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Annotation

The doctoral thesis focuses on heat transfer during nucleate boiling of wa-
ter—glycerin mixtures. In the theoretical part, heat transfer during pool boiling
of pure fluids and multicomponent mixtures is outlined and discussed together
with the mechanisms and parameters of boiling. The thermophysical proper-
ties and boiling behavior of water—glycerin mixtures are also addressed. The
second part presents the results of heat transfer measurements during saturated
and subcooled nucleate pool boiling of water—glycerin mixtures on copper,
nickel-plated, and titanium surfaces. The experiments were performed for wide
investigated ranges of the heat flux and concentration of glycerin in the boiling
mixture. Heat transfer coeflicients (HTCs) were observed to deteriorate with
an increasing amount of glycerin in the boiling mixture. A significant impact
of the mixture effects on HTC was confirmed for all the mixtures and heating
surfaces investigated. For the studied experimental conditions, it was found
that subcooled boiling on the nickel-plated surfaces occurred in the developed
regime. A method was suggested and verified, which can be used to calculate the
subcooled boiling HTC in this regime. During boiling on the thin titanium foil,
the bubble departure diameter was found to be weakly dependent on the heat flux
and independent of the mixture composition. On the contrary, the nucleation
frequency increased with the heat flux and concentration of glycerin in the
boiling mixture. Correlations were developed, which does not require knowledge
of the thermophysical properties of the boiling mixtures, for a straightforward
estimation of the measured HTCs and nucleation parameters.

Keywords

nucleate boiling, pool boiling, saturated boiling, subcooled boiling, water—glycerin
mixtures, heat transfer coefficient, mixture effects, experimental measurement,
infrared thermometry, correlation



Anotace
Dizertacni prace se zabyva prestupem tepla pii bublinovém varu bindrnich smési

voda—glycerin. Teoretickd ¢ast prace je zaméfena na prestup tepla pii objemovém
varu Cistych kapalin a viceslozkovych smési spolu s mechanismy a nuklea¢nimi
parametry varu. Jsou zde také diskutovdny termofyzikdlni vlastnosti a chovani
smési voda—glycerin pfi varu. Druhd ¢ést prezentuje vysledky experimentalniho
méfeni prestupu tepla pfi nasyceném a podchlazeném bublinovém varu v objemu
pro smési voda—glycerin na médénych, niklovanych a titanovych vyhtfevnych
povrsich. Experimenty byly provedeny pro Siroky rozsah tepelnych tokl a kon-
centraci glycerinu ve vrouci smési. Bylo zjiSténo, Ze s rostouci koncentraci
glycerinu dochdzi k poklesu soucinitele piestupu tepla. Vyznamny vliv tzv. smés-
nych efektii na var byl potvrzen pro viechny zkoumané smési a vyhfevné povrchy.
Dile bylo zjisténo, Ze podchlazeny var na poniklovanych povrsich probiha za
zkoumanych experimentdlnich podminek v podchlazeném vyvinutém reZimu.
Byla navrZena a ovéfena metoda vypoctu soucinitele pfestupu tepla v tomto
rezimu. Pfi varu na titanové f6lii bylo zjisténo, Ze priméry bublin jsou jen slabé
zavislé na tepelném toku a nezavislé na sloZeni vrouci smési. Naopak nukleacn{
frekvence se zvysovaly jak s tepelnym tokem, tak s koncentraci glycerinu ve
smési. Byly navrZzeny snadno pouZitelné korelace pro stanoveni naméfenych
souciniteld pfestupu tepla a pro hodnoty zkoumanych nuklea¢nich parametri,
které nevyZaduji znalost termofyzikdlnich vlastnosti vroucich smési.

Klicova slova

bublinovy var, objemovy var, nasyceny var, podchlazeny var, smés voda—glycerin,
soucinitel pfestupu tepla, smésny efekt, experimentalni méfeni, infracervena
termometrie, korelace



1. Introduction

1.1 Heat Transfer during Saturated and Subcooled Boiling

Boiling is a process characterized by intense heat transfer at a relatively low
driving temperature difference, which is utilized in various industrial applica-
tions. The nucleate boiling regime is characterized by the highest heat transfer
coefficients (HTCs) compared with other regimes of pool boiling. Knowledge
of HTC during boiling enables cost-saving design and efficient operation of
industrial apparatuses.

The HTC during saturated boiling might be defined as

_ q
a = ’
Ts _Tsat

)]

where g denotes the heat flux, 7 is the temperature of the heating surface, and
Ty is the saturation temperature corresponding to the pressure above the free
surface of the boiling liquid. The denominator of Eq. (1) is called the superheat
of the heating surface

ATga = Ts — Ty (2)

During subcooled boiling, the temperature of the boiling liquid 7, is lower
than Tg. The subcooling of the boiling liquid is defined to be the difference
between both temperatures

ATgp = Toar — Tt . (3)

It is useful to define the fotal HTC during subcooled boiling

q
= 4
Qot T.— T, 4
and the boiling HTC during subcooled boiling
q
= : 5)
Ts - Tsat
The relation between the total- and the boiling HTC is then
1 1 AT
— = — (6)
Qot Qb q

The fraction (q/ATyyp) in Eq. (6) represents the heat transfer resistance due to
convection in the liquid bulk and condensation of bubbles in the subcooled liquid.
Although a higher subcooling is able to increase the boiling HTC, it usually
lowers the total HTC. Saturated boiling might be considered to be superior to
subcooled boiling due to higher values of the fotal HTC a [1].
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1.2 Correlations for Heat Transfer during Saturated Boiling of Pure Fluids

It is possible to correlate the HTC during saturated pool boiling using the simple
empirical power function

a=Cq", )

where the coefficient C depends on the combination of the boiling liquid
and heating surface. The exponent 7 is typically in the range 0.6 < n <
0.8 [2]. However, for engineering calculations, some more complex heat transfer
correlations are usually applied which typically assume a dependency of HTC on
the thermophysical properties of the boiling fluid, the thermophysical properties
of the heating surface, or on other conditions (the roughness of the heating surface,
pressure, contact angle, and others). The various parameters of correlations are
often combined into dimensionless complexes, such as the Reynolds number or
the Nusselt number. A plethora of heat transfer correlations have been published
in the literature dealing with pool boiling. Two representatives might be the
universal correlation of Stephan and Abdelsalam [3]
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or the correlation of Yagov([4]

A} AT? Ahy G AT M,
g=343x 1074 L | 4+ 216 m)(l+\/l+800Cb+4OOCb),
VL 0 Tey 2Ry T2
9

m < gat
where the saturation temperature Ty, is in kelvins and the dimensionless boiling
parameter Cy, is defined as
Ahig (06 v)*?
Co=—"—" "7 (10)
g (/lL Tsat)

1.3 Deterioration of HTC during Pool Boiling of Mixtures

Boiling of mixtures is typical for the separation of individual components
during distillation. Besides that, boiling of suitable mixtures is often utilized
in various industrial apparatuses, because it might bring some benefits over
boiling of pure single-component fluids, such as improved thermodynamic
efficiency [5], improved cooling capacity [6], or enhancement of thermophysical
properties of the mixture [7]. On the other hand, boiling of mixtures has two
major disadvantages with respect to boiling of pure fluids: (1) the deterioration
of HTC during mixture boiling and (2) the fact that the boiling performance is
way more difficult to predict for mixtures compared with boiling of pure fluids.
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The HTC during boiling of mixtures might be defined by the equation
q
a= T’ 11)
which is similar to Eq. (1), but the saturated temperature 7, was substituted by
the bubble-point temperature Ty, which is now a function of the liquid composition.
The liquid composition is typically expressed using molar fractions x; or mass
fractions w;, where i is the ordinal number of the mixture components ordered
in descending order according to their volatility (i = 1 corresponds to the most
volatile, i = 2 to the second most volatile, etc.).
The HTC during boiling of mixtures can be related to the so-called ideal
HTC using the equation
o = _%id ’
1+F
where the ideal HTC ajq can be interpolated between the HTCs of pure
components or estimated from a pure fluid correlation using the thermophysical
properties of the boiling mixture. The correction factor F' > 0 accounts for the
impact of the so-called mixture effects on boiling. The correction factor F is
the most often correlated parameter related to heat transfer during boiling of
mixtures.

12)

1.4 Correlations for HTC during Boiling of Binary Mixtures

Boiling of binary mixtures is the main target of researchers, since boiling of

mixtures with three or more components is too complex and the published data

are inconsistent, limited, and difficult to interpret [8]. Although generalized

correlations for the mixtures with three or more components can be found in the

literature, the most published and verified correlations are applicable only for

binary mixtures. A typical heat transfer correlation for binary mixtures contains

one or more of the following parameters:

* Some quantities related to mass transfer, such as the binary diffusion coeffi-
cient D, or the mass transfer coeflicient in the liquid phase 3.

¢ The equilibrium molar fraction difference |y; — x;|, where y; is the molar
fraction of the vapor phase in equilibrium with the liquid phase of the molar
fraction x;.

* The boiling range ATy, = Tq— T, which is the difference between the dew-point
and the bubble-point temperature.

* Various thermophysical properties of the boiling fluid (density, latent heat of
vaporization, surface tension, etc.).

 Other parameters, such as the heat flux g or the pressure p.

* Empirical coefficients which might be tuned for a particular boiling mixture.

As in the case of pure fluids, a plethora of correlations can be found in the

literature which were developed for boiling of binary mixtures. A representative
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might be the influential correlation of Schliinder [9]

-Coq
l_eXp(—QLAhLG,BL)] , (13)

where (Tsa2 — Tear,1) is the difference between the temperatures of both pure
components and Cj is an empirical coefficient (called the scaling factor).
Schliinder [9] recommended to use the values Cy = 1 and B, =2 x 10™* ms~.
Thome and Shakir [10] suggested to use Cy = 1 and to find the optimal mass
transfer coefficient in the range 1 x 107 < . < 5x 10™* ms~!,

Another representative is the correlation published by Inoue and Monde [11]

aid
F = 7‘ (Tsat2 — Tsat,1) (1 — x1)

Qi —C
F = 7“1 { C ATap + b (Tsar2 — Tsar,1) (y1 = x1) [1 - CXP(QLTZI&)]} ,

which is a linear combination of the Schliinder correlation (13) and of the
correlation proposed by Inoue et al. [12]. Correlation (14) was developed to
include the effects of |y; — x;| as well as ATy, on the deterioration of HTC. Inoue
and Monde [11] recommend to use the values of coefficients a = 0.15, b = 0.25,
Co=1,and B =2x 10™* ms™ .

2. Boiling of Water—Glycerin Mixtures

2.1 Production and Utilization of Glycerin

At present, there is a surplus of glycerin on the global market, which is mainly
caused by the biodiesel production. Approximately 90 % of the worldwide amount
of glycerin stems from the transesterification of triglycerides to biodiesel [13].
OECD estimates that more than 5x 10% m? of glycerin was produced in 2020 [14].

Boiling of glycerin mixtures typically takes place inside of distillation
columns after they were used in extractive distillation or absorption. Other ways
of glycerin utilization are expected to be developed in the future, which will
reduce the cost of the produced biodiesel. Although there is growing interest
and intensive research aimed towards glycerin utilization, the thermophysical,
chemical, and transport properties of glycerin and its mixtures need to be
thoroughly studied to find the most suitable and efficient methods.

2.2 Boiling Behavior of Water—Glycerin Mixtures

Glycerin is an environmentally friendly trivalent alcohol which is a colorless,
odorless, sweet-tasting, nontoxic, hygroscopic viscous liquid with a high boiling
point [15]. Glycerin is fully miscible with water [13]. Water—glycerin mixtures
exhibit Newtonian behavior and are characterized by a significant difference
between the viscosities of both pure components [15].
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The vapor-liquid equilibrium calculated with the non-random two-liquid
model presented by Mokbel et al. [16] is shown in Fig. 1. The vapor—liquid

300 : , , i
260 i
dew-point
temperature Ty
~ 220
o
=
K 180
liquid + vapor
140
bubble-point
liquid temperature T,
100 L I I
0 0.2 0.4 0.6 0.8 1

w,, (=)

Figure 1: The vapor-liquid equilibriums of water—glycerin mixtures at atmospheric
pressure calculated with the model of Mokbel et al. [16].

equilibrium of water—glycerin mixtures is characterized by the following facts:

* The vapor, which is in equilibrium with the liquid in the water mass fraction
range wy, > 0.10, is composed almost solely of water (the molar fraction of
the vapor yy, > 0.999).

* The bubble-point temperature Ty, is weakly dependent on wy, for mixtures
with a high water content (wy, 2 0.20).

* The mixtures of water and glycerin have a high boiling range ATy, = Ty — Ty,
for almost all liquid compositions (ATy, > 50 °C in the range of water mass
fractions 0.01 < wy, < 0.98).

» The mixtures of water and glycerin are characterized by a significant difference
of the saturation temperatures of both pure components of about 190 °C at
atmospheric pressure.

Boiling of water—glycerin mixtures is significantly affected by the facts listed
above. For instance, it was reported [17] that bubble departure diameters should
be independent of the liquid composition in the range w,, > 0.30 which is
a consequence of the fact that the bubble-point temperature T, and the equilibrium
molar fraction of the vapor phase y; both remain more or less constant and
independent of variations of wy.



2.3 Literature Dealing with Boiling of Water—Glycerin Mixtures

According to the works focused on pool boiling of water—glycerin mixtures,
which are listed in Tab. 1, HTC deteriorates with increasing concentration of
glycerin in the boiling mixture, which is explained by the authors to be the
consequence of the various mixture effects which are present during boiling.

Table 1: The reported experimental measurements of the HTC during pool boiling of
water—glycerin mixtures.

Authors Surface Material Pressure ?iv; (chfn’z)
Sternling and Tichacek [18] tube stainless steel atmospheric  0.00 to 0.75 25 to 495
Sarafraz et al. [19] tube stainless steel atmospheric1 0.95t00.99 5t092
Alavi Fazel et al. [20] tube stainless steel atmospheric  0.65 to 1.00 up to 92
Kuo [21]? tube Inconel 600 atmospheric  0.03 to 0.20 up to 1350
McNeil et al. [22] bundle brass 20 kPa® 0.38* 10 to 65

1" The boiling pressure is not explicitly stated. Authors report just the degassing pressure from 10

to 15 kPa.

2 Although Kuo [21] discuss the film boiling of water—glycerin mixtures to decompose glycerin
into syngas, he published results for four runs of nucleate boiling.

3 The reported pressure of 5 kPa above the liquid level and the tube bundle submerged approximately
1.6 m deep into water give a local pressure of about 20 kPa.

4 The concentration of the boiling mixture was estimated from viscosity measurements.

Alavi Fazel et al. [20] and Yang et al. [23] reported a minor HTC enhancement
of about 20 % during pool and flow boiling of mixtures with a low amount of
glycerin (wy = 95 %) at heat fluxes lower than 85 kW m™2. Furthermore, Alavi
Fazel et al. [20] suggested that for mixtures with w,, > 0.65, HTC corresponds
to the ideal HTC and that the mixture effects might be neglected in the heat flux
range g < 70 kWm™2.

Alavi Fazel et al. [20] were able to successfully correlate their boiling
data with the combination of the Stephan and Abdelsalam correlation and
the correlation of Schliinder, see Eq. (8) and (13), respectively. Sarafraz and
Peyghambarzadeh [19] noted that the authors of heat transfer correlations
typically do not specify how to obtain the thermophysical properties of the
boiling fluid and that calculated HTCs strongly depend on the employed values
of thermophysical properties.

The mixtures of water and glycerin are stable in wide ranges of water mass
fractions and temperatures. However, for the mixtures in the range wy, < 0.06,
glycerin is prone to thermal decomposition due to the increase of the bubble-point
temperature [17].



3. The Objectives of the Thesis

The following research goals related to nucleate pool boiling of water—glycerin

mixtures were set based on the review of the available literature:

* Measure HTCs for flat (planar) heating surfaces. In the literature, all reported
experiments were done with tubes, see Tab. 1.

* Investigate the boiling performance on copper, nickel, and titanium surfaces.
Experiments performed for the three different surface materials might reveal
some general trends valid for water—glycerin mixtures rather than for a specific
liquid—surface combination.

* Measure HTCs for mixtures with a lower glycerin content boiling at medium
and higher heat fluxes. Tab. 1 shows that in the range 0.75 < wy < 1.00, the
mixtures were investigated only at a relatively low heat flux g < 92 kW m~2.

 Study the impact of the mixture effects on the HTC during boiling of wa-
ter—glycerin mixtures.

* Analyze the possible HTC enhancement reported in the literature for mixtures
with a low concentration of glycerin boiling on stainless steel surfaces. The
enhancement was not verified for planar surfaces or different materials of the
heating surface.

* Evaluate bubble departure diameters, nucleation frequencies, and bubble
growth rates, based on the analysis of the infrared (IR) footage of bubble
nucleation, which has never been done before. Based on the measured
values, suggest the governing heat transfer mechanisms during boiling of
water—glycerin mixtures.

e Measure HTCs during subcooled boiling of water—glycerin mixtures and
compare them with the corresponding saturated HTCs. The heat transfer
performance during subcooled boiling of mixtures is largely unexplored.

* Develop simple suitable correlations which could be employed to quickly
estimate HTC and do not require knowledge of the thermophysical properties
of the boiling fluid.

* Investigate the stability and performance of the tested surfaces in time. The
stability and repeatability of the boiling performance is rarely addressed and
overlooked in the literature.



4. Experiments with Thick Copper Sample

Although copper is the most often studied material of the heating surface in
the literature dealing with boiling, experiments with boiling of water—glycerin
mixtures on copper surfaces have not yet been performed. In this section, the
results of experimental measurements obtained during saturated nucleate pool
boiling of water—glycerin mixtures on a smooth copper surface are presented
and discussed. Boiling was investigated at atmospheric pressure, at heat fluxes
from 25 up to 270 kW m~2 and for water mass fractions from 1.00 (pure water)
down to 0.40. The obtained results presented and discussed in this section were
previously published in our article [24].

4.1 Experimental Apparatus

The experiments were performed using the experimental apparatus shown in
Fig. 2. The apparatus is opened to the surroundings. During boiling of the studied
mixtures, water was continuously pumped into the apparatus with a dosing
pump to maintain a constant composition and a constant level of the boiling
mixture during measurements. The main part of the apparatus is the cubic copper
block heated by five heating cartridges whose square top face with dimensions
of 48 X 48 mm and roughness R, of about 0.4 pm, serves as the heating surface

(@) (b)

Glass cylinder

Glass funnel /:
Auxilliary heater

Separating tube

Epoxy 048

Bottom\ \

Silicon

Heating cartridges

110

Thermal insulation

Bottom

Copper block

40

104

Thermal insulation

Figure 2: The experimental apparatus designed at CTU in Prague: (@) The assembled
apparatus. Yellow color marks the heating surface, six thermocouple holes, and orientation
of the heating cartridges inside the copper block. Adopted from Vajc et al. [24]. (b) Cross-
section view with the dimensions of the copper block.
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on which boiling takes place. The temperature field inside the block is measured
with six sheathed K-type thermocouples (TCs) with a diameter of 1 mm placed
into two rows and three columns, which enables one to take the local distribution
of the HTCs above the heating surface into account. The temperature of the
boiling liquid was measured with two K-type TC probes submerged in the liquid
above the heating surface.

4.2 Static and Dynamic Method of Measurement

Besides the commonly employed static measurement method, during which
each HTC is measured in the steady-state of boiling, a new dynamic method
was proposed and tested. MoZe et al. [25,26] 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
published in the supplementary information of one of our studies [27].

At CTU, we have also developed a dynamic method for measurement of
the HTC during boiling of mixtures, which enables to measure the HTC as
a function of concentration of the boiling mixture in a single experimental
run. This speeds-up measurements compared with the ordinary steady-state
method [24]. When the method is applied, water vapors are allowed to escape
the opened apparatus during each experimental run. This leads to a continuous
change of the actual concentration of the boiling mixture and to a corresponding
variation of the measured HTC. The investigated mixture is boiled until the liquid
level drops close to the heating section of the auxiliary heater. The experiments
are then stopped to prevent air coming into contact with the heater.

4.3 Measurement Uncertainties

The theory of propagation of the uncertainty was used to estimate the uncertainty
of HTC u(«) for performed measurements. The calculated uncertainties u ()
are given in Tab. 2 for low, medium, and high investigated heat flux, together
with experimental conditions. The resulting values u(«) indicate that to lower
the uncertainty below 20 %, the measurements should be performed at heat
fluxes higher than approximately 25 kW m~2.

Table 2: The HTC uncertainty u(«@) and data measured during boiling of pure water
used for its estimation.

. atu(a) q 15 Ty p
Point  \wm=2k-1)  awm2)  ¢C) O  (kPa)

1 2.45+0.57 185 1058 982  99.72

2 4.39 +0.57 40.0 107.6  98.5 100.24

3 17.56 +1.48 191.4 109.6  98.7 100.24




4.4 Results and Discussion of Steady-State Measurements
Measured Data and Suitable HTC Correlations

Fig. 3 shows the HTCs measured during saturated pool boiling of water—glycerin
mixtures at atmospheric pressure for water mass fractions form 1.00 (pure water)
down to 0.40, values of HTCs predicted for individual concentrations with the
combination of the pure-fluid correlation of Stephan and Abdelsalam (8) and
the mixture correlation of Schliinder (13), and the experimental data measured
by Sternling and Tichacek [18] and by Sarafraz and Peyghambarzadeh [19].

20 T T T T T
e w,=100 o w,=0.60 )
18 F W w ° ) ° =
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L [ o 4
16| 0 w,=080 o w,=0.40 Py
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o ® O °
Ix 12 @ L) ® © ) i
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9 o ©
10 o 0 ¥ o 1
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< 8t 6 Vo9 o © v
[S] @ [S) [e) > 0
6 o o & 9. ° 1
.o°'9°
ar 9 ,’O/ 8 9v Schitinder 1
,;/. g v A Sarafraz and Peyghambarzadeh, w, = 0.94
2 v v v Sternling and Tichacek, w,, = 0.75
v Sternling and Tichacek, w,, = 0.41
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Figure 3: The measured data compared with the data of Sarafraz and Peygham-
barzadeh [19], with the data of Sternling and Tichacek [18], and with the Schliinder
correlation [9] evaluated using the coefficients Co = 1 and B, = 2x 10™* ms~!. ajq was
calculated with the correlation of Stephan and Abdelsalam [3]. Published in [24].

The correlated values correspond quite well to the measured HTCs. A stan-
dard error of the estimate (SEE) of 1.0 kW m~2K~! and a mean relative error
(MRE) of about 14 % were calculated for the Schliinder correlation evaluated
with the values of empirical parameters Co = 1 and B = 2 x 107 ms™!
recommended by Schliinder. The optimization of the empirical coefficient did
result only in a negligible improvement of both errors.

Own Empirical Correlation for HTC

An empirical correlation was developed for the investigated water—glycerin
mixtures, which does not require knowledge of the thermophysical properties of
the boiling mixture and offers a fast and straightforward calculation of HTC.

10



The correlation
a =0.59 q0.714+0.l30a)w (15)

can be used for water—glycerin mixtures boiling on copper surfaces in the
range of investigated heat fluxes 25 < ¢ < 270 kWm™2 and water mass
fractions 0.40 < wy, < 1.00. The correspondence between the correlation and
the measurements is plotted in Fig. 4 which shows that almost all data points
do not deviate by more than +20 % from the predictions of the correlation. To
use correlation (15), the heat flux g needs to be in (W m~2), the water mass
fraction w,, is dimensionless and the resulting « is in (W m~2 K~1). Errors SEE
of 0.5 kW m~2 K~! and MRE below 6 % were calculated between the measured
and correlated HTCs.
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Figure 4: The correspondence between the measured HTCs and empirical correlation (15).

4.5 Results and Discussion of Dynamic Measurements

The dynamic method of measurement was speculatively tested on the wa-
ter—glycerin mixture with an initial water mass fraction wy, = 0.70. The mixture
was boiled down to wy, = 0.35. Fig. 5 shows the dependency of HTC on
the composition of the boiling mixture and comparison with the steady-state
measurements, which are represented by empirical correlation (15). The ex-
perimental data correspond quite well to correlation (15) for wy, from 0.35
to 0.45. For a higher wy,, the results of the dynamic method are slightly lower
relative to the steady-state measurements. Nevertheless, the difference remains
acceptable for all investigated concentrations (the maximum deviation between
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Figure 5: The effect of the actual composition of the boiling liquid on the HTC obtained
with the dynamic method of measurement and comparison with correlation (15) which
represents the steady-state measurements. Published in [24].

both methods is of about 15 %). The difference between both methods is caused
by the flat dependence of the bubble-point temperature on the mixture com-
position, see Fig. 1, which makes the estimation of the actual composition
of the mixture difficult. To overcome this, it is either necessary to perform
periodic sampling of the boiling liquid or to use more accurate models of the
vapor-liquid equilibriums, which need to be based on precise measurements of
the temperature of the liquid bulk.
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5. Experiments with Thick Nickel-Plated Samples

Chemically nickel-plated copper surfaces were prepared to create a stable
heating surface and to eliminate the reported instability and reactivity of
copper surfaces [28,29]. Saturated experiments were performed in the heat
flux range from 50 to 650 kW m~2 for the mixtures with w,, from 1.00 down
to 0.60, followed by subcooled experiments conducted at heat flux levels of
approximately 250, 450, and 650 kW m~? at subcooling from 30 down to 0 K.
The obtained results presented and discussed in this section were previously
published in our article [30].

5.1 Experimental Apparatus

The experiments were performed using the experimental apparatus built by the
research team at the Laboratory for Thermal Technology, University of Ljubljana,
shown in Fig. 6. The tested sample is heated by three horizontal cartridge heaters.
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 sample served as the heating surface on which boiling took place. Three
vertically aligned unsheathed TCs are used to monitor the temperatures inside

(@

Condenser
Auxiliary heater liquid temperatures
" power supply T T
Variable IS DAQ module
transformers

i Computer
e sample temperatures
TTClv TTCZv TTCS
power supply ————

Cartridge heaters

® Silicone O-ring Epoxy Heating surface | (c) 2 14 mm
PEEK bushing q 8 ™
L. S
Thermocouple (3x) g Tre1 £
— S 1n £
Ceramic spacer T g Trez o
£ n 2
Copper block 8 Tres
2
) x
Cartridge heater 2 25 mm
(3 X 400W) e >

Figure 6: The experimental apparatus for thick samples built by the research team at
the Laboratory for Thermal Technology: (a) the boiling chamber and equipment, (b) the
heating assembly, (¢) the dimensions of the sample and positions of TCs.
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the tested sample. The liquid temperature is measured with two sheathed TCs
submerged at different depths. An auxiliary immersion heater is used to preheat
and degas the boiling liquid before the start of measurements, to maintain the
saturation 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.

5.2 Measurement Uncertainties

The methodology presented by Moze et al. [31] was used for calculation
of measurement uncertainties. The following uncertainties were evaluated
experimentally: 0.16 mm for the distance between neighboring TCs, 0.18 mm
for the distance between the uppermost TC and the heating surface, 0.19 K
at 100 °C and 0.30 K at 250 °C for temperature measurements. A relative
uncertainty of 1.5 % was estimated for the thermal conductivity of the tested
blocks. This estimation is based on the accuracy of the performed laser-flash
measurements of the thermal diffusivity. The calculated values of the relative
uncertainties of HTC u.(«), heat flux u,(q), and superheat u, (AT, ) are listed
in Tab. 3 for a low, medium, and high investigated heat flux.

Table 3: The relative uncertainties of HTC u;(«), heat flux u;(g), and superheat u; (ATgat)
calculated for a low, medium, and high heat flux level. Published in [30].

q ur(a@) ur(q) ur (ATgy)
(kKW m~2) (%) (o) (%)
50 22.3 20.2 2.7
300 5.6 4.1 1.9
650 4.3 2.7 2.0

5.3 Results and Discussion for Saturated Runs
Measured Data and Suitable HTC Correlations

Fig. 7 shows the data points measured during saturated boiling for all the heat
fluxes and concentrations investigated. The presented set of data points was
obtained by averaging the measured HTCs across all investigated samples. HTC
exhibits a deterioration with decreasing w,,. For all investigated samples, the
drop of HTC was more pronounced for higher wy, and no HTC enhancement
was reached for any heat flux and concentration investigated. The observed
trends generally agree with the measurements performed on the copper surface
presented in Section 4.

Fig. 7 also includes the experimental data published by Sternling and
Tichacek [18] and by Vajc et al. [24], which were discussed in Sec. 4. Lower
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Figure 7: The averaged data set and the predictions of the combination of the mixture
correlation of Inoue and Monde [11] and the pure-fluid correlation of Yagov [4]. The
empirical coefficients a = 0.15 and b = 0.25 were employed. Data published by
Vajc et al. [24] and Sternling and Tichacek [18] are also shown. Published in [30].

HTCs of about 65 % were measured for the nickel-plated surfaces relative to
the copper surface presented in Sec. 4. However, all the tested nickel-plated
samples evinced a very stable boiling performance, which was confirmed by the
long-term boiling experiments performed additionally. In Fig. 7, a satisfactory
agreement is also shown between the measured data and the combination of
the pure-fluid correlation of Yagov (9) and the Inoue and Monde mixture
correlation (14) which was evaluated using the coefficients recommended by
Inoue and Monde [11]. The SEE and MRE between the measured and correlated
values are of about 2.2 kW m~2 K~! and 12 %, respectively. The combination
of the Stephan and Abdelsalam correlation and the Schliinder correlation, which
was found to be suitable for the copper surface investigated in Sec. 4, was found
not to be applicable for the nickel-plated surfaces.

Own Empirical Correlation for HTC

We developed the empirical correlation
a=q%"(1.30e710-60-ww) 1 18 (16)

to quickly estimate the HTC for the investigated water—glycerin mixtures,
which does not require the thermophysical properties of the boiling mixture.
The correlation is valid for the water—glycerin mixtures with w,, from 1.00
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down to 0.60 boiling on smooth nickel surfaces at heat fluxes from 25 up
to 650 kW m~2. To use correlation (16), @ needs to be in (Wm™2K™1), q
in (Wm™2), and wy, (-). The values SEE = 1.7 kWm™2 and MRE = 11 %
were calculated between the measured data and correlation (16). The maximum
deviations between the correlated and measured HTCs are mostly comparable
with or lower than +15 %.

Fig. 8 shows the contours of HTC as a function of w,, and ¢ which was
plotted using empirical correlation (16). The contour lines become strongly
curved for higher heat fluxes. Smaller HTCs are reached for mixtures with
a higher amount of glycerin, relative to the HTCs obtained for pure water. The
more straight and almost horizontal contour lines in the right part of Fig. 8
indicate that HTC becomes less dependent on the composition for a lower wy,.

700 : : " 30
600
25
500
20
£ 400
2 15
=3
< 300
10
200
100 5
0 0
1 0.9 0.8 0.7 0.6

Wy (-) a (kW m2K?)

Figure 8: The contour map of the HTCs calculated with empirical correlation (16).
Published in [30].

5.4 Results and Discussion for Subcooled Runs
Calculation of HTC during Developed Subcooled Boiling

During the subcooled experiments, a constant value of the temperature of the
heating surface was measured throughout each run for all heat flux levels (250,
450, and 650 kW m~2) and samples tested. This is illustrated in Fig. 9 for
lower heat fluxes from 200 to 300 kW m~2. The independence of the surface
temperature 7 on the subcooling ATy, indicates that the developed subcooled
boiling regime was reached. In this regime, it is possible to calculate the toral
HTC during subcooled boiling using Eq. (6), where ay is calculated with
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Figure 9: The temperature of the heating surface 75 measured at various levels of
subcooling ATy For clarity, only the data obtained for Sample 1 in the range 200 <
q < 300 kW m~2 are shown. Published in [30].

a suitable correlation for saturated boiling. Since the surface temperature 7
remains constant, the boiling HTC ay, stays constant as well, and the dependency
of ot on ATy is governed solely by the last fraction in Eq. (6).

Using Own Empirical Correlation

When empirical correlation (16) developed for saturated boiling is employed for
the calculation of ay, the empirical correlation
1 1 ATgyp

— = + 17
@t %70 [1.30e-1000-ww) £ 1.18] ¢ a7

is obtained. Correlation (17) produces SEE of about 1.1 kW m~2K~! and MRE
below 7 % when compared with the experimental data obtained during subcooled
runs. For correlation (17), deviations lower or comparable with +15 % were
obtained for all the measured rotal HTCs as shown in Fig. 10.

Fig. 11 shows the contour map of the toral HTC as a function of the mass
fraction wy, and subcooling ATy, during subcooled boiling at the heat flux
of 300 kW m~2, obtained using empirical correlation (17). The contour lines are
more or less straight and diagonal for a higher mass fraction wy, at all investigated
subcoolings ATgy,. This indicates that for these ranges of w,, and ATy, neither
the subcooling nor the water mass fraction have a dominant effect on the roral
HTC. However, for a lower wy, the contour lines are more horizontal which
means that the impact of subcooling on the fotal HTC becomes more important
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Figure 10: The comparison of the measured fotal HTCs, which were averaged for each
of the investigated samples, with the predictions of empirical correlation (17). Published
in [30].
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Figure 11: The contour map of the fotal HTC calculated at ¢ = 300 kW m~2 using
empirical correlation (17). Published in [30].

relative to the effect of wy,. 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 fotal HTC is
more important for less subcooled mixtures with a lower content of glycerin.
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6. Experiments with Thin Titanium Foil

This section presents the measurements of the boiling behavior of water—glycerin
mixtures based on infrared (IR) thermometry which enables a detailed analysis
of important boiling parameters. A contactless measurement has never been per-
formed before for water—glycerin mixtures. The measurements were conducted
for the mixtures with the water mass fractions wy, from 1.00 down to 0.60. The
investigated heat flux was from 1 kW m~2 to about 200 kW m~2. The maximum
investigated heat flux was lowered for mixtures with a lower wy, to prevent any
thermal damage to the investigated titanium foil. The obtained results presented
and discussed in this section were previously published in our article [32].

6.1 Experimental Apparatus

The experiments were performed using the apparatus shown in Fig. 12 designed
by the researchers at the Laboratory for Thermal Technology, University of
Ljubljana. A single rectangular titanium foil with purity of 99.99 %, thick-
ness dgil = 25 pm, effective area of 27.6 X 17.7 mm and roughness R, of
about 0.07 pm serves as the heating surface for all the performed experiments.
During the measurements, a rectangular window on the bottom side of the foil
is monitored with the science-grade IR camera. The foil is heated by the current
from a DC power supply. The temperature of the liquid is measured with two
TCs immersed in the boiling liquid. An auxiliary heater of a hook-resembling
shape is immersed in the liquid to degas the liquid before experiments and to
maintain the saturation temperature during the measurements.

6.2 Measurement Uncertainties

The relative propagated uncertainty of the heat flux u.(g) of about 0.25 % of
a measured value was obtained from the propagation of uncertainties related to
the quantities used for the calculation of the heat flux [33]. For the conversion of
IR images to temperatures, an experimentally measured calibration curve in the
range from 80 to 180 °C at steps of 5 °C was employed. During the calibration,
the uncertainty of the temperature measurements u#(7) = 1 K was determined.
Both u;(q) and u(T) were found to be quite independent of temperature. The
thermal sensitivity of the IR camera is less than 20 mK. Such a low value reduces
the uncertainty of the temperature differences measured between neighboring
pixels to a much lower value than the temperature uncertainty u(7). The
maximum uncertainty of HTC u(«), determined from u.(g) and u(T), was
calculated to be of about 1.7 kWm~2K~!. The relative uncertainty of HTC
decreases at higher heat fluxes and superheats.
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6.3 Results and Discussion
Distributions of Superheat

The distributions of the superheat AT, of the heating surface, calculated with
Eq. (2) using the bubble-point temperatures T, measured with the immersed
TCs and all the temperatures of the heating surface recorded with the IR
camera, were found to be comparable with normal Gaussian distributions, as
illustrated in Fig. 13 which shows two examples of histograms obtained at the heat
flux ¢ = 175 kW m~?2 during boiling of water and the w,, = 0.60 mixture. Higher
superheats characterized by wider distributions were measured for mixtures
with a higher glycerin content. The mean value of the superheat AT, 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.

@ /Condenser
Boiling chamber
Infrared camera
Golden mirror
(b)

Ceramic base
/

K-type thermocouple

Auxiliary
heater

Figure 12: 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) detailed view of the boiling chamber and assembly which holds the foil. Adopted
from Voglar et al. [33].
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Figure 13: The histograms of the relative probability of the superheats obtained at g =
175 kW m~2 for: (a) pure water, (b) the wy = 0.60 mixture. The dashed lines mark
the positions of the mean superheat and its standard deviation. The full line is the
corresponding normal Gaussian distribution.

Measured HTCs

HTCs were calculated with Eq. (1) by averaging the data recorded with the
IR camera. The bubble-point temperature T, was taken as the arithmetic mean
of the temperatures measured with both immersed TCs. Fig. 14 shows the
dependency of the calculated HTC on the heat flux ¢ and mass fraction w,,. The
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Figure 14: The HTCs obtained from the IR footage after integration in space and time
compared with the HTCs measured for the copper and nickel-plated surfaces presented in
Sections 4 and 5, respectively. The data are also compared with empirical correlation (18)
derived in the following subsection. Published in [32].
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measured HTCs are also compared with the data from Sections 4 and 5 obtained
for the w,, = 0.60 mixture. A lower values of HTCs were generally measured
for the titanium foil relative to the values measured for the thick copper- and
nickel-plated surfaces which might be attributed to the limited number of active
nucleation sites observed during boiling on the tested foil or to a small value of
the thermal capacity of the foil [34]. Nevertheless, in Fig. 14, the deterioration of
HTC for a lower w,, is clearly visible for higher heat fluxes g, which is consistent
with the conclusions presented in Sections 4 and 5.

Own Empirical Correlation for HTC

The measured HTCs might be correlated using the empirical function
a = 108 q0.625+0.089ww (18)

in the investigated heat flux range from 0 to 200 kW m~2 and for water mass
fractions from 1.00 down to 0.60. Fig. 14 shows an acceptable agreement between
correlation (18) and the measured points. The errors SEE = 0.2 kWm™2K~!
and MRE = 6.4 % were calculated between the measured and correlated values.
When using correlation (18), the heat flux ¢ has to be in (W m~2), the water
mass fraction wy, (), and the calculated @ is in (Wm™2K™1).

Bubble Diameters, Nucleation Frequencies and Bubble Growth Rates

The surface temperatures recorded with the IR camera were analyzed with custom-
made scripts which were developed to identify the sudden drops of temperature
caused by bubble nucleation. The temporal evolution of temperature fields
recorded with the IR camera was used to calculate the nucleation frequency f;,
the maximum footprint diameter D¢ (which is assumed to evince similar trends
as the bubble departure diameter Dy,), and the footprint growth rate f;, D¢. The
analysis was done for heat fluxes higher than 100 kW m~2.

Tab. 4 show the measured values of the footprint growth rate f, D¢ which
are compared with the bubble growth rates f;, Dy, predicted by the correlation of
Malenkov [35]

anbzl[Dbg(gL‘QG)+ 20 ]1/2 (19)
n| 2(oL+0c)  Dv(oL+00)
and by the correlation of Peebles and Garber [36]
1/4
fa Dy = 0.60 [Ml . (20)
or

According to Tab. 4, the footprint growth rates measured at higher heat fluxes
appears to be comparable with the bubble growth rates predicted with the
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Table 4: The measured footprint growth rates f, D¢ (mms~!) compared with the
Malenkov correlation and the Peebles and Garber correlation.

Wy (_)

1.00 098 095 090 085 0.80 0.70 0.60

g =100 kW m™2 - 2 18 21 23 28 28 38

g =125kWm2 19 27 32 31 35 44 44 53

Measured at g = 150 kW m~2 39 35 43 48 53 54 57 55
q=175kWm™2 43 53 58 60 63 66 - 60

g =200 kW m~2 59 63 67 74 71 - - -

Malenkov (19) 71 70 70 70 70 70 70 69

Correlation of bt 1es and Garber 20» 92 92 92 92 92 92 91 91

Malenkov correlation. Based on the analysis of the recorded IR footage, the
maximum footprint diameter D¢, which oscillated between 3.7 and 5.3 mm,
seems to be independent of w, slightly dependent on g and very-well predictable
by the often-used correlation of Fritz [37]

Dy = 0.0208 9 | —— Q1)
g (oL - 0G)

where the contact angle 9. ~ 86° was measured for water on titanium foils [38].

On the contrary, the evaluated nucleation frequency f; was observed to
increase significantly with the heat flux and mildly with the concentration of the
glycerin in the boiling mixture. The increase of the footprint growth rate f;, D¢
observed for higher g and w,, documented in Tab. 4 is thus caused solely by the
higher nucleation frequencies.

A series of statistical tests done with the measured data showed that the
footprint diameter D¢ might be correlated as

Dy =4.54x1072¢7%17 (22)

and that the nucleation frequency f, depends on both ¢ and w,, and might be
approximated with the function

fu=888x107° L — (23)

Wy
Combining Eq. (22) and (23), the footprint growth rate (i.e., the growth of the
zones affected by bubble nucleation) might be estimated with the correlation

1.54
faDr=4.03x1071094 24)

Wy
Correlations (22) to (24) are valid for the ranges of water mass fraction 0.60 <
wy < 1.00 and heat flux 100 < ¢ < 200 kW m~2. To use correlations (22)
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to (24), g needs to be in (W m™2), w,, is dimensionless, Dy is given in (m), f; is
in (s™!) and f, D¢ in (ms™1!).

Thermal Energy Consumed by Bubbles

Since the footprint diameter D¢ (which represents the bubble departure diameter)
was found to be a weak function of g independent of the concentration of the
boiling mixture, and since the nucleation frequency f, seems to increase with
a decrease of wy,, the deterioration of HTC observed for a low wy, cannot be
related to the trends of the investigated parameters. A possible cause of the
HTC deterioration might be a lower intensity of heat transfer, even despite the
increased nucleation frequencies and bubble growth rates. This was analyzed
by evaluation of the average thermal energy Qp consumed during individual
nucleation cycles which might be defined as

szf(// qu)dt, (25)
tg Saffected

where the integrals in Eq. (25) were approximated by sums over the pixels of
the IR footage, which were affected by bubble nucleation.

The analysis of the resulting values of Qy did not result in a clear trend of
the thermal energy Qy with respect to the heat flux ¢ and water mass fraction of
the mixture wy. A series of statistical tests indicated that Qy, is likely a constant
independent of ¢ and w,, investigated. A mean value of Oy, about 46 mJ and
a standard deviation of 8 mJ were evaluated from the analysis of the IR data.

Suggested Explanation of the Measured HTC Deterioration

The measured values and trends of the evaluated parameters suggest that the
the measured decrease of HTC with wy, is probably not directly related to
the transport of latent heat by nucleating bubbles. Therefore, the measured
deterioration of HTC is likely caused by reduced heat transfer into the liquid
phase as a consequence of lower intensity of enhanced convection, transient
conduction, and natural convection. The deterioration of heat transfer might
be explained to be caused by retardation of convective mechanisms due to the
increased viscosity, increased density, or decreased specific heat capacity of the
mixtures with a higher content of glycerin.
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7. Recapitulation of Experiments and Outputs

7.1 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 (R; of 0.4 pm) was
investigated.

* The water mass fractions 0.40 < wy < 1.00 and heat fluxes 25 < g < 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 2K, MRE = 6 %)
a =0.59 q0.7l4+0.l30ww )

¢ The proposed and verified dynamic method.

Published in

* Vajc V., Sulc R., Dostdl 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.

7.2 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 (R, about 0.4 pm)
were investigated.

* The water mass fractions 0.60 < wy < 1.00 and heat fluxes 0 < ¢ < 650 kW m~2
were studied.

* Subcooled experiments were done for g = 250, 450, and 650 kW m~2 at the subcool-
ing 0 < ATy < 30K

¢ Long-term measurements of the 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 m2K"1,
MRE = 11 %)
a=q"70 [1.30e—1°-6<1—ww> + 1.18] ‘
¢ The empirical correlation for the totral HTC during subcooled boiling (MRE = 7 %,
SEE=1.1kWm2K™ )
1 1 N ATgup .

ot g0 [1.30e-1060-ww) 4 1.18] © ¢
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Published in

* Vajc V., Moze M., Hadzi¢ A., Zupanci¢ M., Golobi¢ I., Saturated and Subcooled Pool
Boiling Heat Transfer in Mixtures of Water and Glycerin, Experimental Heat Transfer,
Jan. 2022. doi:10.1080/08916152.2022.2027574.

7.3 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 (R; = 0.07 pm, 001 = 25 pm) was investigated.

* The water mass fractions 0.60 < wy < 1.00 and heat fluxes 0 < g < 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 kWm~2 K,

MRE = 11 %)
a=1.08 q0.625+0.089ww )

* The empirical correlation for the measured diameter of the temperature footprint of
bubbles
Df=4.54x10"2¢7019

* The empirical correlation for the measured nucleation frequency
1.73
fa=888x10°09
Wwy
* The empirical correlation for the measured growth rate of temperature footprints

1.54
fo=403x107109
Wwy

Published in

* Vajc V., Moze M., Zupanci¢ M., Sulc R., Golobi¢ I., IR Measurements of Heat
Transfer Coeflicients and Nucleation Parameters during Saturated Nucleate Boiling of
Water—Glycerin Mixtures, Case Studies in Thermal Engineering, vol. 32, article 101917,
Apr. 2022, pp. 1-13. doi:10.1016/j.csite.2022.101917.
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8. Conclusions

The following conclusions based on the experimental results presented in the
experimental part 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. This was observed for all of the in-
vestigated surfaces (copper, nickel-plated and titanium), heat fluxes, and
concentrations of the boiling mixture.

The mixture effects were found to affect the HTC during boiling of wa-
ter—glycerin mixtures on all surfaces and compositions investigated.

HTC enhancement was not detected for any of the concentrations and heating
surfaces investigated.

The investigated nickel-plated and titanium surfaces maintained a stable boiling
performance during multiple repeated runs. The stability of nickel-plated
samples was confirmed by long-term boiling experiments.

Bubble departure diameters 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
measured increase of the bubble growth rate was caused solely by the increase
of the nucleation frequency.

The thermal energy transferred into nucleating bubbles of about 46 + 8§ mJ
was found to be independent of the heat flux and concentration.

Trends of the investigated boiling parameters measured for the titanium heating
surface indicate that heat transfer to the liquid phase by convective mechanisms
is more important than the mechanisms related to the transport of latent heat.
The subcooled boiling experiments proved that when the developed regime of
subcooled boiling is achieved, the correlations suitable for saturated boiling
might be employed to predict the HTCs during subcooled boiling.

The effects of the subcooling and composition on the foral HTC were observed
to be more important for the less subcooled mixtures with lower glycerin
content.

The HTCs measured for the investigated titanium foil were of about 45 %
and 70 % relative to 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.

The data and information presented in and related to this thesis were previously
published in the author’s works [24,27,28,30,32,39].
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