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Abstract

The system HVAC is frequently based on cyclic phase change of boiling
fluid. This phase change of boiling f luid (liquid -gas or gas-liquid)
is coupled with boiling heat transfer by nucleate boiling, convective
boiling and pre/post dryout effect. The nucleate boiling is depended on
superheat of wall (i.e. hea t flux) and presence of active nucleation sites.
The two -phase convection boili ng with dependence on mass flux and
vapour quality is performed in liqui d film between superheated wall
and vapour core. The pre/post dry out effect is significant, when
the liqu id film is consumed and superheated wall is exposed directly to
vapour core. This boiling heat transfer by nucleate boiling, convective
boiling and pre/post dryout effect is simplified for engineering design

on boiling heat transfer coefficient. Therefore , the dissertation thesis
is aimed at experimental analysis of phase-change process in advanced

engineering design.

Keywords: evaporation; condensation; water steam; refrigerant
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1. Introduction

The historical purpose of building is protection of peoples and animals
before outdoor environment.  Later, this protection function of building
is extended about quality of indoor climate in the building. The indoor
climate in modern building is controlled by system of Heating,
Ventilation and Air -Conditioning (HVAC) and this system HVAC includes
often heat exchanger. The most energy efficient heat exchanger uses
boiling heat transfer . Typically, refrigeration system in building is based
on cyclic phase change of refrigerant from liquid to gas (evaporation on
cooling side ) and reverse phase change from gasto liquid ( condensation
on heating side ). The engineering design of system HVAC in building
is simplified on boiling heat transfer coefficient, but this boiling heat
transfe r coefficient includes heat transfer by nucleate boiling,

convective boiling and dryout effect.

The advanced engineering design of system HVAC in building is directly

depended on experimental research of boiling heat transfer.
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2. State of Art

The refrigeration system uses cyclic phase change of boiling refrigerant.
This cyclic phase change liquid -gas (evaporation) and gas -liquid
(condensation) is coupled with the heat transfer by nucleate boiling,
convective boiling, and pre/post -Dryout effect. The nucleate boiling is
dependent on the superheated wall (i.e. heat flux), and the presenc e of
active nucleation site. The heat transfer between the superheated wall
and vapour core is performed in liquid film by convective boiling. This
convective boiling is dependent on the mass flux and the vapour quality.
The pre/post -Dryout effect is assoc iated with the annular flow when the
liquid film is consumed, and the superheated wall is exposed directly to

the vapour core.

The engineering design of refrigeration system is simplified on the
application of boiling heat transfer coefficient. This  boiling heat transfer
coefficient includes the combination of heat transfer by nucleate boiling,
convective boiling, and pre/post -Dryout effect. Therefore, the boiling

heat transfer coefficient is necessary to study by experimental research.

2.1. Phase Transition

In the summer of 2016, during the last year of my master's degree, | and
my friend decided to take a hike to the Italian -Swiss peak of Piz Bernina.
Behind the Marinelli Bombardieri hut, we had a panoramic view of
Vedretta di Scerscen Superiore glacier, through which our journey
continued. Gradually, we ran out of drinking water. Therefore, we
decided to prepare of drinking water from the glacier. In this moment,

the interesting physical phenomena phase transitions has begun.

Thermal energy of cooker is g radually transferred by conduction,

convection and radiation into the ice through inner surface of the bowl.
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Inside the ice, the intensity of the oscillating motion of the particles
(kinetic energy) occupying the crystal lattice increases, while the mutual
cohesion of the particles decreases (intermolecular forces). Droplets of
water are gradually formed in the bowl from the ice when the kinetic
energy has exceeded the force of the cohesive forces. The crystal
structure of the substance collapses and the su bstance begins to melt -
it turns into a liquid. The temperature at which the melting of substance
depends only on external pressure is called the melting point. As the
temperature remains constant during of melting, the transferred heat

is completely cons umed to overcome the cohesion of the particles. It is

a form of latent heat of melting , more [1], [2], [3], and [4].

Figure 2.1 z Collapse of icecrystal structure with the formation of water
drops [5].

Droplets have formed the liquid from the ice. Over the surface of the

liquid, a certain number of excited particles are transformed into
a gaseous state at any temperature. This process is called vaporization
(Vaporization also occurs from the solid). Each molecule changing into

wet vapour during vaporization, consumes a quantity of heat to
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overcome the attractive forces and resistance of external pressure. This

quantity of heat is called latent heat of vaporization

Over the liquid, the released particles of wet vapour can be reflected
from the surrounding particles and captured back into the liquid. If the
ratio of released to captured wet vapour particles is balanced, the liquid
and the wet vapour are in equilibrium state. Wet vapour in equilibrium
state with the liquid enters a state of saturation and is referred to as
saturated steam. Pres sure of saturated steam of liquid depends on

temperature.

The heated liquid in bowl increases its temperature and the pressure of
the saturated steam of the liquid has reached ambient pressure. The
saturated steam expands into the surrounding and facilitat es the
formation of new steam. The liquid begins to  vaporize from the surface
and simultaneously as well as from its entire volume. This phenomenon

is called boiling. The temperature and the pressure at which it occurs is
called boiling point. The process by which the liquid changes its steam

at its boiling point is called evaporation , according to [1],[2], [3], and [4].
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Figure 2.2 z Evaporation of liquid at its boiling point [6].

2.2. System of Thermodynamic

Processes of phase transitions are performed in a space, which is called

a thermodynamic system. This physical system is consisting of
individual parts as referred as a set of elements. Other elements, which
surround the set of elements is called surroundings. However, set of
elements and surroundings are separated by a boundary. There is
amutual interaction between the elements of the system - the

transformation of en ergy and substance, and its exchange with the
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surroundings. These complex interactions are macroscopically
observed by thermodynamics according to laws of thermodynamics.
Laws of thermodynamics define a group of physical quantities. These
intensive ! and extensive ? state quantities express the current state of
the thermodynamics system. Intensive state quantities represent
a qualitative part of the thermodynamic system, i.e., unrelated to its
size. Quantitative parts of thermodynamics system are made by
extensive state quantities, which in contrast with qualitative parts is

dependent on related to its size.

2.2.1. Open gystem

When both particles (mass transfer) and energy (heat transfer) are
exchanged with the surroundings, the thermodynamics system

is referred as a n open system. These parts of thermodynamics system
are involved in creating the climate of Earth. Deep ocean circulation

is forming between Earth's polar and equatorial regions. Vaporization

of seawater, cycles of melting and freezing of polar glaciers de termines
of velocity flow of deep ocean currents. Deep ocean currents are driven

by difference in the density of seawater, which is controlled by the
temperature (thermo) and salinity (haline). This process is known as
thermohaline circulation. The thermoh aline circulation allow transport
both energy (heat) and matter (solids, dissolved substances and gasses)

around the globe , see[7] and [8].

1 pressure (p), temperature ( T), density (n)
2 volume (V), mass (m) with number of molecules (N), internal energy ( U), entropy (S),

free energy (P
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Figure 2.3 z Thermohaline circulation on the planet Earth [9].

2.2.2. Isolated system

The opposite of open system is an isolated system. Particles (mass
transfer) and energy (heat transfer) are conserved and is not exchanged
with the surroundings. Accordingto  second law of thermodynamics, the
entropy of isolated system increases. Isolated systems spontaneously
evolve towards thermal equilibrium ? the state of maximum entropy of
the system. The statistical physics describe the isolated systemas  micro -
canonical ensemble with micro -canonical entropy , more [10], [11], [12],
[13], and [14].

2.2.3. Closed system

The system is separated by a boundary from the surroundings and
particles (mass transfer) is conserved during the exchange of energy
(heat transfer) . It is a middle between the isolated and the open system
with is known input and output of results within specific time. This

property is used for the design of engineering equipment and
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is described in detail and examined in dissertation thesis , see [7], [15],
[16], [17], and [18].

2.3. Review of Historical evolution

At the end of the 18 ™ century , experimental physics experienced new
discoveries and descriptions of events. Units of heat is introduced, the
amounts of heat needed to produce specified increases of temperature,
volume, or pressure under various conditions were measured. The
notion of latent heat has begun to appear [16], [19], and may perhaps
be the first study of boiling is introduced by German doctor and
theologian, Johan Gottlob Leidenfrost in 1756. Leidenfrost observed of
repulsion between a liquid and very hot  solid. Between a drop of water
and hot plate was produced an insulating  vapour layer. This layer kept
the liquid from boiling rapidly and the droplet hovers over the surface
and slowly evaporate. The phenomenon is named as Leidenfrost

phenomena , see [20].

During the scientific excursion in the

[21], born in Geneva in 1727 investigated the melting of ice. He noticed:

J let freeze water in drinking glasses in which | had put thermometerswhose
bulbs thereby were enclosed by the ice. Thereafter | brought this little
apparatus to a fire. The thermometers rose until the very moment as the ice
started to melt. All fire that intruded the ice thereafter ceased to have an
effect on the thermometers, because it was used to make water, while at the
same time the light that freed itself from the burning partic les, radiated

through the ice.j .

Joseph Black [22], a Scottish chemist and Professor in Glasgow and
Edinburgh, born in Bordeaux in 1728, made similar observ  ations wh ere

reported pure fact:

14 /101



But these phenomena, though inconsistent with such a supposition, and
with the old opinion of the manner in which heat produces fluidity, strongly
support the one which I have proposed and can all be explained by it without
difficult. They actually shew the extrication from the freezing water of that
quantity of heat which is concealed in its composition so long as it retains
the form of fluid. This experiment shews, that when water is cooled in a state
of perfect rest, in a small vessel, it is disposed to retain this concealed heat,
which | have been used to call its latent heat, a little more strongly than in

ordinary circumstances.j.

James Clerk Maxwell [23], a Scottish Professor of experimental physics
in the University of Cambridge, born in Edinburgh in 1831 noted in his
textbook in 1871:

JDEFINITION Latent heat is the quantity of heat which must be
communicated to a body in a given state in order to convert it into another

without changing its temperature. }

An analogous consideration of the process of changing the state let him
finally conclude:

JThe most important cases in which heat is thusemployed are-

1. The conversion of solids into liquids. This is called melting' or fusion.
In the reverse process of freezing or solidification heat must be

allowed to escape from the body to an equal amount.

2. The conversion of liquids (or solids) into the gagous state. This is

called evaporation, and its reverse condensation.

3. When a gas expands, in order to maintain the temperature constant,
heat must be communicated to it, and this, when properly defined,

may be called the latent heat of expansion.

4. There are many chemical changes during which heat is generated or

disappearsj
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In 1873, Van Der Waals, Johannes Diderik, Dutch physicist, defended
doctoral thesis, in which he states Waals' equation of state - the first
successful theory of phase transitions , more [24]. Between 1875 and
1878, Josiah Willard Gibbs, American mathematician, in his landmark
paper titled On the Equilibrium of Heterogeneous Substances derived
the phase rule z identifies the degree of freedom of a multiphase

system, see [25].

Since 1916, the condensation of water steam on cold surface is studied
by German engine er, Ernst Kraft Wilhelm Nusselt [26]. Nusselt
analytically expressed dependence of boiling heat transfer coefficient
on volume amount of condensed water steam on the  cold wall surface.
This analytical dependence assumes smooth and uniform liquid film on
plane wall surface, and then condensation heat transfer coefficient is
equal to inverse function of thermal resistance of condensed water

steam.

However, the analytica | Nusselt solution is not corresponded with

experimental measurement over 20 %. Gradually, the solution is

extended about sub -cooling of liquid condensate by Bromley [27], about

non-linear temperature distribution in liquid film by Rohsenow [28],

about momentum movement by Sparrow  [29], [30], [31] and laminar

downward flow of condensate by Bankoff  [32] or Marschall and Lee [33].

This difference over 20 % is caused by waves on surface of liquid film,

and this waveAs effect i mproves heat tral
liquid film as published Kapitsa [34] in 1948.

Since 1930, after NusseltAs study, t he r
begun to form of three main groups: a pool boiling, a flow boiling and

a supercritical fluid, see Table 2.1.
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Table 2.1 z Chronological table of major r eferences relating to boiling heat
transfer [35].

A.D. Pool Boiling Flow Boiling Supercritical Fluids
1930 |— — i —
— (Jakob-Fritz)
— ( ) ¢ Nucleate Boiling
— {Cryder-Gilland) ¢ » ! Transition Boiling
—~[Nukiyama) [ 1:Film Boiling
35 |—(Jakob-Linke) = { ). Boiling Curve
— (Jakob) (Fritz-Ende) () Forced Convection
- { ) Critical Heat Flux
= { 1! Free Convection
1940 |— (Insinger-Bliss) — —
- (Bonilla-Perry)
45 |—(Cicelli-Benilla) — —
i—[Farber-Scorah]
= —(McAdams et al)
1950 [—[Bromley] — —
I (Rohsenow-Clark) —[(Buchberg et al){Gunther}
(Jens-Lottes)
— (Rohsenow) (Kutateladze)
— (Forster-Zuber) <Ellion> [—{Clark-Rohsenow)
55 |~ (Westwater-Santangelo} (Yamagata et al) - —
—(Nishikawa) <Rohsenow-Griffith> — (Dengler-Addoms)
—(Bankoff) (Zuber> [Hsu-Westwater] —{Gambill-Green) —(Dickinson-Welch)
— (Gaertner-Westwater) (Levy) |—(Zenkevich){Lottes-Petrich-Marchaterre} [—(Styrikowitsch-Milopolsky-Shitzman)
(Bankoff-Mikesell) (Forster-Greif)
1960 |— (Kurihara-Myers) L-(GrifﬁLh-W:ﬁllis)(Bell) =
(Nishikawa-Yamagata) (Berenson»
— (Moore-Mesler) {Hsu-Graham) I—{Collier et al} I—(Petukov et al)(Goldmann)
{Janssen-Levy)
I— (Hughmark) (Isshiki-Tamaki) ~(Shrock-Grossman)
[Koh]{[Sparrow-Cess) {Swenson-Carver-Szoeke)
— (Zuber) (Séméria) (Stephan) —{Macbeth}{Tong){Barnett) I—{Fritsch-Grosh} (Shitsman)
(Moissis-Berenson) (Cole-Shulman)
— (Bergles-Rohsenow) {Sharp) (Merte-Clark) —{Hewitt)
(Siegel-Keschock)
65 |— (Geartner) —{Hewitt et al} —{Nishikawa-Miyabe}
{Bertoletti et al}
|—(Marto-Rohsenow) (van Strahlen) (Nishikawa> [—{Macbeth} {—{Knapp-Sabersky}
[Nishikawa-Ito] [Ito-Nishikawa]
|- (Kusuda-Nishikawa) —{Bennett) |—{Grigull-Abazic)
— (Lippert-Dougal} <Katto-Yokoya> [—1{Goldstein-Aung}
— (Cooper-Lloyd) (Ishibashi-Nishikawa) —{Herkenrath-Maérkenstein} —{Nishikawa-Ito}
(Bergles)
1970 [~ (Mikic-Rohsenow) {Czikk-Gottzmann et al} —{Hewitt-Kearsey-Collier) —(Ackerman)
— ¢(Honda-Nishikawa? —(Collier) (Tong) —(Yamagata-Nishikawa-Hasegawa)
[Nishikawa-Ito-Kuroki-Matsumoto] {Nishikawa-Fujii-Yoshida)
— (Gottzmann-0'neil -Minton} —(Nishikawa-Ito-Yamashita)
75— — —
— —{Groeneveld-Delmore}
— (Nishikawa-Fujita)
(Arai-Fukushima-Nakajima-Fujie-Nakayama)
- I—(Kmtu)
[~ —{Shah)
1980 |— (Stephan-Abdelsalam) (Nishikawa-Ito) —{Katto) —
—(Bergles)
— (Cooper) <Witte-Lienhart>
(Nishikawa-Fujita-Ohta)
- (Nishikawa) (Webb) {Haramura-Katte) -
— —{Katto)
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Regimes of pool boiling are identified by Shiro Nukiyama in his
pioneering publication in 1934 , see [36]. He clarified and provided an
overview of the boiling phenomena using his apparatus. The Apparatus
was composed of electrically heated Ni-Chrome and platinum wi res

immersed in liquids, see Figure 2.4.

ik

Figure 2.4 z Equipment of Nukiyama for metal wire experiments [36].

He evaluated of temperature and heat fl ux from this experiment and

observed:

1 maximum heat flux points appear in the nucleat e boiling region
is diversiform
maximum heat flux points appear in the nucleate boiling region

minimum heat flux point app ears in the film boiling region

Consequently, the pool boiling is divided according to the value of the
wal |l super heat Tst[E.nbistempdrature és thedifference
between the wall temperature, Twar [ ° @id the saturation steam

temperature of liquid, Tsa[ ° .Bdiling regimes is divided into [37]:

1 natural convection boiling Ofsat <5K

1 nucleate boiling SK<Oda <30K
i transition boiling 30 K< Ofsat <200 K
91 film boiling 200 K < OTsat

After Nukiama, others researchers came across a phenomenon which

is referred as a Critical Heat Flux (CHF). In 1948, another pioneering
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works has come. Kutateladze addressed pool boiling of critical heat flux

by using a dimensional a nalysis based on the similarity between critical

heat flux and column flooding

[38]. In 1958, ten years after Kutateladze,

Novak Zuber and Myron Tribus present to an analytical expression. This

analysis permits the prediction of the maximum nucleate heat flux in

pool boiling of saturated or subcooled liquids

studies are published and are improved the predictive of CHF,

, see [39]. Gradually, new
see [39],

[40], [41], [42], [43], and five different of CHF mechanisms are prevalent

in the literature: b ubble interference, hydrodynamic instability,

layer dryout, hot/dry spot, and interfacial lift

Pool Boiling Modes - | atm

natural convection  nucleate transition
). | ).

macro
-off, see [45].

film

I ¥ T T

isolated columns
bubbles slugs

heating curve

o'? (}q
(In:ax Critical Heat Flux
"] E 1 R R R % - /'- e
Boiling crisis
DNB
| [ SR
04 A ¢ & D leidenfrost point
"""""""""" ONB! | ‘ | |
- cooling curve
I 2 10 30 120 1000
Superheat ATsat = Twa — Tsat [K]

Figure 2.5 z Pool boiling curve, according to [37].
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Transition Bailing - | atm

Natural Convection Bailing - | atm M.

“ GP[Pal\
Py J I, I,
i -

Heat Flux q [W/m’] Heat Flux g’ (W/m’]

I.A IV. , "
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TN e T

Heat Flux g [W/m'] Heat Flux q'[W/m’]

I.B
Nucleate Bailing - | atm

T =10

[T

Heat Flux ¢’ (W/m’]
Figure 2.6 z Regimes of pool boiling. During the transition from natural
convection to nucleate boiling, sub cooling boiling occurs. The temperature
of most of the liquid is below the saturation temperature and bubbles

formed at the surface may condense in the liquid [37].

Gradually, several experimental s tudies described of flow boiling of
saturated liquids , see [46], [47], [48], and [49]. The obtained results
indicated to the contribution from two heat transfer mechanisms:
nucleate boiling and convective boiling. When is the nucleate boiling of

flow boiling dominated the heat transfer coefficient increases with
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increasing heat flux and saturation pressure, and is independent of
mass flux and vapour quality. In opposite case, when is dominated
convective flow boiling, the heat transfer coefficient is independent of

heat flux and increases with increasing mass flux and  vapour quality.

In 1963, Chen proposed the first flow boiling correlation for evaporation
in vertical tubes to attain widespread Use. The region of interest was
range of vapour quality of approximately 1 to 70% and was strictly to

defined by following conditions:

saturated, two -phase fluid in convective flow
vertical, axial flow

stable flow

no slug flow

no liquid deficiency

heat flux less than critical flux

=2 =42 =2 =4 A4 =

The nucleate pool boiling correlation of Forster and Zuber (1955) is used
to calculate the nucleate boiling heat transfe r coefficient in this study.
The turbulent flow correlation of Dittus  -Boelter (1930) for tubular flows
is used to calculate the liquid -phase convective heat transfer coefficient.
The average deviation between calculated and measured boiling

coefficientsfrom t en experi ment &l[50lcases was + 12

In 1976, Shah presented graphical form a general correlation named
CHAPT and published it in 1982. The graphical correlati on is focus on
the estimation of heat transfer coefficients during saturated boiling at
subcritical heat flux in tubes and annuli. The mean deviation of graphical
correlation is 14 % with data points from 19 independent experimental
studies. The correlatio n was shown to be applicable to both horizontal

and vertical tubes [51].
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24— LINE AB -~ PURE CONVECTIVE BOILING WITH
A SURFACE FULLY WET
§4—PURE e
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30

10— 15
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co= (12" (B/)"

Figure 2. 7 z The chart correlation of Shah [51].

In 1986, Gungor and Winterton introduced a general correlation for
forced convection boiling has been developed. The general correlation
is based on data bank consists of over 4300 data point s. The mean
deviation between the calculated and measured boiling heat transfer
coefficient is 21.4 % for saturated boiling and 25.0 % for subcooled

boiling , more [52].
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Figure 2. 9 z Two phase flow patterns in horizontal tubes: (a) evaporation,

(b) condensation with high liquid loading, (c) condensation with low liquid
loading, see[53].
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2.4. Review of Current state

The boiling heat transfer is studied since 1916. Nevertheless, the boiling
heat transfer is not concluded yet. The boiling heat transfer is studied
currently on mass flux, heat flux, inclination angle, inner diameter,

surface modification etc.

2.4.1. Effect of Mass flux and Heat flux

The dependence of boiling heat tr ansfer coefficient on mass flux and

vapour quality is published by Jung et al. [54], Bandhauer et al. [55],

Arslan and Eskin [56], Adekunle et al. [57], Aroonrat and Wongwises [58]

as well as Meyer et al. [59]. This dependence is decreased for lower

mass flux (below od? dsjjuak tep@afD0DeldgCaval
[60]. This decreased dependence of boiling heat transfer coefficient  on

lower mass flux is substituted by dependence on temperature

difference (superheat of wall) as reported Meyer and Ewim [61]. The
dependence of boiling heat transfer coefficient on heat flux for fixed

mass flux is published by Greco and Vanoli [62]. Later, Greco [63]

reported about dependence of boiling heat transfer coefficient on heat

flux, but only in the region with dominated nucleate boiling. Th e effect

of low mass flux is studied by Meyeretal. [64lon val ue & &9 ,kg- m
by Akhavan-Behabadi and Esmailpour [65] on v al ue & 4$byk g - m
Apreaetal. [66]on val ue @&4ds)y Wby meg6]oavalde Son
(35. 5FRkds)m by Dabtohi gakte & &9 kagndn by
Arslan and Eskin [69] on value (20 k g -dind's) , Hejatie@t al. [70] on

value (16.5k g -dind & )

2.4.2. Effect of Inclination angle

The impact of inclination angle on boiling heat transfer coefficient is

published by Akhavan -Behabadi et al. [65] in range 7 7 62 % and range
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40 7 56 % by Ewim et al. [61]. The lowest boiling heat transfer coeffi cient

is reported identically for vertical downward flow.

Meyer et al. [71], [72] published impact of inclinedtube ( 5=-90° t o 90°)
on condensation R134a withmassflux ( G= 50 t o 4&0dBs) kghmat
fux (q= 4.50 to d6) 90 vk o mx =29 uoad0 %) and (
saturation temperature ( T= 30 to 50 °C) in inclined
inner diameter 8.38 mm. This boiling heat transfer coefficient for

vertical downward flow is obtained inrange 900 71500 JdA/--dK.

Akhavan-Behabadi et al. [65], [73] and Mohseni et al. [74], [75] reported

impact ofinclinedtube 5=-90° to 90°) on evaporation F
flux(G=46t0170 k g -dind!s) , h et 4f.1506x t(o d29).,1 3v KpAb umr
quality (x = 20 to 80 %) and saturation temperature ( T=-26to -2 ° C) i n
inclined smooth and corrugated t ube with inner diameter 8.9 mm.  This

boiling heat transfer coefficient for vertical dow nward flow is obtained

in range 600 z 2500 JdA--dK .This effect of inclination angle is

increased for lower mass flux as reported Akhavan -Behabadi et al. [73],

Mohseni et al. [75] and Meyer et al. [59].

2.4.3. Effect of Inner diameter

The impact of inner diameter on bo iling heat transfer coefficient

is coupled w ith the capillary effect and flow pattern map (since size

mesoscale between macro -channel and micro -channel) as noted

Thome et al. [76]. The classification of channel is based on hydraulic

diameter and Mehendale et al. [77] offered classification on

conventional channel ( D > 6 mm), macro-c hann el (D6 1 mm), w
meso-channel (1 mm @> 100 LIm) -ahdnmekr ¢ DOO0O LIn u
> 1 ILatey, Kandlikar and Grande [78] proposed classification on

conventional channel ( D>3 mm), mini-c hannel D3 2nn0 wytm) and
micro-c hanne |l (2% 01 @WIMLIw) .
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This impact of inner diameter on bo iling heat transfer coef ficient
is reported by Yan and Lin [79] (the boiling heat transfer coefficient with
inner diameter 2.0 mm is about 30 7z 80 % higher than for larger pipe
Dw 8. 0 Hwuoref)al. [80] (the boiling heat transfer coefficient in tube
with inner diameter 2.01 mm is higher than in tube with inner diameter
4.26 mm) and Bandhauer et al. [55] (the boiling heat transfer coefficient
increases with mass flux and vapour quality, but decrease with inner

diameter).

2.4.4. Effect of Surface modification

The impact o f surface modification on boiling heat transfer coefficient

is summarized by Cavallini et al. in review [81]. Yu et al. [82] reported
about increased boiling heat transfer coefficient in horizontal micro -fin
tube up to 200 % in comparison with horizontal smooth tube. Aroonrat

and Wongwises [58] published about dimpled tube enhances the
Nusselt number about 1.3 - 1.4 times in comparison with smooth  tube.
Solanki and Kumar [83] reported about increased boiling heat transfer
coefficient about 18 7z 32 % for dimpled helically coiled tube
in comparison with smooth helically coiled tube, as well as increasing
about 51 7z 61 % in comparison with smooth straight tube.  Woodcock et
al. [84] published about surface modification by Piranha Pin  -Fin (PPF)
and (MECH-X) for ultra -high heat flux (upto10MW - -md ) i n el ectr oni
devices. The increased boiling heat transfer coefficient in tube with
corrugated surface is reported by Akhavan -Behabadi and Esmailpour
[65], Aroonrat and Wongwises [76], Laohalertdecha et al. [85] and
Dalkili ¢ €[86]. a |
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3. Research Aim

The dissertation thesis is focused on heat transfer analysis of phase
change process in a tubular exchanger. This phase change of fluid from
liquid to gas (evaporation) or reverse phase change from gas to liquid
(condensation) is applied in heating/cooling system, air-conditioning ,
etc. This phase change process is experimentally analysed for water

steam (condensation) and refrigerants (ev aporation) .

x Condensation of water steam in tubular heat exchanger with

55 spiral micro tube s with inner diameter 3.0 mm

x  Evaporation of refrigerant R134a, R404a , and R407c with low mass

flux in vertical smooth tube with inner diameter 32 mm

The main result of dissertation thesis is extension of current state
of knowledge about boiling heat transfer and dissemination of obtained

knowledge in scientific journal .
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4. Condensation

The condensation of water steam in copper spiral micro tube with total
length 1300 + 2 mm and inner diameter
critical inner diameter 5.05 mm. This small inner diameter increases
interaction of water steam with copper surface of tube. This
thermodynamics interaction is caused by surface tension in fluid. Th e
impact of surface tension on condensation heat transfer is analysed
experimentally in the bundle of 55 spiral micro tubes , see Fig.4.1.
Number of waves on one tube is 28. The outer surface area of spiral
micro tube is 15 904 mm 2 with inner surface area 11 928 mm 2. Total
outer surface areaof 55tubes i s 874 703 mm2 with
area 656 028 .4PahdFigst8e Fi g

1346
2 1342 2
23 1300 23

FE @164 mm

CU 64 x 2.0 mmk

Y

32

152
150
120

‘{ ] I
o
1110 118
1046 | 64 | _ %6
57 mm
u —
z‘ —_—— ————— = -

CU40x05 mm(

64
49

TUBULAR HEAT EXCHANGER

Heat Power |i100 kW to 180 kW TP Brno
Schell Tube |iCU 64 x 2.0 mm (1 pcs) IV.-VI. 2017

Connection | iCU 64 x 2.0 mm (2 pcs) scheme
Spiral Tube |{CU 4.0 x 0.5 mm (55 pes) IX. 2019

Figure 4.1 z Scheme oftubular heat exchanger with 55 spiral micro tubes.
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/& , , A
Figure 4.3 z Detail of spiral micro tubes with inner dimeter 3.0 mm .
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4.1. Experimental Measurement

This experimental measurement is performed with mass flux of water

steam in range from O to 1000 kg-md2.sd:?
inrange from O to 300 kW--md2. The vapour (gt
from O % (total condensation) to 92% (mixture of | iquid water with

vapour water). The condensation of water steam in 55 spiral micro tubes

is measured for vertical parallel -flow (11 252 data points = 15.6 hours),

vertical counter -flow (12 949 data points = 17.9 hours), inclined parallel -
flow (11 807 data points = 16.4 hours) and inclined counter  -flow (17 171
data points = 23.8 hours) , see Fig.4.4 and Appendix 8.1.

Figure 4.4 z Experimental setup of tubular heat exchanger.

The shell of heat exchanger is insulated by Rockwool 800 76/50 mm with

thermal conductivity dz= 0. 04 W- md?! - Kd4d?t . The surfac
of shell tube below the insulation is monitored by 27 pcs thermocouples

inthedistance from 95 t o .Thér@dd&oudes are AbLEMO

AHLBORN NiCrNi type T190-0 and T 190-1 (temperature range -25 to

400 ° C) ;2 (tdmpefa@re range -10 t o 105 T2C3 and
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(temperature range -45 to 200 ° C) .ther®aouplastisi vi t vy

+ 0.10 K, see Fig.4.5. Thermocouples on the copper surface of shell tube
are glued in ultra -high thermal conductivity MasterGEL and fixed by
aluminium tape. The surface temperature of shell tube is recorded by
ALMEMO Multi -function data logger type 5590 in time s tep 5 seconds,
see Fig. 4.6. The experimental measurement is processed by co -author

software application, see Fig . 4.7 7 4.9.

—— - = L I Te————
AHLBORN type K-T 190-0 AHLBORN type K-T 190-2

i e s T ——e

AHLBORN type K-T 190-1 AHLBORN type K-T 190-3

Figure 4.5 z AHLBORN thermocouple wires with ALMEMO connector

Figure 4.6 z ALMEMO Multifunction data logger 5590.
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Software VYMENIK

PRIMARNI STRANA
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38 % [05] Teplota pary
06] Teplota pary v tu
& [07] Teplota na povrchu vyméniku B1 (28
08] Teplota pary v tubicc

% [20] Teplota péry v tubiéce (71 cm)
21] Teplota pary v tubi (

% [22] Teplota pary v tubicce
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o [63] Teplota na po A niku A5 (102 cm)
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65] Teplota na povrchu vyméniku C5 (102 cm)
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100 % [68] Teplota vstupni vody v jimce

Figure 4.7 z Condensation in the parallel-flow wi t h

Datovy soubor :

[40) —— |

Datum zaznamu: 4. prosince 2019 (14:34:03)
Pocet zaznami : 0/ 0

[00]

= [01]

@y %2

[03]

[43]

—

[07]

[24]

(44]

[04]

[45]

[46]

++<>—

8

[08]

[47]

(48]

4

[20]
[21]

[60]

[61]

[64]

[62]

[63]

[67] ———
[68] ——+

33/101

+— —é 4

[65]

—+
b

[22]

23]
‘4@;{25]

= [26]

[27]

incl.inat

on

45°



Datovy soubor :

Software V\I’MEN fl( Datum ziznamu: 4. prosince 2019 (14:33:55)
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Figure 4.8 z Condensation in the counter-flowwi t h i ncl i nati on
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Datovy soubor :

Softwa re VY, M E N IIK Datum zaznamu: 4. prosince 2019 (14:33:50)

Pocet zaznami : 0/ 0
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93 % [45] Teplota vody na povrchu vyméniku (120,9 cm) ,0°C
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82 % [43] Teplota vody na povrchu vyméniku (106,9 cm) ,0°C
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,0°C
°C
°c

0 % [25] Teplota vody na povrchu potrubi
0 % [24] Teplota vody v jamce potrubi

Figure 4.9 z Vertical condensation in the parallel/counter -flow.

4.1.1. Loop ofCooling water

The primary cooling water loop is composed of water pump Grundfos

Magna UPE 40 -120/F with a variable mass flow rate and with the

maximum flowrate 22m 3- hodur The volume fl ow rate of
is measured by water meter G. GIOANOLA, IARC/25 R80, class T90

(reading accuracy 0.0001 ms3) with recording system AMIiNi 4 DW2 |, see

Fig. 4.10. The volume flow rate of cooling water is assigned by a manual

valve on the constant value at the beginning of measurement. The

stable source of cooling water is a clean tap water. The secondary

cooling water loop is composed of insulated water tank with a total

vol ume 1. 0 conbecta nvith piingry cooling water loop by
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a manual three -way valve, see Fig.4.11. The secondary cooling water

loop is used for thermocouples calibration

I b POZOR
' ELEKTRICKE ZARIZE I

Figure 4.10 z Water meter G. GIOANOLA, IARC/25 R80, Class T90 with MaR

recording system.

“

Figure 4.11 z Manual three-way valve.
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4.1.2. Loop of Water steam

The water steam of the supply pipe is reduced by pressure regulating

valve Spirax Sarco BRV73 5fhar/t8t° @se®d bar / 4
Fig. 4.12. Furthermore, the water steam flow is regulated by a manual

valve according to pressure manometer. Behind the manual valve

is desludging loop with a ball valve for capture and condensate drain.

These parts are insulated by Rockw ool 800 76/50 mm with thermal

conductivity d= 0. 04 ®K. mThe condensate of the h

is measured by mass flow and it is returned to the heating plant.

Figure 4.12 z Manual valve for pressure regulating by Spirax Sarco BRV73

4.2. Analysis of Measurement

The transferred condensation heat Qv [W] between water steam and
cooling water is calculated from (Eq. 4.1), where specific enthalpy

of water steam condensate is hcouwt = 419.10 kJ/kg and condensation
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temperature is tvout = 100 ° C. The |l ogar it hmic me
di f f er ®Kfer cdbnter -flow involvement is determined from

(Eg.4.2). The one-dimensional state steady overall heat transfer

coefficient k [ W/ ( m- K) ] for cylindrical wal |

is calculated by (EqQ.4.3). Finally, the condensation heat transfer

coefficient 5y [W/(m2- K) ] is determined by Ther mal
and Wilson plot method.

Q =m dh,, - hou) (Eq.4.1)

t,. -t -\t our T
DT = ( v,in vg:Ut) : (tV,OUtO'Wv'n) (Eq 42)

@ tw,in -

Cvout -

k= 2
n, GL- H)&T

(Eq.4.3)

4.2.1. Thermal Resistance method

The overall heat transfer coefficient k [ W/ ( m- K) ] of cylindr
includes inverted sum of thermal resistance of solid tube wall

Rr[ m /W] and two unknown surface thermal resistances on internal

R/ [ m/W and external surface Ry[ m /W of tube, see (Eqg. 44). The

external thermal resistance Ry [ m /W of tube on cooling water site can

be estimated by average heat transfer coefficient 5w [W/(m2- K) ] from
(EQ. 4.5). The Nusselt number Nuw [-] in for cooling water flow along the

tube is calculated from (Eq.4.5), accor di n {88]tSabsegquentlp e r

the condensation heat transfer coefficient 5y [W/(m2- K) ] on i nner sur

of tube can be obtained from (Eq. 4.6).

1 ,In(D/D), 1
pCDI ("Ev ZQOT pd{)ec}w

% =R +R +R, (Eq. 4.4)
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0.33

I3

Nu, = 186&%%@ L88 (Eq.4.5)
a, = NUIVSOW (Eq. 4.6)

4.2.2. Wilson plot method

The Wilson plot method is suitable for determination of heat transfer
coefficient in case where two fluids are separated by solid wall, in detail
[89]. The condensat ion heat transfer coefficient 5, [W/(m2- K) ] on
surface of tube is expressed by exponential function (Eq. 4.7). The
equation (Eq.4.7) substituted to (Eq. 4.4) is rewritten to linear equation
(y = Ax + B) where parameter x = q,%% and y = k?, see (Eq. 4.8). The
unknown parameters A[m™] (Eq. 4.9) and B[ m /W (Eq. 4.10) of linear
regress function are determined by least square method. The obtained

parameters A [m™] and B[ m/W are used for calculation of heat

transfer coefficient 5w [W/(m2- K) ] and condensat.i

coefficient 5y [W/(m2 K) ] .

a,=C@’® (Eq.4.7)
1.4 o, AN0/D) 1 e
K ?p o E2000, WToXER (Eq.4.8)
A:; Eq.4.9
D @ (Eq.4.9)
n(0,/D), 1 -
200, oD G (Eq.4.10)
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4.2.3. Predicted condensationHTC

The condensation heat transfer coefficient (HTC)35y [W/(m2- K) ] can be
predicted by equations obtained by theoretical or experimental way.

The first chosen equation is theoretically determined by Nusselt [26]

in 1916. The Nusselt equation (Eq. 4.11) is expressed from amount

of condensate and thermal resistance of laminar film condensate on

surface wall.

25
g
a, —0942%&‘ (Eq.4.11)
a. @, - t)Qg
The Nusselt equation (Eq. 4.11) is valid for stationary steam because
flowing steam in tube causes waves on CcO|
effect increases condensation heat transfer about 20.6 % as published

Whitham [90] in (Eq. 4.12).

a, =1. 137(@— (Eq.4.12)

90, 0,60
v T) U

Next chosen equation (Egq. 4.13) is theoretically determined for

calculation of condensation heat transfer coefficient and includes the

waveAs effect, too. This equation is cho
equation is often applied in engineering tasks. The equation (Eq.  4.13)

publis hed by Hobler [91] is valid for many kind of fluids with pressure

0.07 < pv [MPa] < 17 and specific heat flux 1.0 < gv [kW/m 2] < 1 000.

033 10

r,o Tl A
a, —000252@@7 - ;3 ci—g niSQOququJv 27315 (Eq. 4.13)

Another chosen equation (Eq. 4.14) determined by experimental way
is formulated in typical exponential function 5 =@" similar as
substitution in Wilson plot method, see  (Eq. 4.7). The base of function
is specific heat flux q [ W/ m2 ] and @m €Fil.%537 depamdst
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on kind of surface and fluid p roperties, more Kutateladze [92]. The
exponent of function takes into account boundary conditions and for
constant boil temperature without impact of radiation heat transfer is
n=0.75.

a,=1537@°" (Eq.4.14)

The last chosen equation (Eq. 4.15) for comparison is determined by
experimental way and predict minimal value of Nusselt number NUmin
[-] depending on fluid properties included in Prandtl number Prc[-]. The
characteristics length d [m] in Nusselt number Numin [-] is d=
( 0. 149°8%:according to Hausen [93].

Nu,, =0.16P

(Eq.4.15)
Table 4.1 z The correlation of obtained results with other studies
Experimental study ~Material D L Pv,in tvin my ¢
[mm] [mm] [kPa] wc/ B8 21 YiKgy [%]
Y dzo Ny [94$ G Cu 2.00 1285 102.2to  100.2to 7229 100.0
185.8 117.9
Shammari et a[95] Cu 282 3000 16.0to 56.6 to 6502 89.9
22.0 63.18
Urban et al[96] Fe 6.50 1036  226.3 134.9 7285 100.8
Ma et al.[97] Cu 300 410 100.0 100.0 6151 85.1
Kim el al[98] Fe 462 1800  300to 130to 5443 75.3
7500 300
Goodykoonz et al. Fe 159 2133 111.7 102.2 7008 96.9
(page19)[99]
Goodykoonz et al. Fe 159 2133 166.9 114.4 6650 92.0
(page20)[99]
Goodykoonz et al. Fe 159 2133  266.8 129.4 8455 117.0
(page25)[99]
Goodykoonz et al. Fe 159 2133 116.5 103.3 8920 123.4
(page29)[99]
Goodykoonz et al. Fe 159 2133 244.1 126.7 6639 91.8
(page31)[99]
Goodykoonz et al. Fe 159 2133 243.4 126.7 8160 112.9
(page32)[99]

41/ 101



ay [W/(m*K)]
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2
ay [W/(m”-K)]|

Figure 4.13 z Comparison of tested equations related to Wilson plot

method.

42 /101



5. Evaporation

The experimental measurement is based on the energy balance
between the refrigerant R134a, R404A and R407C with the low mass flux
and the heating water in parallel/counter flow. The laminar flow of
heating water in the annular space is the simplification of numerical
analysis on the analytical solution. This analyt ical solution of annular
temperature distribution in the fully developed laminar velocity profile

is known as the Graetz -Nusselt problem. The analytical solution allows
the calculation of local inner surface temperature of evaporator tube
and subsequent so lution of local boiling heat transfer coefficient. The
total energy balance on the evaporator tube is necessary for the
calculation of local phase change of refrigerant. This steady -state of
energy balance is performed over 34.7 hours for refrigerant R134a
(24 951 data points), 32.2 hours for refrigerant R404A (23 215 data
points), and 30.7 hours for refrigerant R407C (22 096 data points)

5.1. ExperimentalMeasurement

The experimental vertical evaporator tube is created from smooth

coppertube Cu35x15mmwi t h an inner diameter 32.0
tot al l ength 2030 = 2 mm. The wupper i nl
evaporator tube is expansion valve Honeywell AEL 222200 with manual

adjusting pressure 1 z 7 bar. The bottom outflow of refrigerant from the

vertical evaporator tube guarantees downward flow with natural

gravity. This vertical evaporator tube is surrounded by an outer shell

copper tube Cu 42 x 1.5 mm with an inner

annul ar space with thickness 2tubgs + 0. 01
(pipe-in-pipe) is used for the laminar flow of heating water. This heating

water in the annular space is studied in parallel/counter flow with the

steady downward flow of refrigerant. The connection of heating water
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to the annular space is on one sid e. The shell tube is insulated by
Armacell HT 042/19 mm with thermal conductivity dz 0. 03® WK m

The surface temperature of shell tube below the insulation is monitored

by 32 pcs thermocouples in the distance

Fig.5.1. The thermocouple is ALMEMO type NiCr -Ni  wi t h a sensiti
0.10 K in the temperature rangefrom -25 t o 400 °C. The ther
on the copper surface of shell tube is glued in the ultra  -high thermal

conductivity MasterGEL and fixed by aluminium tape. The sur face

temperature of shell tube is recorded by ALMEMO Multi  -function data

logger ty pe 5690 in time step 5 seconds, see Appendix 8. 2.
Refrigeration system Loop of Heating water
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Air-Cooled
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Figure 5.1 z Schemeof sensor location [100] .
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Mass flow rate of Refrigerant
downward flow

Vertical evaporator tube
Cu35x1.5mm

Annular space with Heating water
hydraulics diameter 4.0 = 0.01 mm

Outer shell copper tube
Cud2x1.5mm

Local Heat flux in Evaporator tube
calculated by (Eq. 6)

Nusselt number of Heating water
calculated by (Eq. 3)

Vapour quality of Refrigerant
calculated by (Eq. 9)

Boiling heat transfer coefficient
calculated by (Eq. 8)

Surf.temperature of Evaporator tube
calculated by (Eq. 7)

Mass flow rate of Heating water
counter-current/parallel laminar flow

Surface temperature of Shell tube
thermocouple in conductivity MasterGEL

Thermal isolation of Shell tube
HT 042/19 mm

Figure 5.3 z Compressor unit (left photo) and expansion valve (right photo).
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5.1.1. Loop of Heating water

The heating water loop is composed of water pump GRUNDFOS UPS

25/70 with a variable mass flow rate in the range from 0.0283 to 0.0600

mé3 - hdur The volume flow rate of heating
Kamstrup Multical 402 and controlled by the water meter. The volume

flow rate of heating water is assigned by a manual valve on the constant

value at the beginning of measurement. The stable source of heating

water is a water tank with a total vol ume

the water tank is heated electrically at

5.1.2. Loop ofRefrigeration system

The refrigeration system is based on compressor Cubigel GX18TB VEQ9

with a cooling capacity from 286 to 2568 W, and the mass flow rate
ofrefrigerant i n a rangew frdme 8cod@&pn ®s s
is lubricated by oil ISO VG 46 ESTER This POE oil is separated by

accumulator of refrigerant, dryer of refrigerant, and vertical pipping

with a height difference over 2.30 m.

Figure 5.4 z Compressor Cubigel GX18TB VE09
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The saturation temperature of refrigerant is monitored as refrigerant

pressure by certifi cated data logger Testo 450. The mass flow rate

of refrigerant is measured by Coriolis effect. The filter of refrigerant

before the compressor is used to dampen fluctuation and protection

of compressor before liquid hammer. The air

-condenser is cooled by

axial ventilator ELCO with 1340 RPM used to dampen fluctuation and

protection of compressor before liquid hammer.

The applied refrigerant is homogenous refrigerant R134a without

temperature glide, near -azeotrope refrigerant R404A (44 % of R125,
52 % of R143a, and 4 % of R134a by weight) with temperature glide
0.80 K, and zeotrope refrigerant R407C (23 % of R32, 25 % of R125, and
52 % of R134a by weight) with temperature glide 7.10 K. The refrigerant

is immiscible with the POE oil and compatible with a metals

and alloys

in the compressor. The refrigerant purity is certificated and the copper

surface of evaporator tube is cleaned. The electronics equipment

is calibrated and certificated for the elimination of uncertainties,

see Table 5.1.

Table 5.1 z Accuracy and uncertainties of experimental measurement.

Measurement Variable Instrument Range Accuracy Uncertainly
Temperature TuGc/ 6  Thermocouple 5210557 5ADM BMDT
of Heating water ALMEMO NiGNi
Mass flow , - x Kamstrup Multical 0.0078to p N DNy
. 6 v x o)
of Heating water myol @68 0.0167 13a ©°° ®
Pressure 326 to
of Refrigerant pr [kPa] Datalogger Testo 450 2246 LAY b1 do
Mass flow . e .- 8.63to pndn
) W] B &3B Corriolis effect N no

of Refrigerant Gal & 9.13 1 3 & 5 y
Heat flow 616 to
from Heating water Qv [W] calculated byEq. § 2356 boOM bn®y
Surface temperature . )
of Bvaporator fube Tswc / 6 calculated byEq. j 0.1t0509 p N dp b H®PM
Boiling heat transfer || . , .\ 1 s 234 to BTP

iYialy € calculated by(Eq. P
coefficient 12 ieiviayt calculated byEd. § 1008 27 & & 5 MO BN
Vapour quality . 0.01to
of Refrigerant %[ calculated byEq. 9 098 pnd®n pp >PH
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Figure 5.5 z PressureEnthalpy diagram of refrigerant R134a, R404A,
and R407C
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