
mass fractions of the liquid phase 𝜔w , which correspond to the water molar fractions 𝑥 w .
Table 3.1: The thermophysical properties of water–glycerin mixtures at different concentrations adopted
from the literature.
d𝑇b /d𝑥w

𝜔w

𝑥w

𝑀m

𝑇b

𝑇d

𝜚L

𝜇L

𝜎

𝜆L

𝑐 pL

ΔℎLG

𝐷 12

(−)

(−)

(kg kmol −1 )

(◦ C)

(◦ C)

(◦ C)

(kg m −3 )

(mPa s)

(mN m −1 )

(W m −1 K −1 )

(J kg −1 K −1 )

(kJ kg −1 )

(m2 s −1 )

1.00
0.98
0.95
0.90
0.85
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

1.00
1.00
0.99
0.98
0.97
0.95
0.92
0.88
0.84
0.77
0.69
0.56
0.36
0.00

18.02
18.31
18.77
19.59
20.49
21.47
23.75
26.56
30.14
34.82
41.23
50.53
65.26
92.09

100.0
100.2
100.4
100.7
101.0
101.4
102.4
103.7
105.4
108.0
112.0
119.3
136.4
290.2

100.0
150.8
166.5
180.5
189.9
197.4
209.5
219.8
229.4
238.8
248.2
259.1
271.6
290.2

−28.3
−28.5
−28.9
−29.5
−30.1
−30.9
−32.7
−35.1
−38.4
−43.3
−51.3
−67.0
−112.9
−3 573

958
963
970
982
993
1 004
1 027
1 052
1 077
1 104
1 120
1 140
1 155
1 170

0.28
0.29
0.31
0.34
0.37
0.40
0.50
0.62
0.80
1.05
1.50
2.08
2.77
2.34

58.91
57.84
58.06
58.43
58.80
59.11
59.55
59.93
60.03
60.12
60.30
60.48
60.50
60.51

0.678
0.681
0.687
0.664
0.636
0.613
0.558
0.508
0.457
0.410
0.368
0.335
0.301
0.285

4 217
4 183
4 131
4 046
3 969
3 891
3 640
3 389
3 222
2 992
2 782
2 552
2 423
2 322

2 257
2 262
2 270
2 283
2 294
2 304
2 304
2 304
2 304
2 304
2 313
2 322
2 322
806

−
2.44 × 10−9
2.42 × 10−9
2.40 × 10−9
2.36 × 10−9
2.33 × 10−9
2.25 × 10−9
2.15 × 10−9
2.03 × 10−9
1.86 × 10−9
1.64 × 10−9
1.31 × 10−9
0.80 × 10−9
−

Notes: The water molar fraction 𝑥w corresponds to the mass fraction 𝜔w . The bubble-point temperate 𝑇b , the dew-point
temperature 𝑇d , and the gradient d𝑇b /d𝑥w were evaluated from the non-random two-liquid model presented in Mokbel et al. [183].
The density of the liquid phase 𝜚L was published in the report of Glycerine Producers’ Association [184] for 100 ◦ C. The
properties of pure water (the first line in the table) were also evaluated with X Steam. The dynamic viscosity 𝜇L at the saturation
temperature was read from the chart presented in [184]. The surface tension 𝜎 is given in [184] for 90 ◦ C. The thermal
conductivity of liquid 𝜆L was extrapolated using the linear functions 𝜆L = 𝐶1 + 𝐶2 𝑇 given in [184] for the temperature range
from 10 to 80 ◦ C. The specific isobaric heat capacity of the liquid 𝑐 pL (the corresponding temperature is not mentioned) and the
latent heat ΔℎLG were taken from Watkins [185]. The diffusion coefficient 𝐷 12 was extrapolated based on linear fitting of the
experimental data from Rausch et al. [186]. The properties are listed for the standard atmospheric pressure. Interpolation was
applied when necessary.

Glycerin is fully miscible with water [165,184]. The mixtures of water and glycerin exhibit Newtonian
behavior [187] and are characterized by a great difference between the viscosities of both components
(at 20 ◦ C, glycerin and water have dynamic viscosities of 1 410 mPa s and 1 mPa s, respectively) [83,163].
Water–glycerin mixtures evince a weak dependence of surface tension on their composition [188] with a
small negative deviation from values interpolated between both pure components [83]. This is beneficial
for boiling research, since the effects of surface tension often coincide with other mixture effects [60,118]
and might strongly affect boiling mechanisms [108] and parameters, see, for example, the influence of 𝜎
on the bubble departure diameter 𝐷 b in Equations (1.26) and (1.27).
Two recent works of Mokbel et al. [183] from 2012 and Soujanya et al. [189] from 2010 contain
experimental datasets and models of vapor–liquid equilibriums which include water glycerin mixtures.
Both models consider the real behavior of the liquid phase caused by its activity.
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• Mokbel et al. [183] investigated the vapor–liquid equilibrium and saturated vapor pressure of water–glycerin mixtures at pressures from 32 to 163 kPa. They fitted the saturated vapor pressure with the
Antoine equation
𝐵
ln 𝑝 = 𝐴 −
(3.1)
𝑇 +𝐶
and employed the non-random two-liquid (NRTL) model for calculation of the phase equilibriums.
They published the following empirical parameters of the NRTL model for water–glycerin mixtures:
0 = 113 883, 𝐶 0 = −1 053.78, 𝛼 0 = 0.3, 𝐶 𝑇 = −46, 𝐶 𝑇 = −1.3. Usually, only the first three
𝐶12
12
21
21
12
𝑇 and 𝐶 𝑇
parameters are required for three-parametric NRTL models. The two additional parameters 𝐶12
21
are used to include the effect of temperature on the two so-called interaction parameters of the model.
For NRTL models, it is commonly assumed that the so-called non-randomness parameters are equal
0 = 𝛼 0 ). The Parameters of NRTL models should be independent of the
for both components (𝛼12
21
composition and temperature [190].
• Soujanya et al. [189] performed ebulliometry to measure the boiling temperature of water–glycerin
mixtures and also to find the parameters of Wilson model for a given and maintained concentration
of the mixture which was boiled at various fixed pressures in the range from 15.19 to 95.3 kPa. For
instance, for pressure of 95.3 kPa (which is the closest to the standard atmospheric pressure), they
present the parameters of the Wilson model: 𝛬12 = 1.2875, 𝛬21 = 1.9025. The published values of 𝛬12
and 𝛬21 vary with pressure without any evident trend. Both parameters might also weakly depend on
temperature, which is usually neglected [190]. The authors also report the coefficients of the Antoine
equation (3.1), which are listed in Table 3.2. Mokbel et al. [183] consider ebulliometry to be inappropriate
for mixtures which evince a high difference between boiling temperatures of their pure components
(such as water–glycerin mixtures).
Table 3.2: The coefficients of the Antoine equation (3.1) used by Soujanya et al. [189].
Substance
water
glycerin

𝐴

𝐵

𝐶

(Pa)

(Pa ◦ C −1 )

( ◦ C)

23.1939
22.1295

3816.44
4487.04

227.02
132.95

Figure 3.3 shows the diagram of the vapor–liquid equilibrium near atmospheric pressure obtained with the
NRTL model of Mokbel et al. [183] and the Wilson model of Soujanya et al. [189]. In the diagram, the
experimental data points of Carr et al. [191] and Watkins [185], which were measured at atmospheric
pressure, are shown for comparison. Both models were evaluated using the coefficients of the Antoine
equation given in Table 3.2. Although both models predict almost the same composition of the vapor
phase for 𝜔w > 0.2, they differ for the liquid phase. For the water mass fractions of the liquid phase
𝜔w > 0.3, the model of Mokbel et al. predicts slightly higher bubble-point temperatures 𝑇b (on average
by 1.6 ◦ C). For mass fractions 𝜔w < 0.2, higher 𝑇b was obtained with the model of Soujanya et al. (on
average by 10.8 ◦ C).
Based on Figure 3.3, the following conclusions can be put forward:
• For wide range of liquid water mass fraction 𝜔w , the vapor phase is composed almost solely of water.
For 𝜔w > 0.10, the corresponding vapor mass- and molar fractions are higher than 0.999 and the vapor
phase might be considered to be composed only of water.
• The bubble-point temperature 𝑇b only slightly increases with decreasing 𝜔w for mixtures with a higher
water content. However, for mixtures with 𝜔w < 0.2, there is a very strong increase of 𝑇b when the water
concentration is decreased.
• There is a high temperature difference of about 190 ◦ C between the saturation temperatures of pure
glycerin 𝑇sat,2 and pure water 𝑇sat,1 at atmospheric pressure.

60

Figure 3.3: The phase diagram of water–glycerin mixtures near atmospheric pressure calculated with the
models of Mokbel et al. [183] and Soujanya et al. [189], which are compared with the experimental results
published by Carr et al. [191] and Watkins [185].

• The mixtures of water and glycerin have a wide boiling range Δ𝑇db , see definition (2.16). The values
of boiling range evaluated for various water mass fractions are shown in Figure 3.4. The maximum
value Δ𝑇db = 140.7 ◦ C corresponds to 𝜔w = 0.18.

Figure 3.4: The dependency of the boiling range Δ𝑇db and of the equilibrium molar fraction difference
|𝑦 1 − 𝑥 1 | on the water mass fraction 𝜔w of water–glycerin mixtures.
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• The equilibrium molar fraction difference |𝑦 i − 𝑥i | increases with the decrease of 𝜔w for the range of 𝜔w
from 1.00 down to approximately 0.05. In this range, the hyperbolic function
|𝑦 i − 𝑥 i | =

0.309
− 0.248
𝜔w + 0.249

(3.2)

represents the course quite well, see Figure 3.4. All 95 % confidence intervals remain below 1 % for
the values of the three empirical coefficients of Equation (3.2). The maximum value |𝑦 i − 𝑥 i | = 0.86
corresponds to 𝜔w = 0.02.

3.3

Boiling Behavior of Water–Glycerin Mixtures

Water–glycerin mixtures are generally stable. Boiling of these mixtures at standard atmospheric pressures
should not lead to the thermal decomposition of glycerin when the water mass fraction 𝜔w is higher
than 0.06. However, for lower 𝜔w , glycerin is prone to thermal decomposition. Tolubinsky et al. [188]
were somehow able to perform HTC measurements during boiling of the mixture with 𝜔w of 0.04, but
the decomposition made it impossible to measure the HTCs for pure glycerin. This also means that the
interpolation between HTCs of pure components, discussed in Section 2.1 and illustrated in Figure 2.1,
as well as the interpolation of thermophysical properties, see Equation (2.3), are both not applicable
for mixtures of water and glycerin, because the thermal decomposition complicates the experimental
measurements of the HTCs and thermophysical properties for pure glycerin at the saturation temperature.
Due to that, a pure-fluid correlation based on known thermophysical properties has to be used to calculate
the ideal HTCs of water–glycerin mixtures.
Boiling of stable water–glycerin mixtures is significantly affected by the following three main factors
which were already pointed out in Section 3.2:
1. Both pure components have a high difference between their saturation temperatures of about 190 ◦ C
at atmospheric pressure. Also, water–glycerin mixtures exhibit a very high boiling range Δ𝑇db in the
order of 100 ◦ C, as was shown in Figure 3.4.
2. The vapor phase is composed almost solely of water for water mass fractions 𝜔w > 0.10.
3. Even a significant change of the composition does not lead to a significant change of the bubble-point
temperature 𝑇b for mixtures with a higher 𝜔w .
Although these three factors do not hold true for water–glycerin mixtures with a higher glycerin content,
they are securely valid in the range 𝜔w > 0.3 and significantly influence the boiling performance,
parameters, and general boiling behavior. For example, bubble departure diameters were reported to be
approximately constant for 𝜔w > 0.3 mixtures which was ascribed to the factors listed above [188].
Table 3.3 gives the overview of pool boiling experiments with water–glycerin mixtures which were reported
in the literature. Although the widest investigated ranges of heat flux and concentration were covered in
the work of Sternling and Tichacek [192], the authors did not perform experiments for mixtures with
water mass fractions 𝜔w higher than 0.75. The works listed in Table 3.3 report a general reduction of HTC
with the increasing concentration of glycerin in the boiling mixture. The following mixture effects were
considered by the authors of the works given in Table 3.3:
• Changes in thermodynamic properties due to the addition of glycerin [128,194].
• The decrease of the effective temperature difference [143].
• The mass transfer resistance due to preferential evaporation of the more volatile component [126,128].
A minor enhancement of HTC was reported for very low concentrations of glycerin in the boiling
mixture, which was attributed to changes in the surface tension and wettability due to the addition
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Table 3.3: The experimental measurements of HTC during pool boiling of water–glycerin mixtures
reported in the literature.
Authors

Surface

Material

Pressure

Sternling and Tichacek (1961) [192]
Sarafraz et al. (2012) [126,193]
Alavi Fazel et al. (2013) [143]
Kuo (2014) [194]2
McNeil et al. (2017) [128]

tube
tube
tube
tube
bundle

stainless steel
stainless steel
stainless steel
Inconel 600
brass

atmospheric
atmospheric1
atmospheric
atmospheric
20 kPa3

𝜔w

𝑞

(−)

(kW m −2 )

0.00 to 0.75
0.95 to 0.99
0.65 to 1.00
0.03 to 0.20
0.384

25 to 495
5 to 92
up to 92
up to 1 350
10 to 65

1

The boiling pressure is not explicitly stated. The authors report just the degassing pressure from 10 to 15 kPa.
Although Kuo [194] focuses on the film boiling of water–glycerin mixtures to decompose glycerin into syngas, he also
published results from four runs performed in the nucleate regime of boiling.
3 The reported pressure of 5 kPa above the liquid level and the investigated tube bundle submerged approximately 1.6 m deep
in water together give a local pressure of about 20 kPa.
4 The concentration of the boiling mixture was estimated from viscosity measurements.
2

of glycerin [130,143,195]. The possible enhancement of HTC during boiling of specific mixtures
was discussed in Section 2.4. For water–glycerin mixtures, Alavi Fazel et al. [143] report that HTCs
obtained during pool boiling on a stainless steel rod were enhanced by approximately 15 or 20 % for
concentrations 𝜔w > 96 % at heat fluxes lower than 84 kW m−2 . Yang et al. [195] also observed an
improvement during flow boiling inside microchannels. They achieved maximum enhancement of 16 %
at concentrations 𝜔w of about 94 % at heat fluxes below 35 kW m−2 . Alavi Fazel et al. [143] suggested
that at low concentrations of the less volatile component in a binary mixture which has a wide boiling
range, mass transfer resistance does not play a significant role and the actual HTC corresponds to the
ideal HTC for low and medium heat fluxes. They measured HTCs comparable to ideal HTCs during their
experiments with water–glycerin mixtures boiling at atmospheric pressure, when water mass fraction 𝜔w
was higher than 0.65 and heat fluxes lower than 70 kW m−2 . They also propose that for water–glycerin
mixtures, only water gets vaporized and glycerin moves away from the heating surface into the liquid bulk
due to the dynamic effects induced by the formation of bubbles [143].
McNeil et al. [128] performed experiments with subcooled boiling of water–glycerin mixtures on tube
bundles at a local pressure of about 20 kPa. They observed a lower heat flux of about 10 to 25 kW m−2
required for ONB with respect to heat fluxes from 25 to 40 kW m−2 which were needed for the ONB of
pure water. The superheat required for the ONB was 4 K for water–glycerin mixtures and 5 K for water.
Kuo [194] observed a rise of the critical heat flux with increasing concentration of glycerin in highly
concentrated mixtures. He reports the critical heat flux of 0.96 and 1.35 MW m−2 for 𝜔w = 0.20 and 0.03,
respectively.
Alavi Fazel et al. [143] successfully employed the Stephan and Abdelsalam pure-fluid correlation together
with the Schlünder mixture correlation to correlate their pool boiling data with a mean relative error
of 11 % for water–glycerin mixtures with concentrations 𝜔w from 1.00 to 0.65 which were boiled at
heat fluxes up to 95 kW m−2 . Sarafraz and Peyghambarzadeh [126] discuss the impact of thermophysical
properties on the HTCs calculated for water–glycerin, water – monoethylene glycol and water – diethylene
glycol mixtures. They state that the authors of heat transfer correlations often do not specify which
properties or methods for their estimation should be used together with their correlations. Sarafraz and
Peyghambarzadeh calculated HTCs with the combination of the Stephan and Abdelsalam [69] correlation
and the Schlünder [161] correlation. For mixtures of water and glycerin, they used properties evaluated
with the Peng–Robinson equation of state and obtained an average deviation of about 9 % between their
experimentally measured HTCs and the correlated values. However, for the same data set and the same
combination of correlations, they obtained a much higher average deviation of about 36 % when the
Redlich–Kwong equation of state was employed to obtain the properties of the mixture.
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4.

Research Gaps in the Literature

Based on the literature survey presented in the previous sections, the following research gaps and issues
related to the experimental investigation of nucleate pool boiling of water–glycerin mixtures at atmospheric
pressure were identified:
• The review of the literature showed that heat transfer experiments have not yet been performed to
investigate boiling of water–glycerin mixtures on planar surfaces.
Issue 1: Is the heat transfer performance of water–glycerin mixtures, reported in the literature
mostly for stainless steel tubes, comparable with other surface materials or geometries?
• Heat transfer data for pool boiling of water–glycerin mixtures on heating surfaces made of different
materials are missing in the literature. Copper surfaces were not investigated even though copper is the
most often studied material of the heating surface in the pool boiling literature.
Issue 2: Do experiments performed on different surfaces reveal some trends specific to the
investigated mixtures rather than trends commonly described in the literature, which are valid
only for a certain liquid–surface combination?
• HTC trends during boiling of water–glycerin mixtures with lower and medium amount of glycerin have
not been reported for medium and high heat fluxes. Table 3.3 shows that mixtures with water mass
fraction 0.75 ≤ 𝜔w ≤ 1.00 were investigated only at relatively low heat fluxes below 92 kW m−2 .
Issue 3: Does HTC during boiling of mixtures with lower glycerin content follow the same
trends as those measured for mixtures with higher glycerin concentration? Is boiling of these
mixtures significantly affected by the mixture effects?
• The enhancement of HTC, reported in the literature during boiling of water–glycerin mixtures on
stainless steel tubes and in microchannels at relatively low heat flux levels, has not been verified for
planar surfaces or different materials of the heating surface.
Issue 4: Are water–glycerin mixtures able to provide higher HTCs, relative to pure water,
during boiling on planar heating surfaces made of different materials?
• Values of important boiling parameters related to bubble nucleation and governing boiling mechanisms
are unknown for water–glycerin mixtures and have not yet been addressed by researchers. Analyses of
boiling parameters, based on contactless measurement methods, have not been performed for mixtures
of water and glycerin.
Issue 5: Do the heat flux and concentration of glycerin in the boiling mixture impact the most
important parameters and mechanisms related to heat transfer and bubble nucleation?
• Researchers have not yet investigated subcooled boiling of water–glycerin mixtures. Heat transfer
performance during subcooled boiling of mixtures is mostly unexplored.
Issue 6: Is the impact of subcooling on the HTC during subcooled boiling of water–glycerin
mixtures more important than the effect of mixture composition?
• The commonly employed pure-fluid correlations and mixture correlations discussed in Sections 1.3
and 2.5, respectively, are often difficult to apply and require knowledge of various thermophysical
properties and the vapor–liquid equilibriums. Suitable correlations are needed to quickly estimate HTCs,
which might then be used for modeling of boiling heat transfer.
Issue 7: Is it possible to find some correlations in the literature or propose suitable empirical
correlations which would enable fast and straightforward calculation of the measured HTCs?
• The stability and repeatability of the measured HTCs have not been reported or investigated in the
literature for water–glycerin mixtures, and is rarely addressed in studies related to boiling.
Issue 8: Are heating surfaces made of different materials prone to degradation or interaction
with water–glycerin mixtures? Are the HTCs measured for all investigated materials
comparable and stable?
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5.

Aims of This Thesis

With respect to Section 4, the following goals related to pool boiling of water–glycerin mixtures were set
to be explored in the next part of this thesis:
• Measure the HTCs during pool boiling of water–glycerin mixtures on flat heating surfaces.
• Investigate the boiling performance of water–glycerin mixtures on heating surfaces made of different
materials, i.e., copper, nickel-plated, and titanium surfaces. Compare the HTCs measured for these
surfaces.
• Evaluate whether some of the trends observed during boiling of water–glycerin mixtures on heating
surfaces made of different materials might be considered universal for the investigated mixtures and not
constrained to a specific liquid–surface combination.
• Study boiling of water–glycerin mixtures with higher water mass fraction 𝜔w at medium and higher
heat fluxes 𝑞, i.e., in the range of water mass fraction 0.60 ≤ 𝜔w ≤ 1.00 at heat flux 𝑞 > 100 kW m−2 .
• Assess the possible enhancement of heat transfer during boiling of water–glycerin mixtures with lower
glycerin concentration.
• Decide whether the impact of the mixture effects on HTC is substantial for the investigated water–glycerin
mixtures.
• Using contactless infrared thermometry, evaluate the bubble departure diameters, nucleation frequencies,
and bubble growth rates during boiling of water–glycerin mixtures.
• Based on the trends of measured nucleation parameters, identify the governing heat transfer mechanisms
during boiling of water–glycerin mixtures.
• Measure the HTCs during subcooled boiling of water–glycerin mixtures, observe the effect of subcooling
on HTC, and suggest a method for HTC calculation during subcooled boiling of the investigated
mixtures.
• Develop suitable correlations which would enable quick estimation of the measured HTCs for convenient
modeling of heat transfer.
• Examine the stability of the heat transfer performance over time for the investigated heating surfaces.
Observe whether the tested heating surfaces are prone to degradation or whether they interact with
water–glycerin mixtures.

5.1

Structure of Part II

In the following Part II of this thesis, the results of the experimental measurements of the nucleate pool
boiling HTCs of water–glycerin mixtures are presented. Part II is subdivided into the following sections:
• Section 6 presents the details and results of the experiments performed on a smooth copper heating
surface for the water–glycerin mixtures with water mass fractions from 1.00 (pure water) down to 0.40.
Measurements were conducted at heat fluxes from about 25 to 270 kW m−2 .
• Section 7 discusses the saturated and subcooled pool boiling experiments which were performed on five
smooth nickel-plated samples for the water–glycerin mixtures with water mass fractions from 1.00 down
to 0.60. For saturated boiling, the heat flux was altered from 50 to 650 kW m−2 . Subcooled boiling was
studied at three discrete heat flux levels of about 250, 450, and 650 kW m−2 and subcoolings from 30
down to 0 K.
• Section 8 deals with the measurements performed with a smooth thin titanium foil which was monitored
with infrared camera. The captured footage was analyzed to obtain the HTC trends and values of
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nucleation parameters during boiling of the water–glycerin mixtures with water mass fractions from 1.00
down to 0.60. For mixtures with a higher water mass fractions (𝜔w ≥ 0.85), heat fluxes from about 25
up to 200 kW m−2 were investigated. For mixtures with a higher amount of glycerin, the maximum
investigated heat flux was limited to 150 kW m−2 .
• Section 9 points out general trends which were found to be valid for all the investigated heating surfaces.
Since boiling experiments were performed for three different surface materials, the boiling behavior
observed for all tested surfaces is considered universal for the investigated water–glycerin mixtures.
• Section 10 briefly recapitulates the parameters, outputs, and important findings of the performed
experiments.
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PART II

Pool Boiling Experiments
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6.

Experiments with Thick Copper Sample

6.1

Motivation, Novelty, and Parameters of Experiments

The heating surfaces made of copper are the most often studied in the literature dealing with pool boiling
due to the high thermal conductivity of copper, which results in small temperature gradients inside of the
tested samples. This enables reaching of high heat fluxes at relatively small temperatures inside a sample.
However, boiling of water–glycerin mixtures on copper surfaces has not yet been investigated in the
literature. Experiments were thus performed which aimed to:
• Design and build an apparatus and develop a methodology which would enable the measurement of
pool boiling HTCs for pure liquids and binary mixtures.
• Perform pool boiling experiments on copper samples for wide ranges of the heat flux and concentration.
• Find or develop suitable correlations which could be used to quickly calculate the measured HTCs.
• Assess whether mixtures with a lower amount of glycerin are able to enhance pool boiling HTC.
• Observe whether the HTCs measured at low heat fluxes correspond to the ideal HTCs.
Experimental measurements were performed for saturated nucleate pool boiling of the binary mixtures of
water and glycerin at atmospheric pressure on a smooth copper surface. The mixtures were studied with the
water mass fractions of the liquid phase from 100 % (pure water) down to 40 % which corresponds to molar
fractions from 1.00 down to 0.77. In this range, the bubble-point temperature does not shift significantly
and the vapor phase is composed almost solely of water. Heat fluxes from 25 up to 270 kW m−2 were
investigated. CHF was not reached during the experiments, since the transition to film boiling might
lead to the thermal decomposition of glycerin and affect the surface structure, boiling performance, and
repeatability of measurements, as was reported in the literature [196–198] and observed in one of our
studies [199].
The novelty of the presented experimental results might be briefly outlined by the following points:
• There are no experimental data for the boiling performance of water–glycerin mixtures on copper
surfaces.
• There are no data for mixtures with a high concentration of glycerin at higher heat fluxes. Although
Sternling and Tichacek [192] investigated a wide range of heat fluxes, see Table 3.3, their data do not
contain the mixtures with low content of glycerin. Conversely, Alavi Fazel et al. [143] experimented
with the mixtures of high 𝜔w , but only in a relatively narrow heat flux range.
• The boiling performance and stability of surfaces when they are in contact with water–glycerin mixtures
have not been addressed in the literature.
The obtained results presented and discussed in this section were previously published in our article [200].

6.2

Experimental Apparatus

The experimental apparatus was designed at the Department of Process Engineering, CTU in Prague, to
measure HTCs for various single-component liquids and mixtures. The apparatus is shown in Figure 6.1.
It consists of a cylinder made of borosilicate glass (Boro 3.3 according to ISO 3385 standard) with an
inner diameter of 200 mm and a height of 500 mm. The cylinder stays on a flat PTFE gasket placed on
the stainless steel17 bottom with a square 50 × 50 mm cut. A cubic copper block is inserted through the
17

The material of all stainless steel parts is 1.4301 according to ČSN EN 10 0027-2 (which corresponds to AISI 304 or
to 17 240 according to ČSN 42 0002).
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Figure 6.1: The experimental apparatus designed at CTU in Prague: (a) The assembled apparatus. Yellow
color marks the heating surface, six thermocouple holes, and the orientation of the heating cartridges
inside the copper block. Adopted from Vajc et al. [200]. (b) Cross-section view and the dimensions of the
copper block.
cut with its top face slightly above the bottom, see Figure 6.1. The square top face of the block with the
roughness Ra of about 0.4 μm and dimensions of 48 × 48 mm serves as the heating surface on which
boiling takes place. The block is glued together with the bottom using the combination of thermoresistant
silicone Ceresit CS 28 and epoxy resin EPO-TEK 302-3M-R. The block is surrounded with the thermal
insulation made of cellular glass Foamglas Perinsul S which has a nominal thermal conductivity of
about 0.05 W m−1 K −1 and an operational temperature up to 430 ◦ C.
Five heating cartridges with a nominal power of 5 × 300 W, a diameter of 10 mm, and a length of 60 mm
are placed in five vertical holes which were drilled into the bottom face of the copper block. The diameters
of the holes were carefully adjusted to reduce the thermal resistance of the air gaps between the heaters
and the block as much as possible. The power to the heating cartridges is supplied and regulated via
TWINTEX PPW-1560 laboratory power supply. From the top of the glass cylinder, a coil-shaped auxiliary
heater with a nominal power of 3 kW is installed to maintain the saturation temperature of the boiling
liquid. It is made of an Inconel-800 tube which has an outer diameter of 8.5 mm. The heater is powered
with a variable autotransformer. A stainless steel tube with an outer diameter of 142 mm, a wall thickness
of 1 mm and a height of 200 mm is standing on the bottom inside the glass cylinder to separate the liquid
pool above the heating surface from the auxiliary heater. A glass funnel is placed on the tube which helps
to maintain the saturation temperature of the liquid above the heating surface.
The temperature field inside the copper block was measured with thermocouples (TCs). Six horizontal
holes with a diameter of 1 mm and a length of 24 mm were drilled into the copper block. Inside these holes,
six ungrounded K-type (chromel–alumel) sheathed TCs Omega GKMQSS-M100U-150 are embedded.
These TCs were glued into the block with alumina-based Aremco Ceramabond 670 glue. The three rows
of TCs inside the block enable one to take the local distribution of HTC above the heating surface into
account. The temperature of the boiling liquid was measured with two ungrounded K-type TC probes
Omega TJ2-CASS-IM15U-600 which were submerged in the liquid above the heating surface through the
top of the glass funnel. Eight cold-junction TC probes Omega TRP-K-36 were connected to the measuring
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TCs and inserted into two calibration reference chambers Omega TRCIII-A. All TCs were connected to the
PC via JanasCard AD24USB data-acquisition (DAQ) module.
The apparatus is opened to the surroundings. Ambient pressure was monitored with pressure sensor
Comet T7510. During boiling of the investigated mixtures, water was continuously pumped into the
apparatus with dosing pump ProMinent BT4a to maintain a constant composition and a constant level of
boiling mixture during measurements (for all the tested water–glycerin mixtures, the vapor phase was
composed almost only of water, see Figure 3.3).

6.3

Measurement Procedure and Calculation of HTC

Surface Cleaning and Measurement Protocol

Before the first experimental run, the copper heating surface was cleaned with acetone and left for five
days. The surface was then passivized by boiling in water for ten hours. The heating surface was neither
cleaned nor treated between consecutive experimental runs to prevent any possible interaction of the
cleaned surface with the boiling liquid. The time period of about half an hour, which was required to reach
the first steady state of boiling for each run, was found to be sufficient for degassing of the boiling liquid,
as no discrepancies were observed between the data points obtained at the beginning of each run and the
remaining data points. Before each experimental run, water and glycerin were carefully weighted and
mixed together at room temperature. A volume of approximately 5 liters of the mixture was prepared and
poured into the apparatus. The cartridge and auxiliary heaters were then turned on and the liquid was
heated until it started to boil. Throughout the whole run, the dosing pump was on and the power supplied
to the auxiliary heater was kept constant.
Steady-State Method of Measurement

Each of the data points, presented in Section 6.5 below, was obtained in the steady state of boiling. The
criterion for judging whether boiling reached the steady state was the maximum temperature difference
between all the temperatures measured at a given time and the same temperatures measured one minute
earlier. Boiling was considered to reach the steady state when the maximum difference continuously
oscillated around zero and its magnitude stayed below approximately 0.3 ◦ C. Steady states were reached
after about 15 min from the moment the voltage supplied to the heating cartridges was altered. Each
steady state was maintained for approximately 15 minutes. After this period, the electrical power supplied
to the cartridge heaters was altered. Usually, the highest power was supplied to the cartridge heaters
at the start of each run to obtain the first steady-state point at the highest investigated heat flux. Then,
for other steady-state points, the heat flux was decreased in a step-by-step manner. This procedure is
recommended to reduce the hysteresis of the boiling phenomenon [6,143]. However, some of the data
points were recorded for an increasing heat flux, but they did not exhibit any noticeable discrepancy due
to hysteresis. In total, 109 data points were obtained. Each of the nine presented runs was conducted in
a single day and took approximately 10 hours to measure. After each run was finished, the apparatus was
cooled down and the liquid was pumped out. The apparatus was left in this state overnight and a new run
was started in the morning. The apparatus was never disassembled for all presented runs to achieve the
highest possible repeatability.
The heat flux is calculated from the temperatures measured with the TCs inside the copper block. Assuming
that the conduction in the block is one-dimensional and that the temperature gradient inside the block is
linear, Fourier’s law
Δ𝑇
𝑞=𝜆
(6.1)
𝐿
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might be applied, where Δ𝑇 = 𝑇bot − 𝑇up is the temperature difference between the both lines of TCs,
𝑇bot and 𝑇up are the average temperatures in the bottom- and the upper line, respectively, and the
length 𝐿 = 24 mm is the distance between the both lines of TCs. A constant value of the thermal
conductivity of copper 𝜆 = 400 W m−1 K −1 , which is commonly used in the literature [201], was assumed.
The heat transfer coefficient 𝛼 is defined with Equation (2.5) for boiling of mixtures. The bubble-point
temperature 𝑇b was calculated as the mean temperature measured with both immersed TCs. The temperature
of the heating surface 𝑇s was linearly extrapolated using the temperature difference Δ𝑇 and the length 𝐿.
To evaluate the correspondence between the measured HTCs and heat transfer correlations, the standard
error of the estimate
√︄
Í
ˆ i)2
i (𝛼i − 𝛼
SEE =
(6.2)
𝑁
and the mean relative error

Í

| 𝛼ˆ i /𝛼i − 1| )
(6.3)
𝑁
were calculated. In Equations (6.2) and (6.3), 𝑖 is the ordinal number of one of the measured data points,
𝛼i is the HTC corresponding to a certain data point measured at a certain heat flux, 𝛼ˆ i denotes the HTC
estimated at the same heat flux by some correlation, and 𝑁 is the total count of the measured data points.
MRE =

i(

Dynamic Method of Measurement

Može et al. [196,202] showed that a continuous increase of heat flux during measurements does not impact
the measured HTCs when the increase is sufficiently slow. This was also verified by numerical simulations
whose results are published in the supplementary information of one of our studies [203]. Such a dynamic
method of measurement speeds up individual experimental runs and thus reduces the impact of heating
surface degradation on measured values.
At CTU, we have also developed a dynamic method for the measurement of HTC during boiling of
mixtures which enables to measure HTC as a function of the concentration of the boiling mixture in
a single experimental run, and which provides faster measurements compared with the ordinary steady-state
method [200]. When the method is applied, water vapors are allowed to escape the opened apparatus
throughout each experimental run. This leads to a change of the actual concentration of the boiling mixture
and to a variation of the measured HTC. The mixture is boiled until the liquid level drops close to the
heating section of the auxiliary heater. The experiment is then stopped to prevent air from coming into
contact with the heater.
Although it is possible to determine the actual composition of the boiling mixture by sampling, we
estimated the composition from the measured boiling temperatures using the vapor–liquid equilibrium
diagram, see Figure 3.3. The advantage of this approach is that it is not necessary to measure the liquid
composition or the amount and composition of the released vapor. On the other hand, precise measurement
of liquid temperature is required, especially for mixtures with a flat dependence of the bubble-point
temperature on the composition (which is the case of the investigated water–glycerin mixtures). The
HTC and heat flux were calculated from the measured values using exactly the same procedure as for the
steady-state measurements.

6.4

Measurement Uncertainties

Uncertainty of heat transfer coefficient 𝑢(𝛼) was analyzed for the performed measurements based on the
propagation of uncertainty. The following maximum deviations were assumed: for temperature 𝑈 (𝑇) =
0.5 ◦ C, for length or distance 𝑈 (𝐿) = 1 mm, and for thermal conductivity 𝑈 (𝜆) = 50 W m−1 K −1 . For all
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of these deviations, a uniform rectangular distribution was assumed. The corresponding
standard deviation
√
for an unspecified quantity 𝑢(𝛾) was, therefore, calculated as 𝑢(𝛾) = 𝑈 (𝛾)/ 3.
Experiments were done in the range of heat flux from around 20 up to 270 kW m−2 . Since the resulting
uncertainty 𝑢(𝛼) depends on the directly and indirectly measured parameters, it is necessary to employ
the measured values of the HTC 𝛼, the heat flux 𝑞 and the temperatures 𝑇s and 𝑇b to calculate the
HTC uncertainty 𝑢(𝛼). The calculation was done for three different heat flux levels (low, medium,
and high) measured during pool boiling of pure water. The four parameters used for the uncertainty
analysis are given in Table 6.1 together with the resulting uncertainty 𝑢(𝛼) and the measured pressure
at which experiments took place. For the measurement performed at a high heat flux, represented
by the first line of Table 6.1, the resulting uncertainty 𝑢(𝛼) = 1.5 kW m−2 K −1 , which gives the
relative uncertainty of 9 %. For a medium heat flux, represented by the second point in Table 6.1, the
uncertainty 𝑢(𝛼) = 0.57 kW m−2 K, and the relative uncertainty is of about 13 %. For the lowest heat
flux in Table 6.1, the uncertainty 𝑢(𝛼) = 0.57 kW m−2 K was obtained, which means a relative error
of about 23 %. The resulting values indicates that to lower the uncertainty of HTC 𝑢(𝛼) below 20 %,
measurements should be performed at heat fluxes higher than approximately 25 kW m−2 .
Table 6.1: The HTC uncertainty 𝑢(𝛼) and the data used for its estimation which were measured during
boiling of pure water under pressure 𝑝.

6.5

Point

𝛼 ± 𝑢(𝛼)

𝑞

(kW m −2 K −1 )

(kW m −2 )

(◦ C)

(◦ C)

(kPa)

1
2
3

17.56 ± 1.48
4.39 ± 0.57
2.45 ± 0.57

191.4
40.0
18.5

109.6
107.6
105.8

98.7
98.5
98.2

100.24
100.24
99.72

𝑇s

𝑇b

𝑝

Results and Discussion of Steady-State Measurements

Repeated Runs and Stability of the Heating Surface

Figure 6.2 shows the HTCs measured for two successive repeated runs performed for the 𝜔w = 1.00
and 𝜔w = 0.90 mixtures (this is also the reason why there are more data points in the following figures
for these two mass fractions). The measured HTCs are comparable with the Stephan and Abdelsalam
correlation (1.65). A fresh boiling liquid was used for each of the repeated runs. Slightly lower HTCs
were measured for both second runs. Although the relative differences are less than 9 % between the
measured data points and the arithmetic mean of both runs for both investigated concentrations, the
decrease of HTC measured during repeated runs is systematic and might have been caused by the inherent
randomness of the boiling process. Randomness of various parameters related to the boiling performance
(such as the nucleation frequency, bubble coalescence, distribution of active cavities on the heating surface,
and others) has been reported in the literature [26,204–208]. The stability of the copper heating surface
might also have been affected due to prolonged exposure to glycerin and mutual interaction between the
surface and the boiling fluid. It has been reported that copper salts are sometimes able to catalyze glycerin
oxidation. Because of this, inhibitors have been suggested to be used when glycerin is treated or stored in
copper-containing (or iron-containing) vessels [163]. The reactivity and morphological changes of copper,
manifested either by enhancement or deterioration of the boiling performance, were also addressed in other
works [197,198,209,210]. Changes of the surface structure and of the chemical composition during boiling
of water–1-butanol mixtures on copper surfaces were also confirmed by scanning electron microscopy and
Raman spectroscopy, respectively, in one of our studies [199].
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Figure 6.2: Repeatability of measurements for the 𝜔w = 1.00 and 0.90 mixtures and the comparison with
the correlation of Stephan and Abdelsalam [69]. Published in [200].
Impact of Mixture Effects on HTC

Figure 6.3 shows the HTCs measured during saturated pool boiling of water–glycerin mixtures at
atmospheric pressure for water mass fractions from 1.00 (pure water) down to 0.40, the values of ideal
HTCs predicted for individual concentrations by the pure-fluid correlation of Stephan and Abdelsalam [69],
see Equation (1.65), and the experimental data measured by Sternling and Tichacek [192] and by Sarafraz

Figure 6.3: The measured HTCs compared with the correlation of Stephan and Abdelsalam [69] and with
the experimental data sets of Sarafraz and Peyghambarzadeh [126] and of Sternling and Tichacek [192].
Published in [200].
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and Peyghambarzadeh [126]. However, their experiments were performed on a different surface and
a different geometry, see Table 3.3. Because of that, some discrepancies between their and present data
points are expected. The thermophysical properties of the water–glycerin mixtures were taken from
Table 3.1. The errors SEE = 3.4 kW m−2 K −1 and MRE = 42 % between the correlated ideal HTCs and
the measured data points were calculated using Equations (6.2) and (6.3), respectively. In Figure 6.3, the
gray and blue lines overlap which means that the the correlated ideal HTCs are similar for 𝜔w = 1.00
and 𝜔w = 0.90 mixtures. However, there is a noticeable drop of the measured HTCs for these two
concentrations which indicates that the mixture effects significantly influence the boiling performance
even for mixtures with a low glycerin content. The difference between the measured and ideal HTCs
increases with higher concentration of glycerin in the mixture due to the enhanced mixture effects which
cause a stronger heat transfer deterioration. The measured and ideal HTCs are not equal even for lower
heat fluxes and higher water mass fractions, which was suggested in the literature [143]. To correlate the
measured HTCs, it is, therefore, necessary to employ mixture correlations for all the investigated mixtures
and heat fluxes.
Figure 6.4 shows the comparison between the measured HTCs and the mixture correlation of Schlünder [117], see Equation (2.28), which was evaluated using the ideal HTCs obtained with the Stephan and
Abdelsalam correlation and the empirical coefficients 𝐶0 = 1 and 𝛽L = 2 × 10−4 m s−1 . The correlated

Figure 6.4: The measured data compared with the mixture correlation of Schlünder [117] evaluated
with the coefficients 𝐶0 = 1 and 𝛽L = 2 × 10−4 m s−1 . Ideal HTCs were calculated with the pure-fluid
correlation of Stephan and Abdelsalam [69]. Published in [200].
values correspond quite well to the measured HTCs. The errors SEE = 1.0 kW m−2 K −1 and MRE = 14 %
were calculated between the measured and correlated HTCs. Since the values of 𝐶0 and 𝛽L might
change for different mixtures, as discussed in Section 2.5, it was assumed that 𝐶0 = 1 and the optimal
mass transfer coefficient 𝛽L was found in the range 1 × 10−4 ≤ 𝛽L ≤ 5 × 10−4 m s−1 recommended by
Thome and Shakir [98] by minimizing the SEE (this is analogous to the regression analysis using the
least squares method). The optimal coefficient 𝛽L = 1.83 × 10−4 m s−1 was found which provides SEE
of 1.0 kW m−2 K −1 and MRE of about 13.5 %. Since the value of 𝛽L remains close to the original value
and the improvement in both the errors is negligible, the original coefficients proposed by Schlünder are
considered to be suitable for the studied mixtures. The deviation between the measured HTCs and the
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Schlünder correlation is shown in Figure 6.5. The Schlünder correlation overestimates the lower HTCs
obtained at lower heat fluxes. This might be a result of the increased measurement uncertainty at lower
heat fluxes. Nevertheless, the deviation remains below ±20 % for HTCs higher than about 7 kW m−2 K −1 .

Figure 6.5: The correspondence between the measured HTCs and the correlation of Schlünder [117]
evaluated with the coefficients 𝐶0 = 1 and 𝛽L = 2 × 10−4 m s−1 . Ideal HTCs were calculated with the
pure-fluid correlation of Stephan and Abdelsalam [69].

Own Empirical Correlation for HTC

An empirical correlation was developed for the investigated water–glycerin mixtures boiling on copper
surfaces, which does not require thermophysical properties of the boiling mixture and offers a fast and
straightforward calculation of HTC. The proposed correlation
𝛼 = 0.59 𝑞 0.714+0.130𝜔w

(6.4)

can be used in the ranges of the investigated heat fluxes 25 ≤ 𝑞 ≤ 270 kW m−2 and water mass
fractions 0.40 ≤ 𝜔w ≤ 1.00. The correspondence between the correlation and the measurements is plotted
in Figure 6.6 which shows that almost all data points do not deviate by more than ±20 % from the predictions
of the correlation. Correlation (6.4) was obtained by separate fits of power functions 𝛼 = 𝐶 𝑞 𝑛 , see also
Equation (1.59), to the data points corresponding to each investigated concentration. A series of F-tests
and employment of Akaike information criterion for the set of individual coefficients 𝐶 and exponents 𝑛
showed that the parameter 𝐶 might be considered independent of the water mass fraction 𝜔w and that
the exponent 𝑛 might be approximated using a linear function of 𝜔w . The function 𝛼 = 𝐶1 𝑞 𝐶2 +𝐶3 𝜔w was,
therefore, fitted to the experimental data set. The coefficients and their 95 % confidence intervals 𝐶1 =
0.59 ± 0.20 W1−𝑚 m2𝑚−2 K −1 , 𝐶2 = 0.714 ± 0.027, 𝐶3 = 0.130 ± 0.005 provided the best fit. The
exponent 𝑚 in the unit of the coefficient 𝐶1 might be calculated as 𝑚 = 𝐶2 + 𝐶3 𝜔w . In correlation (6.4),
the exponent of the heat flux lies close to the upper limit of the range 0.6 < 𝑚 < 0.8 often stated in the
literature [33] as a range typical for nucleate pool boiling of various liquids. To use correlation (6.4), the
heat flux 𝑞 needs to be in (W m−2 ), the water mass fraction 𝜔w is dimensionless and the resulting 𝛼 is
in (W m−2 K −1 ). The errors SEE of 0.5 kW m−2 K −1 and MRE below 6 % were calculated between the
measured and correlated HTCs.
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Figure 6.6: The correspondence between the measured HTCs and correlation (6.4).

6.6

Results and Discussion of Dynamic Measurements

The dynamic measurement method, described in Section 6.3, was speculatively tested on the water–glycerin
mixture with the initial water mass fraction 𝜔w = 0.70. The mixture was boiled down to 𝜔w = 0.35.
Figure 6.7 shows the dependence of the measured HTC on the composition of the boiling mixture and
the comparison with steady-state measurements which are represented by empirical correlation (6.4).
During the measurement, the heat flux slightly varied from approximately 165 down to 150 kW m−2 ,

Figure 6.7: The impact of the actual composition of the boiling liquid on HTC obtained with the dynamic
method of measurement and the comparison with correlation (6.4) which represents the steady-state
measurements. Published in [200].

77

because the employed power supply could not be set to maintain a constant power throughout the
experiment. Nevertheless, the measured data correspond quite well to correlation (6.4) for 𝜔w from 0.35
to 0.45. For higher 𝜔w , the results of the dynamic method are slightly lower relative to the steady-state
measurements. Nevertheless, the difference remains acceptable for all investigated concentrations. For
instance, for 𝜔w = 0.5, the ratio between HTCs measured by both methods is approximately 94 %.
For 𝜔w = 0.75, the ratio decreases to about 85 %. The difference between both methods is caused by a flat
dependence of the bubble-point temperature on the mixture composition, see Figure 3.3, which makes
estimation of actual boiling composition difficult, especially for mixtures with a higher 𝜔w . To overcome
this, it is either necessary to do periodic sampling of the boiling liquid throughout each run or to use some
more accurate models of vapor–liquid equilibriums and perform precise measurements of the temperature
of the liquid bulk. Moreover, the dynamic method might be further improved using a power supply with an
adaptive power control to maintain a stable constant heat flux level throughout the entire experimental run.

6.7

Summary of Experimental Results

Based on the experimental results presented in this section, the following conclusions can be deduced for
boiling of water–glycerin mixtures on copper surfaces:
• HTC decreases with increasing concentration of glycerin in the boiling mixture. The decrease is steeper
for mixtures with a higher water content.
• The mixture effects significantly affect HTC for all of the investigated water mass fractions from 0.40
to 1.00 and heat flux levels from 25 to 270 kW m−2 .
• No enhancement of HTC was observed for any investigated heat flux and composition of the boiling
mixture.
• Boiling on the flat copper surface was successfully correlated with the combination of the Schlünder
mixture correlation and the pure-fluid correlation of Stephan and Abdelsalam using the empirical
parameters 𝐶0 = 1 and 𝛽L = 2 × 10−4 m s−1 recommended by Schlünder.
• The own empirical correlation was developed for the calculation of HTC which does not require the
thermophysical properties or vapor liquid equilibrium data of boiling mixtures.
• HTC slightly deteriorated for repeated runs which might be due to randomness of boiling or instability
of the investigated copper surfaces.
• The developed dynamic method provided results comparable with the commonly employed steady-state
method of measurement. For more accurate results, a more precise indirect estimation of the liquid
composition is required.
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7.

Experiments with Thick Nickel-Plated Samples

7.1

Motivation, Novelty, and Parameters of Experiments

During my internship at the Laboratory for Thermal Technology, University of Ljubljana, experiments
with saturated and subcooled boiling of water–glycerin mixtures were done on five smooth nickel-plated
copper samples produced by the very same manufacturing procedure. The investigated copper samples
were chemically nickel-plated to create a stable heating surface and to eliminate possible instability
and reactivity of copper surfaces [199,209–212]. The following objectives were set for the experimental
research:
• Observe the dependence of HTC on subtle changes of the mixture concentration in the range of high
water mass fractions and molar fractions (𝜔w ≥ 0.90, 𝑥 w ≥ 0.98). On the basis of the results presented
in Section 6.5 and of the literature, a stronger dependence of the boiling performance on the mixture
concentration and a possible enhancement of HTC are expected for mixtures with a low content of
glycerin.
• Evaluate the stability of the nickel-plated copper surfaces and their boiling performance via multiple
repeated runs and long-term experiments.
• Correlate the measured saturated and subcooled HTCs and evaluate whether the correlations suitable for
copper surfaces, see Section 6, are also suitable for the nickel-plated surfaces.
• Observe the effect of subcooling on HTC and compare it with the effect of the mixture concentration.
The experiments were performed for saturated and subcooled boiling of water–glycerin mixtures at
atmospheric pressure in a wide range of heat flux. Saturated and subcooled HTCs were measured for the
mixtures with the water mass fractions 𝜔w = 1.00, 0.98, 0.95, 0.90, 0.85, 0.80, 0.70, and 0.60 which
correspond to molar fractions from 1.00 down to 0.88. The saturated boiling experiments were performed
using the dynamic method of measurement, described by Može et al. [213] and validated in our study [203],
in the heat flux range from 50 to 650 kW m−2 . The subcooled measurements were conducted for all the
investigated compositions at discrete heat flux levels of approximately 250, 450, and 650 kW m−2 . To assess
the effect of subcooling on HTC, the measurements were done at a continuously decreasing subcooling
from 30 down to 0 K. CHF was not investigated during both saturated and subcooled experiments to
prevent the thermal decomposition of glycerin and changes of the surface structure.
The novelty of the outlined experimental research might be summarized by the following points:
• There are no experimental data related to the boiling performance of water–glycerin mixtures on nickel
surfaces.
• The HTC during subcooled boiling of mixtures is largely unexplored. The effect of subcooling on the
HTC during mixture boiling has not been described in the literature.
• Four concentrations in the range of 𝜔w from 0.90 to 1.00 were studied to observe the effect of small
glycerin additions on saturated and subcooled HTCs and to assess the possible enhancement of heat
transfer reported in the literature for mixtures with a low content of glycerin.
The obtained results presented and discussed in this section were previously published in our article [214].

7.2

Experimental Apparatus

The experiments were performed using the experimental apparatus shown in Figure 7.1. The boiling
chamber is made of the glass cylinder clamped between two stainless steel flanges. During measurements,
the chamber is filled with 200 g of the investigated liquid. The tested cylindrical sample is insulated
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Figure 7.1: The experimental apparatus for thick nickel-plated samples built by the research team at the
Laboratory for Thermal Technology: (a) the boiling chamber and the equipment, (b) the tested sample,
bushing, and heating block with cartridge heaters, (c) the dimensions of the sample and positions of TCs.
with a polyether ether ketone (PEEK) bushing and mounted onto a copper block. Flexible epoxy glue
Duralco 4538 is used to seal the gap between the PEEK bushing and the sample and to prevent nucleation
along the perimeter of the heating surface. The sample is inserted into the apparatus through a hole made in
the bottom flange. Three AC-powered cartridge heaters with nominal power of 3×400 W are accommodated
in the copper block and controlled with variable transformer Metrel HSN 260/8. An auxiliary immersion
heater is used to preheat and degas the boiling liquid before the start of each measurement, to maintain
liquid temperature during saturated runs, and to gradually decrease the subcooling of the boiling liquid
during subcooled runs. A glass water-cooled condenser is attached to the top flange of the boiling chamber.
Five identically manufactured cylindrical nickel-plated copper samples (named Sample 1 to Sample 5)
were investigated. The flat top nickel-plated face of each tested samples serves as the heating surface
on which boiling takes place. Three unsheathed K-type Omega TCs are glued into each sample using
Resbond 989FS adhesive. The TCs are vertically aligned and 5 mm apart. The highest TC is 5.3 mm below
the heating surface. The temperature of the liquid is measured with two sheathed K-type Omega TCs
submerged at different depths. The signals from the TCs are acquired with Dewesoft KRYPTONi-8xTh
DAQ module at a frequency of 10 Hz. TC voltages are converted to temperatures using the NIST 9th degree
polynomial [215]. Cold-junction temperature is measured with a Pt1000 probe and is used to offset the
measured voltages before the conversion.

7.3

Measurement Procedure and Calculation of HTC

Table 7.1 presents the number of subcooled and saturated runs performed for each of the investigated
nickel-plated samples. Due to a significant discrepancy between the HTCs measured during water boiling
using Samples 1 and 2, comparative water boiling experiments were performed with Samples 3 and 4 to
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Table 7.1: The number of saturated and subcooled runs performed for each of the tested samples and
concentrations investigated.
Sample

Saturated runs

Subcooled runs

𝜔w = 1.00 0.98 0.95 0.90 0.85 0.80 0.70 0.60
1
2
3
4
5

6
3
3
3+4 3+3 4+4
10∗ 0
0
6
0
0
7
3
3

3
3
0
0
3

3
3
0
0
3

3
3+3
0
0
3

3
3
0
0
3

3
3
0
0
3

1.00 0.98 0.95 0.90 0.85 0.80 0.70 0.60
6
3
3
3+5 3+5 3+5
0
0
0
3
0
0
3
3
3

3
3
0
0
0

3
3
0
0
0

3
5
0
0
0

3
3
0
0
0

3
5
0
0
0

Notes: 𝑥 + 𝑦 means that at first, 𝑥 runs were done for a certain investigated concentration. Then, after the whole series of saturated
and subcooled experiments was finished for all investigated concentrations, 𝑦 repeated runs were performed.
* Long-term water boiling for approximately 40 hours was maintained on the heating surface of Sample 3. Ten measurements
were conducted during the period.

verify the previously measured values. Long-term saturated water boiling was maintained on the heating
surface of Sample 3 for about 40 hours to assess its stability and the effect of its aging on HTC. For
Sample 4, saturated and subcooled water tests were conducted. Since the measurements with Samples 3
and 4 confirmed the previously observed trends and HTCs, additional experiments were performed with
Sample 5. For Sample 5, saturated runs were performed at all investigated concentrations and subcooled
runs only at the three highest concentrations (this was due to the fact that the trends of subcooled
experiments were found to be very predictable and it was not necessary to do them for all the investigated
concentrations). In total, 110 saturated and 82 subcooled runs were performed for all tested samples.
Cleaning and Degassing of the Heating Surface

Before inserting the sealed and mounted sample into the boiling chamber, its top surface was rinsed
with 2-propanol and wiped with a lint-free wipe. After the sample was put in place, the chamber was
filled with 200 g of twice-distilled water and the auxiliary heater was turned on. The water was degassed
through vigorous boiling on the auxiliary heater for 45 min. Next, the cartridge heaters were turned on
and boiling was established on the heating surface at approximately 200 kW m−2 for 15 min to expel any
noncondensable gases from its cavities. Then, the liquid was cooled to below 80 ◦ C to condense the the
vapor nuclei in the cavities of the surface. Saturated runs were performed afterward.
Experiments in Saturated States

During each saturated run, the heat flux was continuously increased at a rate below 0.2 kW m−2 s−1 in
the natural convection regime and below 2 kW m−2 s−1 in the nucleate boiling regime and a continuous
up-going boiling curve was recorded. In the supplementary material of our study [203], we performed
numerical simulations and experimental data comparison to confirm that such a slow continuous increase
of the heat flux has a negligible impact on the measured values. When a heat flux of about 650 kW m−2
was achieved, the power supplied to the cartridge heaters was slowly decreased and a down-going curve
was recorded. The auxiliary heater was operating throughout the whole run to maintain the saturation
temperature of the boiling fluid. At the end of each saturated run, the heating cartridges and auxiliary
heater were turned off and the liquid was cooled below 90 ◦ C to condense the vapor nuclei in the cavities.
Three consecutive saturated runs were performed for each investigated sample and concentration to analyze
the measurement repeatability and the stability of the tested samples.
The methodology suggested by Može et al. [208] was employed to calculate the heat flux, superheat, and
HTC for saturated runs. One-dimensional heat conduction inside the copper sample was assumed, since
lateral losses were found negligible due to the relatively small thermal conductivity of the PEEK bushing.
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The temperature gradient (d𝑇/d𝑥) in the sample was calculated from the temperature difference between
the uppermost and lowermost TCs and the distance between them. The heat flux 𝑞 was obtained using
Fourier’s law
dT
.
(7.1)
𝑞 = −𝜆
d𝑥
The thermal conductivity of copper was calculated with the polynomial function
𝜆 = 2.83 × 10−4 𝑇 2 − 0.165 𝑇 + 378.1 ,

(7.2)

where 𝜆 (W m−1 K −1 ) is the thermal conductivity of copper and 𝑇 ( ◦ C) denotes the temperature within
the sample. Polynomial (7.2) is based on the results of the laser-flash measurements of thermal diffusivity
of the copper rod from which the tested samples were manufactured [208].
The temperature of the heating surface 𝑇s is extrapolated using the temperature 𝑇TC1 measured by the
topmost TC. First, the thermal conductivity 𝜆 is evaluated at 𝑇TC1 with Equation (7.2) and put into
Equation (7.1) to obtain the heat flux 𝑞. The temperature 𝑇s is then extrapolated using the values of 𝑇TC1
and 𝑞. Secondly, the mean temperature between 𝑇TC1 and 𝑇s is calculated and put into Equation (7.2)
to obtain the thermal conductivity 𝜆′ . This allows for a more accurate calculation of 𝑇s , because the
dependence of thermal conductivity on temperature is taken into account. The temperature 𝑇s is then
calculated with the equation
𝑞 Δ𝑥1s
𝑇s = 𝑇TC1 −
,
(7.3)
𝜆′
where Δ𝑥 1s = 5.3 mm is the vertical distance between the uppermost TC and the heating surface. The
(saturated) HTC 𝛼 was then calculated with Equation (2.5). The bubble-point temperature 𝑇b was obtained
as the average temperature measured with both submerged TCs. It should be reminded that for saturated
boiling, the saturated, total, and boiling HTCs are equal to each other, see relation (1.11).
Experiments in Subcooled States

To perform the experiments with subcooled boiling, we developed the following procedure. After each
third saturated run was finished, three subcooled runs were performed at heat flux levels maintained at
approximately 250, 450, and 650 kW m−2 during the entire run. At the beginning of each run, the liquid
was cooled below 65 ◦ C to reach a subcooling higher than 30 K. Then, the variable transformer was
manually adjusted in such a way that the heat flux quickly increased and stabilized at the desired level.
After the target heat flux was reached, the auxiliary heater was turned on to slowly decrease the subcooling
of the liquid. Saturated boiling was eventually reached after about 20 min. Throughout each run, the heat
flux was constantly monitored and the output voltage of the variable transformer was manually adjusted to
maintain as steady heat flux as possible. The same methodology as for saturated runs was then applied for
calculation of 𝑞 and 𝑇s . The total HTC was then calculated with Equation (1.9). The temperature of the
liquid 𝑇L (which was increasing in time) was taken as the average of both temperatures measured with
submerged TCs.
When three subcooled runs were finished, the concentration of glycerin in the boiling liquid was increased.
Glycerin (Carl Roth, ≥ 98%) was precisely weighted in a beaker, mixed with a small amount of the boiling
liquid pumped out of the boiling chamber to decrease its viscosity, and added into the boiling chamber.
After the addition, the mixture was homogenized by vigorous boiling on the auxiliary heater and then
cooled below 90 ◦ C to prepare it for the next series of saturated runs.

7.4

Measurement Uncertainties

The method presented by Može et al. [208] was used for calculation of the measurement uncertainties. The
following uncertainties were evaluated experimentally: 0.16 mm for the distance between the neighboring
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TCs, 0.18 mm for the distance between the uppermost TC and heating surface, 0.19 K at 100 ◦ C and 0.30 K
at 250 ◦ C for the temperature measurements. A relative uncertainty of 1.5 % for thermal conductivity
was estimated based on the accuracy of the laser-flash measurement of thermal diffusivity. The calculated
values of the relative uncertainties of the HTC 𝑢 r (𝛼), heat flux 𝑢 r (𝑞), and superheat 𝑢 r (Δ𝑇sat ) are listed in
Table 7.2 for the lowest, medium and highest investigated heat fluxes.
Table 7.2: The relative uncertainties of the HTC 𝑢 r (𝛼), heat flux 𝑢 r (𝑞), and superheat 𝑢 r (Δ𝑇sat ) calculated
for low, medium, and high heat flux levels. Published in [214].
𝑞
(kW m −2 )

50
300
650

7.5

𝑢 r (𝛼)

𝑢 r (𝑞)

𝑢 r (Δ𝑇sat )

(%)

(%)

(%)

22.3
5.6
4.3

20.2
4.1
2.7

2.7
1.9
2.0

Results and Discussion for Saturated Runs

In this section, the experimental data obtained during saturated runs are presented and discussed. Although
continuous dependencies were obtained with the dynamic method of measurement, equidistant discrete
points are presented in all following figures in this section for the sake of clarity. Due to the fact that
the boiling hysteresis and discrepancies between the values measured during repeated runs were rather
negligible, average the data for all repeated runs evaluated from up- and down-going boiling curves are
presented in this section.
Performance and Stability of Individual Samples during Boiling of Water

Figure 7.2 shows the HTCs measured during boiling of water for the five investigated samples. The
measured HTCs are quite comparable for smaller heat fluxes, but differ for heat fluxes higher than

Figure 7.2: The comparison of the HTCs measured during boiling of pure water for all investigated
samples. Published in [214].
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approximately 100 kW m−2 . The highest and lowest HTCs were measured for Samples 1 and 2, respectively.
A negligible variation of HTC was measured for the repeated runs done with Sample 2 after finishing the
whole series of saturated and subcooled runs, which indicates that the heating surface remained stable and
that surface aging and contamination did not affect the measured values. To further verify that the deviation
between Sample 1 and Sample 2 was not caused by some surface defects or other distinctive factors,
comparative water runs were performed with Samples 3 and 4. Although water was boiled over 40 hours
on Sample 3, the continuous measurements of HTC confirmed the general stability of nickel-plated
surfaces and the repeatability of measurements. The HTCs measured for Sample 3 were more or less
between those measured for Samples 1 and 2. For Sample 4, the HTCs measured during comparative
water tests were generally lower (especially for higher heat fluxes) and comparable with Sample 2. The
heat transfer performance of Sample 5 was the second highest of all the samples investigated. Although
comparable with Sample 1 for lower heat fluxes, its performance was lower for heat fluxes higher than
approximately 350 kW m−2 . Due to the fact that all water experiments were repeated multiple times and
that the long-term stability of the studied surfaces was favorable, the significant spread of HTCs, observed
especially during boiling of pure water and mixtures of a higher water mass fraction 𝜔w , is considered to
be characteristic for the studied smooth nickel-plated surfaces. All obtained data were, therefore, used for
further analyses. The discrepancy between the heat transfer performance of individual samples is most
likely caused by activation of different nucleation sites and variation in nucleation site density, which were
observable during the experiments by the naked eye.
Averaged Data Set and HTC Deterioration

Since this work aims at general trends valid for nickel-plated surfaces and not at the heat transfer
performance of individual samples, all the following analyses are done for the measured HTCs which
were averaged across all investigated samples. This averaged data set is shown in Figure 7.3 for all the
investigated heat fluxes and concentrations together with the experimental data published by Sternling and
Tichacek [192] and by Vajc et al. [200] presented in Section 6. The data in Figure 7.3 evince a deterioration

Figure 7.3: The measured HTCs averaged across all the studied samples and the comparison with the
experimental data of Vajc et al. [200], see Section 6, and of Sternling and Tichacek [192]. Published
in [214].
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of HTC with decreasing 𝜔w . Although this general trend was obtained for each of the tested samples,
the exact values of the HTC and its relative decrease due to the lowering of 𝜔w was unique for each
sample. Nevertheless, for all investigated samples, the drop of HTC was more pronounced for higher 𝜔w
and no HTC enhancement was detected for any heat flux and concentration investigated. The observed
trends generally agree with the measurements performed on the copper surface presented in Section 6.
Although lower HTCs of about 65 % were measured for nickel-plated surfaces relative to the copper
surface, as noticeable in Figure 7.3, the relative drop of HTC of about 50 % measured for the copper
surface when 𝜔w was decreased from 1.00 to 0.60 agrees very well with the relative drop in the present
data set. The measured values of HTC published by Sternling and Tichacek, see Figure 7.3, which were
obtained on stainless steel tubes, also follow a trend comparable with the present data set. According to
their data, a deterioration of about 25 % occurred when they decreased 𝜔w from 0.75 down to 0.50. This
is comparable with the drop in the present data set when 𝜔w was lowered from 0.85 to 0.60.
Pure-Fluid Correlations

Figure 7.4 shows the averaged data set and the trends of the ideal HTC correlated with the pure-fluid
correlation of Stephan and Abdelsalam [69], see Equation (1.65), and with the pure-fluid correlation of
Yagov [52], see Equation (1.76). Both correlations were evaluated employing the thermophysical properties

Figure 7.4: The measured data compared with the pure-fluid correlation of Stephan and Abdelsalam [69]
and the pure-fluid correlation of Yagov [52]. Published in [214].
given in Table 3.1. The combination of the correlation of Stephan and Abdelsalam and the Schlünder
correlation, was found to agree with the experimental results obtained on the copper surface presented in
Section 6. The same combination was also used by Alavi Fazel et al. [143] for boiling of water–glycerin
mixtures on stainless steel tubes. However, the pure-fluid correlation of Stephan and Abdelsalam was
found to be inappropriate for the tested nickel-plated surfaces, because it significantly overpredicts the
HTC measured for the investigated mixtures (including pure water). The values of SEE and MRE between
the correlation and the averaged data set, are 9.7 kW m−2 K −1 and 77 %, respectively. The correlation
predicts similar HTCs for the 𝜔w = 1.00 and 0.90 mixtures and slightly higher HTCs for the 𝜔w = 0.98
and 0.95 mixtures, which does not agree with the measured data. The pure-fluid correlation of Yagov, on
the other hand, is more conservative and closer to the data points which is also evident by lower values
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of SEE and MRE of about 5.4 kW m−2 K −1 and 41 %, respectively. The Yagov correlation predicts only
a slight decrease of HTCs for the 𝜔w = 1.00, 0.98, and 0.95 mixtures, which also does not correspond to
the present data, since a strong deterioration of HTC was measured for mixtures with a low content of
glycerin. The difference between the trends in the present data and both pure-fluid correlations is caused
by the impact of the mixture effects on HTC which is important even for the lowest investigated values of
the glycerin concentration in the boiling mixture.
Mixture Correlations

Correlation of Schlünder
HTCs measured for the copper surface presented in Section 6 were successfully correlated with the combination of the Stephan and Abdelsalam [69] pure-fluid correlation and the Schlünder [117] mixture correlation.
However, for the present data, this combination produces significant errors (SEE = 6.3 kW m−2 K −1
and MRE = 51 %). Since the correlation of Stephan and Abdelsalam was shown to substantially overrate
HTC, see Figure 7.4, it was tested whether using the Yagov pure-fluid correlation, which is in better
agreement with experiments, gives better correspondence with the present data when combined with the
correlation of Schlünder. Figure 7.5 shows the comparison between the measured data and the combination
of the Schlünder and the Yagov correlation. Although the correlated values agree quite well with the data for

Figure 7.5: The measured data compared with the combination of the mixture correlation of Schlünder [117]
and the pure-fluid correlation of Yagov [52]. The empirical coefficients 𝐶0 = 1 and 𝛽L = 2 × 10−4 m s−1
were employed. Published in [214].
the highest and lowest investigated 𝜔w , the intermediate concentrations are not predicted with a sufficient
accuracy. Lower, but still unacceptable errors (SEE of 3.4 kW m−2 K −1 and MRE of about 26 %) were
calculated between the calculated values and data points. Although the replacement of the pure-fluid
correlation was able to reduce both errors almost by half, the Schlünder correlation seems not to be
applicable for the nickel-plated copper surfaces due to substantial overprediction of HTCs for mixtures
with 𝜔w from 0.95 down to 0.70. Optimizing the empirical coefficients 𝐶0 and 𝛽L of the Schlünder
correlation, see Equation (2.28), does not substantially reduce both errors, as SEE of 3.0 kW m−2 K −1
and MRE of about 22 % were obtained for the optimal coefficients 𝐶0 = 1 and 𝛽L = 1 × 10−4 m s−1 .
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Finding a Suitable Combination of Pure-Fluid and Mixture Correlations
The HTCs correlated with the combinations of different mixture correlations presented in Section 2.5
and of the pure-fluid correlation of either Stephan and Abdelsalam or Yagov, were compared with the
measured averaged data set. The obtained values of SEE and MRE are listed in Table 7.3 for each
individual combination and for the recommended or optimized empirical coefficients. The lowest errors
were obtained using the correlation of Inoue and Monde [138] and the model of Kandlikar [125] for
which the pseudo-single-component HTC was calculated with the pure-fluid correlation of Yagov (it is not
possible to employ Equation (2.36), since the value of 𝛼2 for pure glycerin is not known and cannot be
measured due to the decomposition of glycerin at higher boiling temperatures). The optimization of the
empirical coefficients 𝑎 and 𝑏 contained in the Inoue and Monde correlation, see Equation (2.34), results
in only a small reduction of both SEE and MRE. Therefore, the original coefficients recommended by
Inoue and Monde are considered applicable for boiling of water–glycerin mixtures on nickel-plated copper
surfaces.
Table 7.3: The calculated values of SEE and MRE, see Equations (6.2) and (6.3), between the measured
data and the listed combinations of correlations. Published in [214].
SEE

MRE

(kW m −2 K −1 )

(%)

Stephan and Abdelsalam (1.65)
Yagov (1.76)
Yagov (1.76)

6.3
3.4
3.0

51
26
22

Stephan and Preusser (2.24)
𝐶12 = 1.53
𝐶12 = 1.53
𝐶12 = 3.56

Stephan and Abdelsalam (1.65)
Yagov (1.76)
Yagov (1.76)

8.5
4.6
3.8

67
35
28

Fujita and Tsutsui (2.32)

Stephan and Abdelsalam (1.65)
Yagov (1.76)

7.9
7.7

53
50

Kandlikar (2.37)

Stephan and Abdelsalam (1.65)
Yagov (1.76)

4.5
1.9

34
13

Inoue and Monde (2.34)
𝑎 = 0.15, 𝑏 = 0.25
𝑎 = 0.15, 𝑏 = 0.25
𝑎 = 0.09, 𝑏 = 0.85

Stephan and Abdelsalam (1.65)
Yagov (1.76)
Yagov (1.76)

3.1
2.2
1.9

19
12
12

Mixture correlation

Pure-fluid correlation

Schlünder (2.28)
𝛽L = 2 × 10−4 m s−1
𝛽L = 2 × 10−4 m s−1
𝛽L = 1 × 10−4 m s−1

The comparison of the correlation of Inoue and Monde with the measured averaged data set is depicted
in Figure 7.6. Although the correlation predicts a strong deterioration of HTC relative to pure water for
the 𝜔w = 0.98 mixture, which was not confirmed by the measurements, there is a satisfactory agreement
between the correlated and measured values for the remaining concentrations. The correspondence between
the correlation of Inoue and Monde and measurements is also documented in Figure 7.7 according to
which, most of the correlated values do not deviate by more than ±15 % from the data points averaged
separately for each tested sample.
In Table 7.3, it might also be noticed that significant SEE and MRE were obtained for the correlation
of Fujita and Tsutsui and that both errors seem to be quite independent of the employed pure-fluid
correlation. This is due to the fact that the Fujita and Tsutsui correlation substantially undervalues HTCs
for all investigated boiling mixtures regardless of the employed pure-fluid correlation. It was, therefore,
investigated whether correlations of Thome [121], Thome and Shakir [98], and Inoue et al. [108], see
Equations (2.20), (2.30), and (2.33), respectively, which all consider the boiling range Δ𝑇db to have
a leading impact on HTC, might be employed instead of the correlation of Fujita and Tsutsui. However, all
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Figure 7.6: The averaged data set and the predictions of the combination of the mixture correlation of
Inoue and Monde [138] and the pure-fluid correlation of Yagov [52]. The empirical coefficients 𝑎 = 0.15
and 𝑏 = 0.25 were employed. Published in [214].

Figure 7.7: The deviation of the combination of the mixture correlation of Inoue and Monde [138] and
the pure-fluid correlation of Yagov [52] from the measured HTCs averaged for each individual sample.
The empirical coefficients 𝑎 = 0.15 and 𝑏 = 0.25 were employed. Published in [214].
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three correlations undervalued HTC even more than the correlation of Fujita and Tsutsui and produced
even greater SEE and MRE. With respect to the obtained results, the correlations based primarily on the
boiling range Δ𝑇db are considered inappropriate for water–glycerin mixtures due to the very high values
of Δ𝑇db characteristic for these mixtures, as was illustrated in Figure 3.4.
Own Empirical Correlation for HTC

The empirical correlation
h
i
𝛼 = 𝑞 0.70 1.30 e−10.6(1− 𝜔w ) + 1.18

(7.4)

was developed to quickly estimate the measured HTCs. The correlation does not require any thermophysical
properties of the boiling mixture and is valid for the water–glycerin mixtures with 𝜔w from 1.00 down
to 0.60 boiling on smooth nickel surfaces at heat fluxes from 25 up to 650 kW m−2 . The correlation is
based on the asymptotic deterioration of HTC with decreasing 𝜔w . The drop of HTC is assumed to be
asymptotic, because it appears to be very significant for higher 𝜔w , but much more subtle and almost
barely measurable for the lowest investigated water mass fractions (𝜔w = 0.70 and 0.60). This is also
noticeable in Figure 7.8, which shows the asymptotic decrease of the ratio 𝜀 defined as
𝛼 − 𝛼0.6
𝜀=
,
(7.5)
𝛼1.0 − 𝛼0.6
where 𝛼 is the HTC measured at a certain mass fraction, 𝛼1.0 is the HTC measured for pure water, and 𝛼0.6
is the HTC measured for the 𝜔w = 0.60 mixture.

Figure 7.8: The asymptotic decrease of the ratio 𝜀, see definition (7.5), with the decreasing mass
fraction 𝜔w . Published in [214].

Empirical correlation (7.4) is valid for 𝛼 in (W m−2 K −1 ), 𝑞 in (W m−2 ), and 𝜔w (−). The coefficients and
their 95 % confidence intervals 𝐶1 = 1.30 ± 0.03, 𝐶2 = −10.6 ±0.6, and 𝐶3 = 1.18 ± 0.02 were obtained
by fitting the three-parametric exponential function 𝛼 = 𝑞 0.70 𝐶1 e𝐶2 (1− 𝜔w ) + 𝐶3 to the experimental
data. The exponent of the heat flux 𝑞 was fixed at 0.70, because it best agreed with the data (although the
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errors produced by the correlation are not strongly dependent on the value of the exponent). The values
SEE = 1.7 kW m−2 and MRE = 11 % were evaluated between the measured data and correlation (7.4). The
predictions of correlation (7.4) and averaged data set are plotted in Figure 7.9. The maximum deviations
between correlation (7.4) and the measured HTCs are mostly comparable with, or lower than ±15 % for
the measured HTCs greater than about 6 kW m−2 K −1 , as demonstrated in Figure 7.10.

Figure 7.9: The averaged data set compared with empirical correlation (7.4). Published in [214].

Figure 7.10: The deviation of empirical correlation (7.4) from the measured data averaged for each
individual sample. Published in [214].
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Figure 7.11 shows the contour map of HTC as a function of 𝜔w and 𝑞. The contours were plotted using
empirical correlation (7.4).It is clearly visible that the contour lines become strongly curved for higher
heat fluxes and that smaller HTCs are reached for mixtures with a higher amount of glycerin, relative
to the HTCs obtained for pure water. For instance, the HTC obtained at the maximum investigated heat
flux of 650 kW m−2 for the mixture with 𝜔w = 0.60, corresponds to that obtained for pure water at a heat
flux of only about 300 kW m−2 . The more straight and almost horizontal contour lines in the right part of
Figure 7.11 indicate that HTC becomes less dependent on composition when 𝜔w is decreased, which is
consistent with the asymptotic deterioration of HTC, which was discussed above and shown in Figure 7.8.

Figure 7.11: The contour map of HTC calculated with empirical correlation (7.4). Published in [214].

7.6

Results and Discussion for Subcooled Runs

This section presents the results of measurements obtained during subcooled runs and their comparison
with suitable predictive models. Although subcooling was continuously decreased during each experimental
run, discrete data points are plotted at the selected levels of subcooling in all following figures in this
section, to make them more readable and uncluttered.
Developed Regime of Subcooled Boiling

Figure 7.12 shows the temperatures of the heating surface of Sample 1, extrapolated from the temperatures
measured inside the sample. For the sake of clarity, only the data points obtained at heat fluxes around
the lowest investigated heat flux level of 250 kW m−2 are shown in Figure 7.12 which demonstrates that
at these heat fluxes, the measured surface temperatures 𝑇s are more or less constant and independent of
subcooling (the relatively minor unsteady changes of 𝑇s are caused by the manual adjustments of the
power supplied to the heating cartridges to maintain the desired heat flux level throughout each run). For
higher heat flux levels as well as for different samples, the constant surface temperatures independent of
subcooling were also measured. The independence of the surface temperature 𝑇s on the subcooling Δ𝑇sub
indicates that developed subcooled boiling, which was discussed in Section 1, was reached for all the
samples, concentrations, and heat fluxes investigated. Although developed subcooled boiling was observed
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Figure 7.12: The temperature of the heating surface 𝑇s measured at various levels of subcooling Δ𝑇sub .
For clarity, only the data obtained for Sample 1 in the range 200 < 𝑞 < 300 kW m−2 are shown. Published
in [214].
by researchers for various single-component boiling liquids [216–219], it was not studied for mixtures. The
limiting heat flux 𝑞,
ˆ beyond which subcooled boiling becomes independent of subcooling, depends on the
combination of the boiling liquid and heating surface. For instance, HTCs independent of subcooling were
achieved at heat fluxes higher than 70 kW m−2 during pool boiling of water on a stainless steel tube [219].
The heat flux needed for the transition from the partially developed to the fully developed regime of boiling
predicted with Zuber correlation, see Equation (1.7), and with the correlation of Moisis and Berenson,
see Equation (1.8), is the highest for the 𝜔w = 0.80 mixture for which the values 𝑞 pd→fd of 171 kW m−2
and 158 kW m−2 were calculated, respectively. However, these values are only informative, because both
correlations were developed for boiling of pure fluids.

Calculation of HTC for the Regime of Developed Subcooled Boiling

Combining the Inoue and Monde Correlation and the Yagov Correlation
Due to the fact that the temperature of the heating surface 𝑇s and the superheat Δ𝑇sat were both measured to
be independent of the subcooling Δ𝑇sub , it is possible to predict the boiling HTC 𝛼b , see definition (1.10),
using a suitable mixture correlation. The total HTC 𝛼tot might then be calculated using Equation (1.11). In
Figure 7.13, the measured total HTCs are compared with the results of Equation (1.11), where 𝛼b was
calculated with the combination of the correlation of Inoue and Monde and the correlation of Yagov.
This combination was found to be suitable for saturated HTCs, see Section 7.5. The trends predicted by
Equation (1.11) capture the measured course of the total HTC 𝛼tot which decreases for a higher subcooling.
Once again, only the runs obtained for Sample 1 at heat flux levels 200 < 𝑞 < 300 kW m−2 are shown in
Figure 7.13 for clarity, but all the figures are quite similar for all the samples and heat fluxes investigated.
SEE and MRE between the calculated and measured 𝛼tot is 1.6 kW m−2 K −1 and 9 %, respectively, for all
the samples and heat fluxes investigated. A direct comparison between the total HTCs 𝛼tot calculated by
Equation (1.9) and the measured values is presented in Figure 7.14. Although the vast majority of data
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Figure 7.13: The measured total HTCs and the predictions of Equation (1.11), where 𝛼b was calculated
with the combination of the Inoue and Monde [138] mixture correlation and the Yagov pure-fluid
correlation [52]. The empirical coefficients 𝑎 = 0.15 and 𝑏 = 0.25 were employed. Only the data obtained
for Sample 1 at 200 < 𝑞 < 300 kW m−2 are shown for clarity. Published in [214].

Figure 7.14: The comparison of the measured total HTCs, which were averaged for each of the investigated
samples, with the predictions of Equation (1.9) where 𝛼b was calculated with the combination of the
Inoue and Monde [138] mixture correlation and the pure-fluid correlation of Yagov [52]. The empirical
coefficients 𝑎 = 0.15 and 𝑏 = 0.25 were employed. Published in [214].
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points do not deviate by more than ±15 %, there are some data obtained at higher heat fluxes and HTCs
which are underpredicted by more than ±15 %.
Using Own Empirical Correlation
When empirical correlation (7.4), developed for saturated boiling, is employed for the calculation of 𝛼b
instead of the combination of the Inoue and Monde correlation and the correlation of Yagov, the empirical
correlation
1
Δ𝑇sub
1

 +
=
(7.6)
𝛼tot 𝑞 0.70 1.30 e−10.6(1− 𝜔w ) + 1.18
𝑞
is obtained. Correlation (7.6) produces a slightly lower SEE of about 1.1 kW m−2 K −1 and MRE below 7 %
when compared with the experimental data. For correlation (7.6), deviations lower than or comparable
with ±15 % were obtained for all the measured total HTCs, as shown in Figure 7.15.

Figure 7.15: The comparison of the measured total HTCs, which were averaged for each of the investigated
samples, with the predictions of empirical correlation (7.6). Published in [214].
Figure 7.16 shows the contour map of the total HTC as a function of the mass fraction 𝜔w and of the
subcooling Δ𝑇sub during the subcooled boiling at the heat flux level of 300 kW m−2 . The contours were
obtained using empirical correlation (7.6). The contour lines are more or less straight and diagonal for
higher mass fractions 𝜔w at all investigated subcoolings Δ𝑇sub . This indicates that for these ranges of 𝜔w
and Δ𝑇sub , neither the subcooling nor the water mass fraction have a dominant effect on the total HTC.
However, for lower 𝜔w , the contour lines bend and become more horizontal which means that the impact
of subcooling on the total HTC becomes more important relative to the variations of 𝜔w . Furthermore, the
stripes of a constant total HTC are closer to each other and more dense in the bottom left corner of the
map. This implies that the effect of the subcooling and composition on the total HTC is more important
for the less subcooled mixtures with a lower content of glycerin.
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Figure 7.16: The contour map of the total HTC calculated for 𝑞 = 300 kW m−2 using empirical
correlation (7.6). Published in [214].
Reminder

In the end of this section, I would like to emphasize and remind the readers that the results of the
correlations for saturated boiling might be employed into Equation (1.11) only when the temperature
of the heating surface does not depend on the liquid subcooling or, in other words, after the developed
subcooled regime is established. Outside of the regime of developed subcooled boiling, the dependency of
HTC on subcooling is more complex, see, for instance, the studies of Judd et al. [220], Rainey et al. [218],
Ulucakli and Merte [221], or Forster and Greif [14].

7.7

Summary of Experimental Results

The following conclusions can be drawn from the results of the experiments with saturated boiling of
water–glycerin mixtures on nickel-plated surfaces:
• HTC decreases with the increasing concentration of glycerin in the boiling mixture. The decrease is
more significant for mixtures with a higher water content.
• The mixture effects significantly affect HTC for all concentrations and heat flux levels investigated.
• No enhancement of HTC was observed for any heat flux or composition of the boiling mixture
investigated.
The three conclusions above agree with those presented for the copper surface in Section 6.7. The following
conclusions are unique to the saturated boiling experiments performed on nickel-plated surfaces:
• The measured HTCs were significantly different during boiling of water for the five investigated samples,
especially at higher heat fluxes. A relative HTC differences of about ±14 % were measured between
individual samples.
• The HTCs measured for nickel-plated surfaces are generally lower relative to those measured for copper
surfaces for a given heat flux. For the ranges of the heat flux and mass fraction investigated for both
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surface materials, the HTCs measured for the nickel-plated surfaces reached of about 65 % relative to
those measured for the copper surface presented in Section 6.
• The investigated nickel-plated surfaces are characterized by a very stable boiling performance, as was
confirmed during the multiple repeated runs and long-term boiling experiments.
• Combinations of the mixture correlation of Inoue and Monde and of the modified model of Kandlikar
with the pure-fluid correlation of Yagov are suitable for boiling of glycerin on nickel-plated surfaces. On
the contrary, the combination of the Stephan and Abdelsalam pure-fluid correlation and of the Schlünder
mixture correlation, which was considered suitable for copper surfaces, was found to be not applicable
for the studied nickel-plated surfaces.
• The own empirical correlation was formed for estimation of HTC, which does require neither the
thermophysical properties nor the vapor liquid equilibrium data of boiling mixtures.
For the subcooled boiling measurements performed on nickel-plated surfaces, it was observed that:
• The developed subcooled boiling regime was reached for all heat fluxes, subcoolings, and concentrations
investigated.
• The correlations suitable for saturated boiling of mixtures are able to predict the subcooled boiling HTC
in the regime of developed subcooled boiling.
• The effects of subcooling and composition on the total HTC are stronger for less subcooled mixtures
with a lower content of glycerin.

96

8.

Experiments with Thin Titanium Foil

8.1

Motivation, Novelty, and Parameters of Experiments

In Sections 6 and 7, the measurements of HTCs were performed on thick copper and nickel-plated samples,
respectively. In this section, the measurement of the boiling parameters of water–glycerin mixtures is
performed with an IR camera, which allows much more detailed analysis of the boiling performance and
of important boiling parameters. The apparatus built by the research team at the Laboratory for Thermal
Technology, University of Ljubljana, was used to monitor the temperature field of a thin titanium foil
which was electrically heated. Titanium was selected as the investigated material, because it provides
more sharper temperature footprint of bubbles, limited lateral conduction, more homogeneous heat flux,
and better repeatability and stability of consecutive experiments, relative to stainless steel foils. Foils
made of copper are not usable for this measurement because of the high electrical conductivity of copper
which would result in low generated heat fluxes. A single piece of titanium foil was used for all performed
experiments, to maintain the same distribution of cavities of the heating surface and to achieve the highest
possible repeatability.
Experiments were conducted to accomplish the following targets:
• Calculate HTC from the average temperatures of the heating surface and observe the resulting trends of
HTC during boiling of water–glycerin mixtures on the titanium foil.
• Analyze the distributions of the measured superheats for all investigated mixtures.
• Observe whether the same cavities are active during repeated runs for different concentrations of the
mixture.
• Observe how nucleation parameters change with the heat flux and concentration of the boiling mixture.
The measurements were carried out for the water–glycerin mixtures with water mass fractions 𝜔w of 1.00,
0.98, 0.95, 0.90, 0.85, 0.80, 0.70, and 0.60, which correspond to molar fractions 𝑥 w from 1.00 down
to 0.88. The investigated heat flux was from about 1 kW m−2 to 200 kW m−2 for pure water and from
about 1 kW m−2 to 175 or 150 kW m−2 for the mixtures. All investigated heat fluxes are safely below the
CHF. We decided to decrease the maximum investigated heat flux for mixtures with a lower 𝜔w due to the
HTC deterioration which could result in thermal damage to the foil. Steady states of boiling were reached
for all the captured data points. Stable continuous nucleation was observed for heat fluxes higher than
approximately 50 kW m−2 .
The novelty of the performed experiments might be briefly characterized by the following statements:
• Boiling of water–glycerin mixtures on titanium surfaces has not yet been investigated.
• The analysis of boiling of water–glycerin mixtures (or of some other mixture with a similar boiling
behavior) based on IR footage (or some other contactless methods of measurement) has not yet been
performed.
• The values of nucleation parameters and their trends with the changing composition of the boiling
mixture are unknown and missing in the literature. They are often estimated using the correlations valid
for pure fluids, which were discussed in Section 1.2.
The obtained results presented and discussed in this section were previously published in our article [222].

8.2

Experimental Apparatus

The experiments were performed using the apparatus shown in Figure 8.1 designed by the researchers at
the Laboratory for Thermal Technology, University of Ljubljana. The boiling chamber with the dimensions
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Figure 8.1: The experimental apparatus for thin foil samples built by the research team at the Laboratory
for Thermal Technology: (a) side view of the experimental stand, (b) cross-sectional view of the boiling
chamber, (c) the assembly which holds the foil. Adopted from Voglar et al. [223].

of 100 × 100 mm and height of 170 mm made of double-pane glass is clamped between two steel
flanges. A glass water-cooled condenser is attached to the top flange. The assembly which holds the tested
thin foil is screwed with the bottom flange. A single rectangular titanium foil with purity of 99.99 %,
thickness 𝛿foil = 25 μm, effective area of 27.6 × 17.7 mm and roughness Ra of about 0.07 μm was used
for all the experiments performed. The foil was glued together with a ceramic base made of Macor using
Duralco 4538 epoxy resin, and clamped between two electrical contacts made of nickel-plated copper.
At the center of the ceramic base is a rectangular borehole with dimensions of 23 × 13 mm so that it is
possible to film the bottom side of the foil with an infrared (IR) camera. The bottom side of the foil is
painted with a high-emissivity paint of the average spectral emissivity 𝜀 = 0.90 in the infrared band from 3
to 5 μm [12,224].
Science-grade IR camera FLIR SC6000 is used to film the temperature distribution on the bottom side
of the thin foil. A golden mirror is placed below the boiling chamber at an angle of 45◦ to prevent
a potential damage to the camera due to possible leakage of the liquid. The electrical contacts of the foil
assembly are connected to DC power supply TDK Lambda GEN 10-1000 which has output voltage from 0
to 10 V and output current from 0 to 1 000 A. The current from the power supply is measured indirectly
using shunt EMPRO LAB-1000-100 which has a nominal electrical resistance 𝑅shunt = 1 × 10−4 Ω. The
temperature of the liquid is measured with two K-type TCs immersed in the boiling liquid about 5 and
15 mm above the tested foil. All the measured electrical signals are processed with DAQ multiplexer unit
AGILENT 34972A. An auxiliary heater of a hook-resembling shape is immersed in the liquid to maintain
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the saturation temperature. The heater has a nominal power of about 0.5 kW and is powered with variable
autotransformer Metrel HSN 206/8.

8.3

Calculation of Heat Flux and HTC

The heat flux generated by electrical heating in the foil can be calculated with the equation
𝑈foil 𝑈shunt
,
(8.1)
𝑞 el =
𝑆foil 𝑅shunt
where 𝑈foil is the measured voltage across the foil, 𝑆foil is the surface of the
foil, and 𝑈shunt /𝑅shunt is the current flowing through the foil calculated from the
measured voltage across the shunt 𝑈shunt and the nominal electrical resistance
of the shunt 𝑅shunt . However, due to lateral conduction and heat accumulation,
only a part of 𝑞 el is eventually transferred to the boiling fluid, as depicted in
Figure 8.2, where 𝑞 is the heat flux transferred to the fluid, 𝑞 ac is the heat flux
accumulated in the foil, which is related to the temporal gradients of surface
temperature, and 𝑞 c is the heat flux laterally conducted within the foil, associated
Figure 8.2: Heat flux
with the spatial gradients of surface temperature in both Cartesian directions
partitioning.
of the foil surface (denoted 𝑥 and 𝑦).
The heat balance
𝑞 = 𝑞 el − 𝑞 ac − 𝑞 c

(8.2)

might be assumed for the heat flux components illustrated in Figure 8.2. For a control volume around
a given node [𝑖, 𝑗] in the 2D space and time layer 𝑛, the accumulative and convective heat fluxes might be
calculated from the temperature fields recorded with the IR camera. Using finite-difference schemes, the
approximations
n − 𝑇 n−1
𝑇i,j
𝜕𝑇
i,j
𝑞 ac = 𝛿foil 𝜚 Ti 𝑐 pTi
≈ 𝛿foil 𝜚 Ti 𝑐 pTi
,
(8.3)
𝜕𝑡
𝜏film
 2

n − 𝑇n
n
n
n
4 𝑇i,j
𝜕 𝑇 𝜕 2𝑇
i+1,j − 𝑇i−1,j − 𝑇i,j+1 − 𝑇i,j−1
(8.4)
𝑞 c = 𝛿foil 𝜆Ti
+
≈
𝛿
𝜆
foil Ti
2
𝜕𝑥 2 𝜕𝑦 2
Δ𝐿 px
might be obtained from the Fourier–Kirchhoff equation assuming the infinitesimal element of the control
volume d𝑉 = d𝑥 d𝑦 𝛿foil , the element of the control surface d𝑆 = d𝑥 d𝑦, and that the length elements d𝑥
and d𝑦 are equal to the spatial resolution of the IR camera Δ𝐿 px = 0.11 mm (Δ𝐿 px is the distance between
two neighboring pixels) which was measured before the boiling experiments took place. The time period
between two consecutive frames 𝜏film = 1/fps = 625 μs. A positive value of 𝑞 ac means that heat was
accumulated in the control volume during the time period or recording 𝜏film . A positive value of 𝑞 c means
that heat was conducted out of the control volume. The following thermophysical properties of titanium
at temperatures around 100 ◦ C were adopted from Milošević and Maglić [225]: 𝜆Ti = 18.6 W m−1 K −1 ,
𝑐 pTi = 547 J kg−1 K −1 , 𝑎 Ti = 7.56 × 10−6 m2 s−1 . The density of titanium 𝜚 Ti = 4 498 kg m−3 was obtained
from the definition of the thermal diffusivity 𝑎 Ti .

8.4

Measurement Procedure

Before the foil assembly was screwed to the bottom flange of the apparatus, the foil was rinsed with
2-propanol and dried with a lint-free wipe. After the apparatus was assembled, 400 g of twice-distilled
water was carefully weighted and poured into the boiling chamber. The water was degassed for 45 minutes
by vigorous boiling on the auxiliary heater. Then, boiling on the surface was initiated at a heat flux of
around 100 kW m−2 for about 1 minute to expel any gas entrapped inside the cavities of the foil. After
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that, the foil power supply was turned off and the degassing continued for 15 more minutes. When the
procedure was completed, the liquid was left to cool down to condense the remaining vapor nuclei until it
reached a temperature below 80 ◦ C. The same degassing procedure was performed for the investigated
mixtures when the experiments were suspended for more than couple of hours.
At the start of each experimental run, the liquid was heated by the auxiliary heater to the saturation
temperature and left to boil for several minutes. Then, a series of measurements were performed at the
discrete heat flux values 𝑞 el of 0, 1, 10, 25, 50, 75, 100, 125, 150, 175, and 200 kW m−2 . The heat flux 𝑞 el
generated by the electrical heating was continuously monitored using the custom-made LabVIEW interface
and was always increased during all experimental runs. This was a precaution to obtain at least some
measured data in the case that the foil was unable to withstand higher heat fluxes and melted. The heat
flux 𝑞 el was increased from 0 to 200 kW m−2 for water and highly concentrated water–glycerin mixtures.
For mixtures with a higher glycerin content, it was limited to 175 or 150 kW m−2 to prevent foil melting
due to the HTC deterioration and higher temperatures of the foil. The stable states of boiling are established
more or less instantaneously on thin foils due to their low heat capacity and fast responsiveness. After
the desired heat flux was set, the auxiliary heater was switched off to not influence the process of bubble
nucleation from the foil and IR footage was acquired. A rectangular area which consisted of 126 horizontal
and 94 vertical pixels was filmed with the IR camera for a duration of 3 seconds at a frame rate of 1 600 fps.
The treatment of the IR videos recorded with the camera is described in Appendix A. After the IR video
was captured, the auxiliary heater was turned back on and the heat flux 𝑞 el was altered by changing the
current of the DC power supply. The IR camera was switched on at least 3 hours before the measurements
to cool down its detector.
After each experimental run was finished, the boiling liquid was cooled below 90 ◦ C to condense all
vapor nuclei trapped in the cavities of the foil. When a series of two consecutive runs was finished, the
required amount of glycerin was weighted and poured into the boiling chamber to increase the glycerin
concentration of the boiling liquid to a desired level. After the addition, vigorous boiling of the liquid was
maintained on the auxiliary heater for a couple of minutes to homogenize the boiling mixture.

8.5

Measurement Uncertainties

The relative propagated uncertainty of the heat flux 𝑢 r (𝑞) of about 0.25 % of the measured value was
obtained from the analysis of Equation (8.1) [223]. For the conversion of IR images to temperatures,
a calibration curve was used which was experimentally measured in the range from 80 to 180 ◦ C at steps
of 5 ◦ C. During the calibration, the uncertainty of temperature measurements 𝑢(𝑇) = 1 K was determined.
Both 𝑢 r (𝑞) and 𝑢(𝑇) were found to be quite independent of temperature. The noise equivalent differential
temperature (which can also be viewed as the thermal sensitivity of the IR camera) is less than 20 mK. For
such a low value, the uncertainty of the temperature differences between neighboring pixels is significantly
lower than the temperature uncertainty 𝑢(𝑇). The maximum uncertainty of HTC determined from the
values of 𝑢 r (𝑞) and 𝑢(𝑇) was found to be of about 𝑢(𝛼) = 1.7 kW m−2 K −1 . The relative uncertainty
of HTC decreases for higher heat fluxes and superheats. Heat losses due to natural convection into the
stagnant air beneath the foil and the temperature drop across the thickness of the foil might both be
considered negligible [226].
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8.6

Results and Discussion

Distributions of Superheat

The distributions of the superheat of the heating surface were investigated. The superheat Δ𝑇sat , see
definition (2.4), was calculated from the bubble-point temperatures 𝑇b measured with the immersed TCs
and from the temperatures of the heating surface recorded with the IR camera, which were stored in
matrices [𝑇s ] (the method used for calculation of matrices [𝑇s ] from the measured data is described
in Appendix A). The superheat Δ𝑇sat seems to follow a normal Gaussian distribution, as illustrated in
Figure 8.3 which shows two examples of histograms obtained during boiling of water and the 𝜔w = 0.60
mixture at 𝑞 = 175 kW m−2 . It is evident that higher values and wider distribution of superheat were
measured for the 𝜔w = 0.60 mixture. Superheat distributions were analyzed for all 119 measurements
performed. The arithmetic mean and standard deviation of the measured surface superheat are listed in
Appendix B for all investigated heat fluxes and concentrations. The mean value of Δ𝑇sat and its standard
deviation were found to rise slightly and steadily with the increasing concentration of glycerin in the
mixture and with increasing heat flux. Tolubinsky and Ostrovsky [58] observed that during boiling of pure
water and pure ethanol, various boiling parameters follow a normal Gaussian distribution.

Figure 8.3: The histograms of the relative probability of superheats obtained at 𝑞 = 175 kW m−2 for:
(a) pure water, (b) the 𝜔w = 0.60 mixture. The dashed lines mark the positions of the mean value and
standard deviation. The full line is the corresponding normal Gaussian distribution.

Boiling Curves and HTCs

To visualize boiling curves and HTCs with respect to the heat flux and composition of the boiling mixture,
averaging was performed over the whole [𝑥,𝑦,𝑡] domains of individual surface temperature matrices [𝑇s ].
The temperature matrix [𝑇s ] and heat flux matrix [𝑞], calculated with Equations (8.2), (8.3), and (8.4),
were thus both averaged in space and time. Then, HTC was calculated using definition (2.5), where the
bubble-point temperature 𝑇b was taken as the arithmetic mean of the temperatures measured with the
immersed TCs. Figure 8.4 shows the dependence of the HTC 𝛼 on the heat flux 𝑞 and mass fraction 𝜔w .
The values measured during both experimental runs were averaged and a single data row is shown for
each individual concentration for the sake of clarity. The boiling curves corresponding to Figure 8.4
measured during both experimental runs are shown in Appendix C. In Figure 8.4, the measured HTCs
are also compared with the data from Sections 6 and 7 obtained for the 𝜔w = 0.60 mixture. In general,
lower HTCs which reached of about 45 % and 70 % relative to the previously investigated copper and
nickel-plated surfaces, respectively, were measured with the titanium foil. The smaller HTCs might be
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Figure 8.4: The HTCs obtained from the IR footage after the integration in space and time compared with
the HTCs measured for the copper and nickel-plated surfaces presented in Sections 6 and 7, respectively.
Data are also compared with empirical correlation (8.5) which is derived in the following subsection.
Published in [222].
attributed to a limited number of active nucleation sites observed during boiling on the tested foil. A small
value of the thermal capacity of the foil might be also responsible for the lower measured HTCs [227].
Nevertheless, in Figure 8.4, the deterioration of HTC for mixtures with a lower 𝜔w is clearly visible for
higher heat fluxes. Also, the decrease of HTC is more noticeable for higher 𝜔w , which is consistent with
the conclusions presented in Sections 6 and 7. Although it seems that HTC might have been enhanced for
lower heat fluxes, the trend is not convincing, because for lower heat fluxes, only a very limited number of
nucleating bubbles was observed, as listed in Appendix D, which significantly affects the measured values.
Also, the fact that in Figure 8.4, HTC appears to be a convex function of 𝑞 is questionable and is most
probably caused by limited number of nucleation sites, by the narrow range of investigated heat fluxes, or
by the relatively small monitored area of the foil.
Own Empirical Correlation for HTC

The measured HTCs might be correlated using the function
𝛼 = 1.08 𝑞 0.625+0.089𝜔w

(8.5)

for the investigated heat flux range from 0 to 200 kW m−2 and the water mass fractions 𝜔w from 1.00 down
to 0.60. Correlation (8.5) is similar to Equation (6.4) proposed for the copper surface in Section 6. The
coefficients and their 95 % confidence intervals 𝐶1 = 1.08 ± 0.35 W1−𝑚 m2𝑚−2 K −1 , 𝐶2 = 0.625 ± 0.030
and 𝐶3 = 0.089 ± 0.009 were obtained by fitting the function 𝛼 = 𝐶1 𝑞 𝐶2 +𝐶3 𝜔w to the experimental
data. The exponent of the heat flux 𝑞 in correlation (8.5) lies between 0.63 and 0.71 for the investigated
mixtures which is consistent with the range 0.6 < 𝑚 < 0.8 typically given in the literature [33].
Figure 8.4 shows an acceptable agreement between correlation (8.5) and the experimental points. The
errors SEE = 0.2 kW m−2 K −1 and MRE = 6.4 % between the measured and correlated values were
calculated. When using correlation (8.5), the heat flux 𝑞 has to be in (W m−2 ), the water mass fraction 𝜔w
is dimensionless, and the calculated 𝛼 is in (W m−2 K −1 ).
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Values and Trends of Boiling Parameters

The three-dimensional matrices [𝑇s ] of the surface temperature were analyzed with custom-made scripts
which were developed to identify the sudden drops of temperature caused by bubble nucleation. For each
nucleation event, the position of bubble center in time, the footprint diameter 𝐷 f in time18 the bubble
growth period 𝑡g and the nucleation period 𝑡n = 𝑡w + 𝑡g 19 were evaluated and stored. These values were then
used to calculate nucleation frequencies 𝑓n = 1/𝑡n , maximum footprint diameters 𝐷 f and growth rates 𝑓n 𝐷 f
of the temperature footprints. Since the characteristics of cavities (such as cavity mouth diameters, their
shapes, etc.) might significantly affect the values of the investigated parameters, it is necessary to find some
stable active nucleation sites which are active for the various investigated compositions and heat fluxes
and provide a representative number of bubbles. Then, it is possible to evaluate the studied parameters
only for these sites of the foil and compare the values corresponding to each individual nucleation site.
Finding Stable Active Nucleation Sites
From the list of recorded nucleation events, the total number of bubbles nucleating from the filmed area
of the heating foil was calculated and is listed in Appendix D for all experimental runs. For the purpose
of further analysis, the area filmed with the IR camera was divided into 10 horizontal and 14 vertical
rectangles which produced 140 rectangular zones with dimensions of about 0.99 × 1.03 mm. These
zones were numbered from the left bottom corner of the monitored area, as shown in Figure 8.5. For
the zones adjacent to the boundary of the area, which are painted gray, the boiling parameters were not
evaluated, since only fractions of emerging bubbles were visible above these zones and it was not possible
to reconstruct the shapes and radii of these bubbles. Zone 44 is highlighted in Figure 8.5, because it was,
by far, the most active nucleation spot and the only one which was observed to be active for all investigated
concentrations.
127 128 129 130 131 132 133 134 135 136 137 138 139 140
113 114 115 116 117 118 119 120 121 122 123 124 125 126
99 100 101 102 103 104 105 106 107 108 109 110 111 112
85 86 87 88 89 90 91 92 93 94 95 96 97 98
71 72 73 74 75 76 77 78 79 80 81 82 83 84
57 58 59 60 61 62 63 64 65 66 67 68 69 70
43 44 45 46 47 48 49 50 51 52 53 54 55 56
29 30 31 32 33 34 35 36 37 38 39 40 41 42
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Figure 8.5: Numbering of the zones into which the filmed area of the titanium foil was divided for further
analyzes.
The inherent randomness of the boiling process is documented in Figure 8.6 which shows the positions of
active nucleation sites (or zones) on the titanium foil during boiling of pure water at heat flux of 200 kW m−2 .
The active sites are colored according to the number of bubbles produced from each of them. For the
18

19

Using the IR videos, it is possible to evaluate only the footprint diameter 𝐷 f of the zone on the foil whose temperature is
affected by heat transfer during bubble nucleation. Although the diameter 𝐷 f of the zone might be slightly different from
the bubble diameter 𝐷 b , it might be assumed that both are directly proportional to each other and that the trends observed
for 𝐷 f are also valid for 𝐷 b . This was verified in our study [222]. Nevertheless, I use the term footprint diameter and the
label 𝐷 f instead of 𝐷 b in this section for clarity.
It is generally difficult to determine 𝑡w and 𝑡 g from the image analysis of a high-speed video footage [23]. Even though the
beginnings of individual nucleation cycles are clearly visible using infrared thermometry, it is still quite subjective to decide
what is the exact moment when a bubble detaches from the heating surface.

103

Figure 8.6: The distribution of active nucleation sites during boiling of water at 𝑞 = 200 kW m−2 : (a) for
the first performed run, (b) for the second run.
zones painted black or gray, less than five bubbles were detected. These zones were not evaluated, because
they were not considered to provide stable nucleation. Although for the first run, the most active were
Zone 101 and Zone 44 which produced 56 and 32 bubbles, respectively, during the second run, Zone 101
was inactive, and most bubbles emerged from Zone 44 for which 28 bubbles were detected. In other
words, the most active nucleation spot during the first run was not even activated during the second run
even despite the fact that the second run was performed immediately after the first run, the very same
measurement methodology was applied and the target heat flux was set using a sensitive precise laboratory
power source. Such a random and unpredictable activation of different nucleation sites was the cause of
discrepancies in the total number of bubbles observed during individual runs for the same heat flux and
composition, which might be noticed in Table A2 in Appendix D.
It was noted that the nucleation site corresponding to Zone 44 provided very stable and periodic nucleation
for all investigated compositions of the boiling fluid. This is documented in Table A3 in Appendix D
which gives the total number of bubbles emerging from Zone 44 for each heat flux 𝑞 and mass fraction 𝜔w
investigated. For heat fluxes lower than 100 kW m−2 , no bubbles were detected above Zone 44 during
boiling of pure water. Therefore, bubbles emerging from Zone 44 were analyzed only for 𝑞 ≥ 100 kW m−2
to assess the impact of 𝑞 and 𝜔w on nucleation parameters during boiling.
Bubble Diameters, Nucleation Frequencies, and Bubble Growth Rates
Tables 8.1, 8.2, and 8.3 show the values of the maximum footprint diameter 𝐷 f , the nucleation frequency 𝑓n ,
and the bubble growth rate 𝑓n 𝐷 f , respectively, which are compared with the results of some of the
Table 8.1: The maximum footprint diameters 𝐷 f (mm) measured for the bubbles emerging from Zone 44
and the bubble departure diameters 𝐷 b calculated with the correlations presented in Section 1.2.
𝜔w (−)
kW m−2

= 100
= 125 kW m−2
= 150 kW m−2
= 175 kW m−2
= 200 kW m−2

Measured at

𝑞
𝑞
𝑞
𝑞
𝑞

Correlation of

Fritz (1.26)
Kutateladze and Gogonin (1.31)
Cole and Rohsenow (1.32)

1.00

0.98

0.95

0.90

0.85

0.80

0.70

0.60

−
5.1
4.9
4.5
4.6

5.1
4.8
4.5
4.5
4.4

5.3
4.5
4.4
4.5
4.4

5.0
4.7
4.7
4.7
4.5

5.1
4.9
5.1
4.6
4.5

5.2
5.3
5.0
5.2
−

4.7
4.8
4.8
−
−

5.2
4.5
4.0
3.7
−

4.5
6.9
0.5

4.4
7.7
0.5

4.4
7.7
0.5

4.4
7.7
0.5

4.4
8.1
0.4

4.4
8.0
0.4

4.4
7.7
0.4

4.3
7.6
0.4
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Table 8.2: The nucleation frequencies 𝑓n (s−1 ) measured for the bubbles emerging from Zone 44 compared
with the frequencies calculated with the correlations for 𝑓n 𝐷 b presented in Section 1.2 under the assumption
that 𝐷 b equals to the result of the Fritz correlation, see Equation (1.26).
𝜔w (−)
1.00

0.98

0.95

0.90

0.85

0.80

0.70

0.60

Measured at

𝑞
𝑞
𝑞
𝑞
𝑞

kW m−2

−
3.7
8.0
9.5
12.9

4.3
5.6
7.8
11.7
14.2

3.4
7.1
9.8
13.0
15.5

4.3
6.6
10.2
12.8
16.7

4.5
7.1
10.5
13.7
15.7

5.4
8.3
10.8
12.9
−

5.9
9.0
12.0
−
−

7.3
11.9
13.8
16.5
−

Correlation of

Malenkov (1.50)
Peebles and Garber (1.48)

15.8
20.6

15.9
20.8

15.9
20.8

15.9
20.8

15.9
20.8

16.0
20.9

16.0
20.9

16.1
21.0

= 100
= 125 kW m−2
= 150 kW m−2
= 175 kW m−2
= 200 kW m−2

Table 8.3: The footprint growth rates 𝑓n 𝐷 f (mm s−1 ) calculated using the measured values listed in
Tables 8.1 and 8.2 and compared with the bubble growth rates 𝑓n 𝐷 b estimated with the correlations
presented in Section 1.2.
𝜔w (−)
= 100 kW m−2
= 125 kW m−2
= 150 kW m−2
= 175 kW m−2
= 200 kW m−2

Measured at

𝑞
𝑞
𝑞
𝑞
𝑞

Correlation of

Malenkov (1.50)
Peebles and Garber (1.48)

1.00

0.98

0.95

0.90

0.85

0.80

0.70

0.60

−
19
39
43
59

22
27
35
53
63

18
32
43
58
67

21
31
48
60
74

23
35
53
63
71

28
44
54
66
−

28
44
57
−
−

38
53
55
60
−

71
92

70
92

70
92

70
92

70
92

70
92

70
91

69
91

correlations listed in Section 1.2. All the measured parameters in Tables 8.1 to 8.3 are the averages of the
values acquired from the analysis of the bubbles originating from Zone 44. The results of the correlations
in Tables 8.1 to 8.3 were obtained employing the thermophysical properties given in Table 3.1 together
with the value of contact angle 𝜗c = 86◦ reported in the literature for water on thin titanium foils [226]. The
correlated values of 𝑓n were calculated from the correlated bubble growth rates 𝑓n 𝐷 b assuming that 𝐷 b is
equal to the Fritz diameter, see correlation (1.26). According to all employed correlations, the boiling
parameters are independent of the heat flux 𝑞20.
Based on Tables 8.1 to 8.3, the maximum footprint diameter 𝐷 f , which oscillates between 3.7 and 5.3 mm,
appears to be independent of 𝜔w . On the contrary, the nucleation frequency 𝑓n significantly increases
with the heat flux and also mildly rises with the concentration of glycerin in the boiling mixture. The
increase of growth rate 𝑓n 𝐷 f obtained at a higher 𝑞 for a lower 𝜔w is thus caused solely by the higher
measured nucleation frequencies. A series of F-tests and Akaike information criterion were evaluated
for the measured boiling parameters presented in Tables 8.1 to 8.3 and for various model functions.
These statistical tests showed that the footprint diameter 𝐷 f might be considered independent of the mass
fraction 𝜔w and weakly dependent on the heat flux 𝑞 according to the function
𝐷 f = 4.54 × 10−2 𝑞 −0.19
20

(8.6)

The Malenkov correlation, which is the only one which contains the heat flux 𝑞, see Equation (1.50), was evaluated outside
of the interference regime of boiling. It was, therefore, assumed that bubbles do not mutually interact and the last fraction of
Equation (1.50) was omitted.
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and that the nucleation frequency 𝑓n depends on both 𝑞 and 𝜔w and might be approximated with the
function
𝑞 1.73
.
(8.7)
𝑓n = 8.88 × 10−9
𝜔w
Combining Equations (8.6) and (8.7), the footprint growth rate (the growth rate of the zones affected by
bubble nucleation) might be estimated with the correlation
𝑞 1.54
.
(8.8)
𝜔w
Correlations (8.6) to (8.8) are valid for the range of the investigated water mass fractions 0.60 ≤ 𝜔w ≤ 1.00
and for the heat flux range 100 ≤ 𝑞 ≤ 200 kW m−2 . To use correlations (8.6) to (8.8), the heat flux 𝑞 needs
to be in (W m−2 ), 𝜔w is dimensionless, 𝐷 f is given in (m), 𝑓n is in (s−1 ) and 𝑓n 𝐷 f in (m s−1 ). Although
all three correlations are rather informative since the confidence intervals of their coefficients are relatively
wide due to the limited number of experimental points and fluctuations of the measured parameters, they
might still be used for a rough estimate of the investigated boiling parameters.
𝑓n 𝐷 f = 4.03 × 10−10

Although it might seem that more or less constant values of boiling parameters presented in Tables 8.1
to 8.3, which were calculated with the correlations published in the literature, indicate that these parameters
are not influenced by the variations of thermophysical properties caused by additions of glycerin, one should
bear in mind that all employed correlations were developed for pool boiling of pure fluids and that these
correlations do not consider the impact of the mixture effects on the boiling parameters. Measured values
might, therefore, significantly differ from the results of these correlations. Nevertheless, the measured
footprint diameter 𝐷 f corresponds very well to the results of the Fritz correlation (1.26). The bubble
growth rates 𝑓n 𝐷 b predicted by the correlation of Malenkov (1.50) roughly correspond to the growth rates
of the footprint area 𝑓n 𝐷 f measured for the highest investigated heat flux of 200 kW m−2 . The same holds
true for the measured and correlated nucleation frequencies 𝑓n .
According to Table 8.1 and correlation (8.6), the bubble departure diameter is independent of the composition of the liquid phase, which agrees with the findings published by Tolubinsky and Ostrovsky [188].
They explain that 𝐷 b is independent of 𝜔w due to the fact that the equilibrium vapor composition and the
bubble-point temperature both remain more or less constant for the mixtures with 𝜔w > 0.30.
As reported by Dhir [23], the nucleation frequency 𝑓n should increase with the superheat which agrees
with Table 8.2. On the other hand, Zuber [57] reported that for pure fluids boiling at low heat fluxes
(although for some liquids, it might be as much as 80 % of the critical heat flux), both 𝐷 b as well as 𝑓n
should be rather independent of the heat flux, and that the enhancement of HTC at higher heat fluxes is
primarily caused by the increased number of active nucleation sites. The different trends observed in this
work might be caused either by the impact of the mixture effects on the nucleation cycles of bubbles or
by the fact that the number of active nucleation sites was rather small on the investigated foil and the
activation of new sites was limited. In other words, the findings stated by Zuber might be valid only for
those surfaces which are able to provide a wider distribution of the sizes and shapes of cavities, gradual
activation of nucleation spots, and higher number of departing bubbles.
Tolubinsky and Ostrovsky [58] observed that for aqueous sugar solutions and aqueous solutions of NaCl
and Na2 CO3 , the bubble growth rates were more or less the same as for the pure solvent (water) without
any noticeable effect of the viscosity and Prandtl number of the boiling liquid. On the other hand, they
also observed that for ethanol–water mixtures, the bubble departure diameter 𝐷 b and the bubble growth
rate 𝑓n 𝐷 b decrease when the equilibrium molar fraction difference |𝑦 i − 𝑥 i | increases, which contradicts
the trends in Tables 8.1 and 8.3. However, by looking at their data, a strong decrease was measured only
at smaller concentrations of ethanol (which is the more volatile component) in water (the less volatile
component). For higher concentrations of the less volatile component (which is more relevant with respect
to the investigated water–glycerin mixtures), both parameters were rather constant, see Figure 8 in the
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work of Tolubinsky and Ostrovsky [58]. Moreover, they investigated mixtures with very different nature
relative to water–glycerin mixtures (studied fluids significantly differ in the vapor–liquid equilibrium,
boiling range, viscosity ratio of both pure components, etc.) which might also be the reason why the trends
presented in this section do not correspond to their observations.
Thermal Energy Consumed by Bubbles
Since the footprint diameter 𝐷 f (which represents the bubble departure diameter 𝐷 b ) was found to be
a weak function of 𝑞 independent of the concentration of the boiling mixture and since the nucleation
frequency 𝑓n seems to increase for a lower 𝜔w , the deterioration of HTC with the decrease of 𝜔w cannot
be explained by the trends observed for the investigated parameters related to bubble nucleation. Another
possible cause of the HTC deterioration might be lower intensity of heat transfer even despite the increased
nucleation frequencies and bubble growth rates. This was further analyzed by the evaluation of the average
thermal energy 𝑄 b consumed during individual nucleation cycles. The thermal energy 𝑄 b was calculated
from the three-dimensional matrices [𝑇s ] and [𝑞] of the surface temperature and the heat flux, respectively,
according to the equation
!

∫ ∬
𝑗1
𝑛1
𝑖1 ∑︁
∑︁
∑︁
𝑛
2
𝑄b =
𝑞 d𝑆 d𝑡 ≈
𝑞 i,j
Δ𝐿 px
𝜏film ,
(8.9)
tg

Saffected

n=n0

i=i0 j=j0

where the individual nodal values of the heat flux
were calculated with Equations (8.2), (8.3) and (8.4),
Δ𝐿 px = 0.11 mm is the spatial resolution of the IR camera, and 𝜏film = 625 μs is the time period of the
video recording. In Equation (8.9), the differences between the summation bounds (𝑛1 − 𝑛0 ), (𝑖1 − 𝑖0 )
and ( 𝑗1 − 𝑗0 ) are equal to the number of time layers corresponding to the growth period 𝑡g , the number
of vertical pixels affected by nucleation and the number of horizontal pixels affected by nucleation,
respectively.
𝑛
𝑞 i,j

Table 8.4 lists the calculated values of the thermal energy 𝑄 b consumed by bubble nucleation calculated
as the average of the values obtained from the analysis of bubbles which originated from Zone 44. The
Table 8.4: The values of the thermal energy 𝑄 b (mJ) consumed by individual nucleating bubbles. Each
value represents the average thermal energy obtained from the analysis of the bubbles emerging from
Zone 44.
𝜔w (−)

𝑞
(kW m −2 )

1.00

0.98

0.95

0.90

0.85

0.80

0.70

0.60

100
125
150
175
200

−
47
48
41
49

42
41
39
45
46

43
33
38
44
44

37
41
44
49
47

42
42
54
45
49

49
60
59
72
−

41
51
53
−
−

58
43
38
34
−

analysis did not result in a clear trend of the thermal energy 𝑄 b , as was also confirmed by a series of
F-tests according to which, the thermal energy 𝑄 b is likely a constant which has a value of about 46 mJ
and a standard deviation of 8 mJ. This result suggests that the transport of heat enhanced by individual
nucleating bubbles was not significantly affected by the heat flux 𝑞 or by the concentration of glycerin in
the boiling mixture. Most of the thermal energy is consumed by bubbles in the early stages of nucleation,
as noticeable from the recorded IR videos which showed very rapid drops of surface temperature and
significant enhancement of heat transfer just moments after a new bubble was formed on the heating
surface.
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Suggested Explanation of HTC Deterioration
The measured values of the nucleation parameters and of the thermal energy, which were presented in
Tables 8.1 to 8.4, suggest that the measured decrease of HTC with 𝜔w is probably not directly related to
the transport of latent heat during bubble nucleation. The deterioration of HTC for higher concentration of
glycerin in the boiling mixture is likely caused by reduced heat transfer to the liquid phase due to lower
intensity of enhanced convection, transient conduction, and natural convection. The deterioration of heat
transfer might be explained as a consequence of retardation of convective mechanisms in the liquid phase
caused by the increased viscosity, increased density, or decreased specific heat capacity of the boiling
mixtures with lower 𝜔w , see Table 3.1. This would also explain the measured decrease of HTC, despite the
contradictory enhancive trends observed for the nucleation frequency 𝑓n and footprint growth rate 𝑓n 𝐷 f .
Higher superheats were generally measured for mixtures with a lower 𝜔w during bubble growth periods as
well as during waiting periods, which also supports the suggested explanation.

8.7

Summary of Experimental Results

The analysis of IR footage presented in this section revealed that HTC deteriorates for higher concentration
of glycerin in the boiling mixture and that the deterioration is pronounced for mixtures with a higher
water content. Similar behavior was already observed during experiments performed with the copper and
nickel-plated surfaces in Sections 6 and 7, respectively.
Besides that, the following conclusions were drawn for boiling of water–glycerin mixtures on titanium
foils:
• The bubble footprint diameter was found to be independent of the concentration of glycerin in the
investigated mixtures. On the other hand, increased nucleation frequencies and bubble growth rates were
measured for higher concentrations of glycerin in the boiling mixture. The values of the investigated
nucleation parameters were found to be comparable with the results of the correlations developed for
pure fluids.
• The thermal energy consumed by bubbles during nucleation was found to be independent of the heat
flux and composition of the boiling mixture. The initial stages of bubble nucleation were found to be
characterized by intense heat transfer.
• The trends of the evaluated boiling parameters and the independent value of thermal energy 𝑄 b = 46±8 mJ
obtained at different concentrations of glycerin in the boiling mixture indicate that heat transfer into the
liquid phase is more significant than the transport of latent heat related to bubble nucleation for the
investigated water–glycerin mixtures.
• Random activation of nucleation sites was observed during the repeated runs performed under the same
experimental conditions with the same heating surface.
• Boiling on the investigated titanium foil was characterized by lower HTC values relative to the values
measured for the copper and nickel-plated surfaces presented in Sections 6 and 7, respectively. The
HTCs measured on the titanium foil was of about 45 % compared with those measured for the copper
surface and about 70 % compared with the HTCs measured for the nickel-plated surfaces. The lower
HTCs were most likely caused by a limited number of active nucleation sites.
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9.

Generalization of Experimental Findings

In Sections 6, 7, and 8, HTCs were measured during boiling of water–glycerin mixtures on three different
materials of the heating surface. Although it is always a difficult task to draw general conclusions from
a limited set of experiments, the following empirical findings valid for all three investigated materials
indicate that at least some of our observations might be considered universal for mixtures of water and
glycerin. The following general trends were valid for all of the surfaces and conditions investigated:
• The measured HTCs were found to deteriorate with increasing concentration of glycerin in the mixture.
The deterioration was stronger at higher heat fluxes and for mixtures with a lower concentration of
glycerin.
• For the investigated thick nickel-plated samples, the decrease of HTC due to the addition of the less
volatile component (glycerin) followed an asymptotic trend, see Figure 7.8, which means that although
the decrease is quite significant for mixtures with a lower glycerin content, it becomes much weaker
when the amount of glycerin in the mixture is higher. The asymptotic decrease of HTC was confirmed
for the nickel-plated surfaces using a three-parametric exponential function, see Equation (7.4), which
provided a reasonable agreement with the experiments. Although for the investigated copper surface,
a simpler three-parametric function was proposed, see Equation (6.4), the three-parametric exponential
correlation
h
i
𝛼 = 𝑞 0.70 6.67 e−0.58(1− 𝜔w ) − 3.43
(9.1)
is also very well applicable for the copper surface and produces SEE and MRE between the calculated
and measured HTCs of about 0.7 kW m−2 K −1 and 7 %, respectively. Likewise, the equation
h
i
𝛼 = 𝑞 0.70 0.58 e−3.15(1− 𝜔w ) + 0.71
(9.2)
is applicable instead of correlation (8.5) for the calculation of HTC during boiling on the titanium
foil and produces SEE and MRE around 0.2 kW m−2 K −1 and 6.3 %, respectively. The reason why
correlations (9.1) and (9.2) were omitted from Sections 6 and 8, respectively, is that the confidence
intervals of their coefficients are considerably wider relative to those calculated for the coefficients of
the original correlations. Nevertheless, the relatively low errors achieved with both correlations suggest
that the data obtained for the tested copper and titanium surfaces also follow the asymptotic trend of
HTC deterioration.
• From the measurement of HTCs on all investigated surfaces, it is evident that the mixture effects have
a substantial impact on HTC and have to be considered even for the water–glycerin mixtures with the
lowest investigated glycerin content of 2 % by weight.
• No significant enhancement of HTC was observed during the experiments performed for any of the
investigated glycerin concentrations, heat flux levels, and heating surfaces.

109

10.

Recapitulation of Experimental Results and Findings

10.1

Boiling of Water–Glycerin Mixtures on the Copper Surface

Performed Experiments

• The commonly-used steady-state method of measurement and the own dynamic measurement method
were applied.
• A single copper block with a smooth planar heating surface (Ra of 0.4 μm) was investigated.
• The water mass fractions 0.40 ≤ 𝜔w ≤ 1.00 and heat fluxes 25 ≤ 𝑞 ≤ 270 kW m−2 were studied.
• In total, 9 experimental runs were performed and 109 data points obtained.
Outputs

• The empirical correlation for HTC (SEE = 0.5 kW m−2 K −1 , MRE = 6 %)
𝛼 = 0.59 𝑞 0.714+0.130𝜔w .
• The proposed and verified dynamic method.
Findings

• HTC decreased with increasing 𝜔w , the trend was accented for higher 𝑞 and 𝜔w .
• The mixture effects were significant for all investigated conditions.
• No HTC enhancement was observed under the investigated conditions.
• HTC might be correlated with the combination of the Schlünder correlation and the correlation of
Stephan and Abdelsalam (SEE = 1.0 kW m−2 K −1 , MRE = 14 %).
• A systematically lower HTCs were measured for the 𝜔w = 0.90 mixture during the performed repeated
run.
Published in

[200] Vajc V., Šulc R., Dostál M., Pool Boiling Heat Transfer Coefficients in Mixtures of Water and
Glycerin, Processes, vol. 9, no. 5, article no. 830, May 2021, pp. 1–19. doi:10.3390/pr9050830.
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10.2

Boiling of Water–Glycerin Mixtures on the Nickel-Plated Surfaces

Performed Experiments

• HTCs during saturated and subcooled boiling were measured.
• Five nickel-plated surfaces with a smooth planar heating surface (Ra of about 0.4 μm) were investigated.
• The water mass fractions 0.60 ≤ 𝜔w ≤ 1.00 and heat fluxes 0 ≤ 𝑞 ≤ 650 kW m−2 were studied.
• Subcooled experiments were done for 𝑞 = 250, 450, and 650 kW m−2 at the subcooling 0 ≤ Δ𝑇sub ≤ 30 K.
• Long-term measurements of the boiling performance stability were conducted.
• In total, 110 saturated and 82 subcooled runs were performed.
Outputs

• The empirical correlation for the HTC during saturated boiling (SEE = 1.7 kW m−2 K −1 , MRE = 11 %)
h
i
𝛼 = 𝑞 0.70 1.30 e−10.6(1− 𝜔w ) + 1.18 .
• The empirical correlation for the total HTC during subcooled boiling (SEE = 1.1 kW m−2 K −1 ,
MRE = 7 %)
Δ𝑇sub
1
1

 +
=
.
)
−10.6(1−
𝜔
0.70
w + 1.18
𝛼tot 𝑞
𝑞
1.30 e
Findings

• HTC decreased with increasing 𝜔w , the trend is accented for higher 𝑞 and 𝜔w .
• The mixture effects were significant for all investigated conditions.
• No HTC enhancement was observed under the investigated conditions.
• HTCs reached about 65 % relative to those measured for the copper surface.
• The investigated nickel-plated surfaces were found to provide a very stable boiling performance.
• HTC might be correlated with the combination of the Inoue and Monde correlation and the correlation
of Yagov (SEE = 1.9 kW m−2 K −1 , MRE = 12 %).
• The developed subcooled boiling regime was reached for all investigated mixtures.
• The effects of subcooling and composition on HTC were stronger for less subcooled mixtures with
a lower content of glycerin.
Published in

[214] Vajc V., Može M., Hadžić A., Zupančič M., Golobič I., Saturated and Subcooled Pool Boiling
Heat Transfer in Mixtures of Water and Glycerin, Experimental Heat Transfer, Jan. 2022, pp. 1–29.
doi:10.1080/08916152.2022.2027574.
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10.3

Boiling of Water–Glycerin Mixtures on the Titanium Foil

Performed Experiments

• Infrared thermometry was applied to measure the temperature distribution of the heating surface in
space and time.
• A single titanium foil (Ra = 0.07 μm, 𝛿foil = 25 μm) was investigated.
• The water mass fractions 0.60 ≤ 𝜔w ≤ 1.00 and heat fluxes 0 ≤ 𝑞 ≤ 200 kW m−2 were studied.
• In total, 155 IR videos were captured. Two runs were performed for each of the eight investigated
concentrations. Each run contained from 8 to 11 measurements at discrete heat flux levels.
Outputs

• The empirical correlation for the HTC during saturated boiling (SEE = 1.7 kW m−2 K −1 , MRE = 11 %)
𝛼 = 1.08 𝑞 0.625+0.089𝜔w .
• The empirical correlation for the measured diameter of the temperature footprint of bubbles
𝐷 f = 4.54 × 10−2 𝑞 −0.19 .
• The empirical correlation for the measured nucleation frequency
𝑞 1.73
.
𝜔w
• The empirical correlation for the measured growth rate of temperature footprints
𝑓n = 8.88 × 10−9

𝑓n = 4.03 × 10−10

𝑞 1.54
.
𝜔w

Findings

• HTC decreased with increasing 𝜔w , the trend is accented for higher 𝑞 and 𝜔w .
• The values of the investigated nucleation parameters were comparable with some of the correlations
developed for pure fluids.
• Despite the HTC deterioration, more bubbles were produced for mixtures with a higher 𝜔w .
• The thermal energy transferred during bubble nucleation was independent of 𝜔w and 𝑞.
• The transport of latent heat by nucleating bubbles was found not to be the governing heat transfer
mechanism.
• Random activation of nucleation sites was recorded despite the same measurement procedure and
experimental conditions.
• HTCs reached about 45 % and 70 % relative to those measured for the copper and nickel-plated surfaces,
respectively.
Published in

[222] Vajc V., Može M., Zupančič M., Šulc R., Golobič I., IR Measurements of Heat Transfer Coefficients
and Nucleation Parameters during Saturated Nucleate Boiling of Water–Glycerin Mixtures, Case
Studies in Thermal Engineering, vol. 32, Apr. 2022, pp. 1–13. doi:10.1016/j.csite.2022.101917.
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PART III

Conclusions

113

114

Boiling is a commonly utilized process characterized by intense heat transfer, but also a complicated and
complex phenomenon which, to date, is still not fully understood and satisfactorily explained. Nevertheless,
much effort has been and is being made, and important findings are being published despite the lack of
an underlying theory of boiling. In any case, waiting for a universal correlation or for a groundbreaking
theory which would enable one to estimate boiling performance for a variety of different heating surfaces,
boiling fluids, and conditions, seems to be a utopia. In Part I of this thesis, I tried to emphasize that neither
the mechanisms nor the correlations for calculation of the most important boiling parameters are generally
valid and that there always exist specific cases for which these models eventually fail. This might be viewed
as a consequence of the complexity of boiling.
Despite the fact that boiling of mixtures almost always leads to significant deterioration of HTC and is
often unavoidable in industrial processes (for example, it is necessary and inevitable to treat mixtures
during distillation or thickening), some mixtures might also bring several advantages over pure fluids,
such as environmental friendliness or improved thermodynamic efficiency. The heat transfer correlations
formulated for boiling of mixtures aim to cover the impact of various influential mechanisms which are
present during mixture boiling and are together called the mixture effects.
Various aspects, characteristic parameters, and boiling behavior of water–glycerin mixtures were introduced
and discussed in Section 3. The employment of glycerin and research of new suitable techniques for its
utilization are required due to the overproduction of glycerin on the global market. However, detailed
knowledge and study of the thermophysical, technological, and transport properties of glycerin and its
mixtures are required. From the perspective of boiling, the binary mixtures of water and glycerin evince
a rather extraordinary boiling behavior, mostly because of the significant values of their boiling range and
due to the fact that the vapor phase consists solely of water for a wide range of mixture composition.
The following conclusions based on the experimental results presented in Part II of this thesis might be
drawn for the investigated water–glycerin mixtures:
• HTC deteriorates with an increasing amount of the less volatile component (glycerin) in water–glycerin
mixtures, which is in agreement with the trends reported in the literature for tubular surfaces. The HTC
deterioration was observed for all of the investigated surfaces (copper, nickel-plated, and titanium), heat
fluxes, and concentrations of the boiling mixture. The decrease of HTC with increasing concentration of
glycerin follows an asymptotic trend (it is substantial for mixtures with a lower content of glycerin, but
becomes weaker as the amount of glycerin increases). All of these trends might be considered universal
for all investigated water–glycerin mixtures.
• The mixture effects were found to affect the HTC during boiling of water–glycerin mixtures on all
surfaces and compositions investigated.
• HTC enhancement was not detected for any of the concentrations and heating surfaces investigated.
• The heating surfaces made of copper were found to be less stable compared with the nickel-plated
and titanium surfaces, most likely due to interaction of copper with glycerin. The nickel-plated and
titanium samples maintained a stable boiling performance during multiple repeated runs. The stability
of nickel-plated samples was also confirmed by long-term boiling experiments.
• Bubble departure diameters (represented by the maximum footprint diameters of zones on the titanium
foil whose temperatures were clearly affected by bubble nucleation) were found to be weakly dependent
on the heat flux, independent of the concentration, and well predictable by the often used correlation of
Fritz.
• The nucleation frequencies increased significantly with the heat flux and gradually with the concentration
of glycerin in the boiling mixture. The increase of the bubble growth rate, measured for lower water
mass fractions and higher heat fluxes, was caused by the increase of the nucleation frequency.
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• The thermal energy transferred into nucleating bubbles of about 46 ± 8 mJ was found to be independent
of the heat flux and concentration. Most of the energy was observed to be transferred in the early stages
of nucleation cycles.
• Trends of the investigated boiling parameters measured for the titanium heating surface indicate that
heat transfer to the liquid phase by convection and transient conduction is more important than the
mechanisms related to the transport of latent heat.
• The subcooled boiling experiments performed on the nickel-plated surfaces proved that when the
developed regime of subcooled boiling is established, the correlations suitable for saturated boiling
might be employed to predict HTCs during subcooled boiling of pure fluids as well as mixtures. The
regime of developed subcooled boiling manifests itself by more or less constant temperature of the
heating surface, which is independent of subcooling of the liquid bulk.
• The effects of subcooling and composition on the total HTC were observed to be more important for the
less subcooled mixtures with lower glycerin content.
• The investigated titanium foil was characterized by relatively low measured HTCs which reached
about 45 % and 70 % of those measured for the copper and nickel-plated surfaces, respectively. The
HTCs measured for the nickel-plated surfaces reached approximately 65 % relative to those measured
for the copper surface. This was caused by the different materials and structures of the investigated
surfaces which resulted in variations of active nucleation site density.
• Suitable correlations adopted from the literature and own empirical correlations developed for the
investigated water–glycerin mixtures were proposed. Different correlations have to be used with respect
to the heating surface.
The results and conclusions of the experimental measurements presented in this thesis might be used to
estimate the HTC or important boiling parameters during boiling of water–glycerin mixtures. Suitable
correlations for boiling of water–glycerin mixtures were identified, and new empirical correlations were
proposed for fast and straightforward calculation of HTC.
The data and information presented in and related to this thesis were previously published in the author’s
works [199,200,203,214,222].
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Appendix A:

Treatment of IR Videos

The files recorded with the IR camera during measurements presented in Section 8 were processed in the
following four consecutive steps:
1. Conversion. Data were converted from .ats files to .mat files using script FlirMovieReader.m provided
by the camera manufacturer. Three-dimensional matrices of digital counts were thus obtained for each
heat flux and concentration investigated.
2. Recalculation of counts to temperatures which was done in two steps. Each element of individual
converted matrices of digital counts was first recalculated to radiance using a third degree polynomial.
The radiance value was then recalculated to temperature with a fourth-degree polynomial. Both
polynomials were obtained from the calibration procedure. After the recalculation, three-dimensional
matrices [𝑇raw ] (𝑥,𝑦,𝑡) of raw temperatures were obtained for each of the heat fluxes and concentrations
investigated.
3. Correction of temperatures. The matrices of raw temperatures [𝑇raw ] were corrected based on the
assumption that for a very low heat flux of 10 kW m−2 (which is too low to trigger nucleate boiling),
the time averages of local temperatures should be homogeneous across the foil. For each experimental
run, the temperature matrix [𝑇raw ] obtained at 10 kW m−2 , denoted [𝑇raw ] q10 , was used to calculate the
correction matrix


𝑇¯raw q10 (𝑥,𝑦)
[𝐶] =
,
(A1)
𝑇¯raw,q10
where [𝑇¯raw ] q10 (𝑥,𝑦) is the two-dimensional matrix of raw temperatures, which was obtained by
averaging the matrix [𝑇raw ] q10 in time. The scalar value of average raw temperature 𝑇¯raw,q10 was
obtained by averaging the matrix [𝑇raw ] q10 in space and time. The correction matrix [𝐶] was then used
to calculate the matrices of corrected temperatures [𝑇cor ] for all investigated heat fluxes. The elements
of [𝑇cor ] in a time layer 𝑡 ′ were calculated as
[𝑇cor ] (𝑥,𝑦,𝑡 = 𝑡 ′ ) =

[𝑇raw ] (𝑥,𝑦,𝑡 = 𝑡 ′ )
.
[𝐶]

(A2)

Equation (A2) was applied for all time layers.
4. Offset of temperatures. For each investigated heat flux and concentration, the matrix of corrected
temperatures [𝑇cor ] was offset so that the temperature of the coldest pixel in the entire [𝑥,𝑦,𝑡] domain
of the matrix [𝑇cor ] obtained at the heat flux of 1 kW m−2 , denoted [𝑇cor ] q1 , corresponded to the
bubble-point temperature of the boiling liquid. Three-dimensional matrices of surface temperatures,
denoted [𝑇s ], were thus obtained. The relation between the individual elements of matrices [𝑇s ]
and [𝑇cor ] is
n

o
𝑇s = 𝑇cor + 𝑇b − min [𝑇cor ] q1 ,
(A3)
where the term in curly brackets is the offset. The bubble-point temperature 𝑇b is the temperature of the
boiling fluid measured with the immersed TCs.
The surface temperature matrices [𝑇s ] were used for the calculation of the heat flux matrices [𝑞], see
Equations (8.2) to (8.4), and for all of the analyzes presented and discussed in Section 8. Each individual
matrix [𝑇s ] corresponds to a certain experimental run, heat flux, and mixture concentration. Each
single matrix [𝑇s ] contains 94 × 126 × 4800 ≈ 5.69 × 107 measured temperatures.
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Appendix B:

Distibutions of Superheat on the Titanium Foil

Table A1 presents the arithmetic means and standard deviations of the normal Gaussian distributions of
the surface superheat Δ𝑇sat recorded during the experiments on the titanium foil, which were evaluated
for all investigated heat fluxes 𝑞 and water mass fractions 𝜔w . Two of these distributions were shown in
Section 8.6, see Figure 8.3. The listed mean values and standard deviations increase with the heat flux and
amount of glycerin in the boiling mixture.
Table A1: The mean values and standard deviations of the normal distributions of superheat for all
investigated concentrations and heat fluxes. Published in [222].
𝜔w (−)

𝑞
(kW m −2 )

1.00

0.98

0.95

0.90

0.85

0.80

0.70

0.60

25 (run 1)
25 (run 2)
50 (run 1)
50 (run 2)
75 (run 1)
75 (run 2)
100 (run 1)
100 (run 2)
125 (run 1)
125 (run 2)
150 (run 1)
150 (run 2)
175 (run 1)
175 (run 2)
200 (run 1)
200 (run 2)

14.3 ± 2.5
13.6 ± 2.4
22.7 ± 4.2
22.6 ± 3.9
25.6 ± 5.1
23.1 ± 4.7
24.9 ± 5.1
25.9 ± 5.6
26.8 ± 5.6
28.8 ± 7.1
27.9 ± 7.0
27.8 ± 7.1
27.4 ± 7.0
27.0 ± 6.9
26.9 ± 7.7
28.1 ± 7.8

12.7 ± 2.5
12.7 ± 2.2
20.4 ± 3.8
19.3 ± 3.6
23.5 ± 5.1
25.7 ± 5.1
27.3 ± 6.0
28.1 ± 6.4
29.3 ± 6.6
28.8 ± 6.5
29.6 ± 7.7
31.0 ± 6.9
29.8 ± 7.6
30.0 ± 7.5
30.9 ± 8.1
30.6 ± 8.1

14.1 ± 2.5
12.8 ± 2.5
21.6 ± 4.1
21.9 ± 3.9
24.7 ± 4.9
24.8 ± 5.5
27.4 ± 6.0
27.8 ± 6.1
30.1 ± 7.6
28.3 ± 6.3
30.8 ± 7.9
29.7 ± 7.8
32.6 ± 8.5
30.0 ± 7.9
31.7 ± 9.0
31.3 ± 8.5

13.3 ± 2.6
14.4 ± 2.6
22.0 ± 4.4
22.0 ± 4.0
23.7 ± 5.3
26.8 ± 5.5
27.8 ± 6.4
28.8 ± 6.3
30.4 ± 6.9
30.8 ± 6.9
30.9 ± 7.6
31.2 ± 7.4
31.7 ± 8.2
32.2 ± 8.1
32.4 ± 8.6
31.9 ± 8.7

14.1 ± 2.5
16.7 ± 2.6
22.8 ± 4.4
25.1 ± 4.4
29.5 ± 5.9
28.1 ± 6.0
30.1 ± 6.4
32.6 ± 6.9
32.4 ± 7.5
32.5 ± 6.9
33.8 ± 8.3
35.9 ± 8.5
33.7 ± 8.4
35.8 ± 8.9
35.8 ± 9.7
36.4 ± 9.5

17.1 ± 2.4
16.3 ± 3.0
25.0 ± 4.9
26.0 ± 4.6
30.2 ± 6.3
30.1 ± 6.3
31.9 ± 7.3
30.6 ± 6.0
33.3 ± 7.2
35.1 ± 7.9
34.8 ± 7.6
36.2 ± 8.5
35.7 ± 8.8
35.7 ± 9.4
−
−

16.7 ± 2.9
17.6 ± 3.1
25.2 ± 4.5
26.6 ± 4.7
32.1 ± 6.9
30.2 ± 6.2
35.5 ± 7.4
35.7 ± 7.3
35.9 ± 7.9
37.7 ± 8.5
38.0 ± 9.2
37.4 ± 8.7
−
−
−
−

19.1 ± 3.3
19.3 ± 2.9
28.1 ± 4.9
29.5 ± 5.3
32.9 ± 7.1
34.4 ± 7.3
36.8 ± 8.7
38.9 ± 8.5
39.9 ± 8.9
39.2 ± 8.1
41.3 ± 8.8
38.8 ± 9.0
−
43.2 ± 10.5
−
−
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Appendix C:

Boiling Curves Obtained from the IR Footage

Figure A1 shows the boiling curves measured during both experimental runs with the titanium foil. The
boiling curves were calculated from the captured IR videos after the integration of the matrix of surface
temperatures [𝑇s ] and matrix of heat flux [𝑞] in space and time. The HTCs plotted in Figure 8.4 correspond
to the boiling curves in Figure A1, but they were averaged across both runs.

Figure A1: The boiling curves obtained from the IR footage after the integration in space and time.
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Appendix D: The Total Number of Bubbles Detected on the
Titanium Foil
Table A2 shows the number of the bubbles detected for all active nucleation sites of the titanium foil using
custom-made scripts. The number of bubbles increases significantly with the heat flux 𝑞, but there is no
clear trend with respect to 𝜔w . The significant differences between the certain pairs of runs corresponding
to a given 𝑞 and 𝜔w (compare, for instance, the numbers obtained during the first and second run for pure
water at 𝑞 = 200 kW m−2 , or the numbers for the 𝜔w = 0.85 mixture at 𝑞 = 175 kW m−2 ) are caused by
random activation of different nucleation sites, as was documented in Figure 8.6.
Table A2: The number of the bubbles detected for all the active nucleation sites of the filmed area.
𝜔w (−)

𝑞
(kW m −2 )

1.00

0.98

0.95

0.90

0.85

0.80

0.70

0.60

50 (run 1)
50 (run 2)
75 (run 1)
75 (run 2)
100 (run 1)
100 (run 2)
125 (run 1)
125 (run 2)
150 (run 1)
150 (run 2)
175 (run 1)
175 (run 2)
200 (run 1)
200 (run 2)

3
4
9
10
29
21
55
46
78
80
154
141
230
137

19
30
13
16
29
23
49
30
71
54
75
80
95
109

14
8
13
25
22
21
44
40
64
78
83
126
123
130

13
36
19
12
38
26
49
44
75
64
105
99
145
108

6
7
13
13
28
20
45
39
64
48
110
65
117
99

10
10
11
10
27
21
43
47
65
58
84
78
−
−

13
1
14
14
30
27
54
46
77
69
−
−
−
−

8
11
15
24
36
41
71
75
99
118
−
113
−
−

Table A3 gives the number of the bubbles detected for the cavity located in Zone 44 of the titanium foil, see
Figure 8.5. The number of the detected bubbles increases with the heat flux 𝑞 and also with the water mass
fraction 𝜔w . The bubbles emerging from Zone 44 were analyzed in Section 8.6 to evaluate the investigated
nucleation parameters and thermal energy consumed during the nucleation of individual bubbles.
Table A3: The number of the bubbles originating from the cavity in Zone 44.
𝜔w (−)

𝑞
(kW m −2 )

1.00

0.98

0.95

0.90

0.85

0.80

0.70

0.60

50 (run 1)
50 (run 2)
75 (run 1)
75 (run 2)
100 (run 1)
100 (run 2)
125 (run 1)
125 (run 2)
150 (run 1)
150 (run 2)
175 (run 1)
175 (run 2)
200 (run 1)
200 (run 2)

0
0
0
0
5
1
9
9
22
16
19
22
32
28

0
0
0
3
12
6
15
8
15
15
27
28
31
37

0
0
3
5
6
9
18
14
26
23
28
39
37
38

0
0
0
4
12
8
14
18
26
25
33
35
47
42

0
3
4
3
9
8
15
19
28
27
40
32
40
43

0
2
7
2
13
13
21
19
26
31
35
34
−
−

2
0
4
4
9
12
20
20
33
27
−
−
−
−

4
3
9
11
15
18
28
28
36
33
−
42
−
−
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