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Experiments of highly subcooled flow boiling of water in horizontal macrochannels with orthogonal
cross-section are performed. Explored parameters are channel height (3 and 10 mm) and mass flux
(330-830 kg/m? s). The range of applied heat fluxes is 200-1000 kW/m?. Aging of the copper boiling sur-
face is examined during a 48 h continuous operation and is found to gradually reduce heat transfer rates
compared to a polished surface. Yet, aging reaches a steady condition already at 24 h of operation with
about 10% lower heat transfer rates than for the polished surface. Using the steady aged surface in the

Ke}.' Worqs" . main experiments, three heat transfer regions are identified: (a) forced convection region, before the
Boiling incipience o ) . ) . .
Aging effect onset of boiling, depending highly on mass flux but for the most part being channel height independent,

(b) nucleate boiling region depending highly on channel height but for the most part being mass flux
independent, and (c) a transition region in-between depending on both mass flux and channel height.
The 3 mm channel promotes initiation of boiling at lower wall superheats leading to better heat transfer
efficiency compared to the 10 mm channel, except for the highest mass fluxes where their performance is
comparable. The largest enhancement in heat transfer coefficient provided by the 3 mm channel com-
pared to the 10 mm channel is ~15-20% and is found at the lowest mass flux 330 kg/m? s. Analysis of
the present data supports the notion that heat transfer is dictated by the thickness of the thermal bound-
ary layer and the density of active nucleation sites.
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1. Introduction

Flow boiling has received considerable attention over recent
decades because of the high heat fluxes achieved with relatively
small increments of the boiling surface temperature and with the
compact size of the equipment. Subcooled flow boiling takes
advantage of absorbing substantial wall heat fluxes while at the
same time the bulk liquid temperature remains below saturation
[1]. Subcooling conditions lead vapor bubbles to grow and detach
rapidly and then re-condense, when they move from the super-
heated near wall region (i.e. thermal boundary layer) to the cold
bulk liquid [2]. This bubble behavior prevents film boiling and dry-
out of the liquid layer, which would occur at high vapor qualities
(>0.5) and would decrease heat transfer rates [3]. The advantage
of avoiding a net generation of vapor, which may cause problems
of pressure rise and vapor agglomeration in the recirculation of
closed cooling systems [4], makes the subcooled flow boiling a very
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efficient and attractive heat removal process. Therefore, it is not
surprising that subcooled flow boiling is commonly practiced in
heat removal applications that involve large heat dissipation capa-
bilities, such as power production, laser systems and packed elec-
tronics [5].

Subcooled boiling region, which is also known as partial boiling
or boiling inception, begins with the onset of nucleate boiling
(ONB), where the relevant heat transfer mechanism is dominated
by two conflicting processes [2,6]:

(a) Macroconvection due to liquid motion: For a constant heat
flux, q”, as mass flux, G, increases the thermal boundary
layer becomes thinner (affected by fluid’s velocity and prop-
erties) and ONB is shifted to higher wall superheats, AT,yaj.

(b) Evaporation of the liquid microlayer close to the heated
wall: For a constant mass flux, as heat flux increases thermal
boundary becomes thicker and ONB is shifted to lower wall
superheats. The presence of bubbles in the thermal
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Nomenclature

A heat exchange area, m?

Ap parameter defined by Eq. (10)

C parameter defined by Eq. (12)
Cp specific heat, ] kg~ ! K™!

Dy hydraulic diameter, m

f darcy friction factor, -

G mass flux, kgm2s~!

h heat transfer coefficient, W m—2 K™!
k thermal conductivity, Wm~! K~!
L channel length, m

le entrance length, m

M molecular weight, kg mol™!

P pressure, bar

Pr reduced pressure, — (absolute pressure/critical pressure)
Pr Prandl number (C, p k1), -

Q volumetric flow rate, m3s!

q’ heat flux, W m—2

Re Reynolds number (p u Dy, p~ 1), -
S parameter defined by Eq. (13)

T temperature, °C

u velocity, ms™!

w channel width, m

X channel height, m

Greek symbols

o channel aspect ratio (x/w)
AH latent heat of vaporization, J kg™!
AT temperature difference, °C
AX distance, m

n dynamic viscosity, N s m—2
p density, kg m~3

c surface tension, Nm™!

© contact angle, °

Subscripts

aver average

f film

FC forced convection

in inlet

mix mixing cup

out outlet

sat saturation

sub subcooling

wall heated wall

boundary layer constitutes the two-phase thermal boundary
layer and its thickness is affected also by bubble dynamics
(size, velocity).

The influence of the above two mechanisms on flow boiling effi-
ciency is significantly affected by the interplay of the various
parameters involved in the process (e.g. channel geometry, surface
and fluid properties, operating conditions, degree of subcooling,
ATsyp). As a consequence, the wide diversity of influences of those
factors practically rules out a coherent theory that could predict
heat and mass transport phenomena during subcooled flow boiling
[7.8].

Thus, despite the large number of studies that have experimen-
tally examined the effect of various parameters on flow boiling,
none can safely describe the influence of channel’s size on heat
transfer characteristics (ONB, heat transfer coefficient, h, wall
superheat) during subcooled flow boiling. In microchannels
(hydraulic diameter, D: 10-200 pm), there are works stating that
decreasing the channel size increases the heat transfer coefficient
[9-12], but there is also evidence for the opposite [13]. This conflict
originates from the flow patterns that occur at different combina-
tions of channel size and working conditions (mass and heat flux)
affecting the heat transfer mechanism. The conditions that result in
bubbles restricted by the limited size of the channel do not allow
liquid replenishment to the heated wall and deteriorate heat trans-
fer [11,13]. In minichannels (Dy: 200 pum - 3 mm), the effect is
more prevalent, as literature consents that the heat transfer perfor-
mance improves with the size reduction, because the smaller the
size the lower wall superheat and heat flux are needed to initiate
boiling. The enhancement caused by size reduction in mini-
channels is attributed to the larger radial gradient of the liquid
axial velocity, which reinforces shear force on nucleated bubbles
[14-16]. However, in both mini- and micro- channels it has been
found that apart from the channel’s diameter/size, the aspect ratio
o (height/width), influences heat transfer performance as well, as
it could modify the flow patterns because of the change in the
cross-section area [17-19].

Conventional size channels (D, >3 mm), often referred to as
macrochannels, are large enough to permit bubble nucleation,
growth and detachment, unlike micro- and mini- channels, where
a single bubble can plug the whole cross-sectional area [20]. In all
size cases though, microscale phenomena in the thermal boundary
layer define the dominant heat transfer mechanisms, i.e., competi-
tion between forced convection and nucleate boiling [21]. Experi-
mental works in macrochannels [1,22] provide confirmation of
transitions between heat transfer mechanisms, mainly based on
temperature analysis of the thermal boundary layer and the heated
surface. Subcooled flow boiling in macro-channels has been widely
studied in the past two decades, however a comprehensive work
examining and explaining the effect of channel size at different
flow rates on heat transfer performance is still missing.

The present study examines the influence of the height, x, of a
macrochannel having orthogonal cross-section on heat transfer
characteristics (ONB, boiling curve, heat transfer coefficient) dur-
ing subcooled horizontal flow boiling of water for various heat
and mass fluxes. The heat transfer area explored in the current
work focuses on the flow boiling incipience region, which is related
to high heat transfer coefficients and relatively low wall super-
heats; namely the optimum conditions for highly efficient cooling
devices that have not been sufficiently investigated in existing lit-
erature [3]. The examined macrochannel heights are large enough
to allow bubble growth and detachment within the thermal
boundary layer. Under these conditions, high heat flux values are
assessed (i.e. g”’>700kW/m?) without the undesired dryout,
which would have appeared in mini- and micro- channels at the
same mass fluxes [11,23]. The employment of high subcooling con-
ditions (ATsyp = 70 °C) contributes to the same direction of avoid-
ing dryout [24,25] and is motivated by specific applications that
require instant cooling at extreme conditions (i.e. fire incidents)
where violent flow of cold liquids is used to maintain walls at
low temperature [26]. In addition, it must be stressed that the
heated surface itself, its structure and wettability [27] as well as
alterations during the boiling process (aging of the surface)
[7,13,28,29] have been seen to affect flow boiling heat transfer
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performance. Therefore, before quantifying heat transfer results,
the aging effect of the heated surface on the heat transfer process
is evaluated. Comparison between boiling curves allows identifica-
tion of the effects, positive or negative, that mass flux and channel
size have on the heat transfer performance of macro-channels.

2. Experimental description
2.1. Flow loop and diagnostics

The experimental setup, as presented schematically in Fig. 1a,
consists of the boiling test section (Fig. 1b) installed in a flow loop.
The working fluid is deionized water with the addition of 400 ppm
NaCl to yield a specific electrical conductivity of 100 puS/cm, neces-
sary for void fraction measurement. The employed small amount of
NaCl does not affect water physical properties, e.g., boiling point
elevation <0.005 °C, but is necessary for the electrical measure-

ment operate of void fraction [30] (see below). Water is stored in
a 1.6 m tall orthogonal supply tank (500 L) made of plexiglass®. A
progressive cavity pump (Sydex, K-032-1S, 1 hp) is used to circu-
late water during experiments. A polypropylene cartridge filter
(pore size 25 pm) is installed at the discharge line of the pump
to prohibit dirt from entering the test section. Flow rate is con-
trolled by an inverter (LS Industrial Systems, Starvert SV-iC5 Fre-
quency Inverter), which adjusts pump’s motor speed and by a
by-pass line which returns part of the flow stream to the supply
tank. Tubing and parts of the flow loop have 1 in inner diameter
and are made of PVC at the inlet and stainless steel at the outlet
of the test section. The outlet part of the test section is insulated
to suppress thermal losses. Outlet is divided in two parallel lines,
which are operated individually; a line for void fraction measure-
ment and a line for mixing-cup temperature measurement. The
void fraction measurement line is made of polycarbonate transpar-
ent tube with two stainless steel ring electrodes flush mounted to
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Fig. 1. (a) Schematic diagram of the experimental setup and (b) photograph of the test section. (A) channel, (B) entrance section, (C) 360° rotating base, (D) Side high speed
video camera, (E) x-y-z micrometer stage, (F) Top high speed video camera, (G) Led light.
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the inner perimeter of the tube and apart by a distance equal to the
tube diameter. The mixing-cup temperature measurement line is
equipped with an in-line static mixer (Koflo, 1 in - 6 elements).
The two-phase flow stream ends up to a collect tank (stainless
steel, 500 L) where it is cooled down by tap water flowing in a sec-
ondary spiral loop.

Volumetric flow rate is measured by three independent means:
(i) a totalizer (CD one-trp, tcm 142/08-4627, accuracy +2% of mea-
sured value) which computes the cumulative volume of flowing
water, (ii) two variable area rotameters; one for low flow rates
(Kytola C-4C-A, range 1-10L/min, accuracy 15% of measured
value), one for high flow rates (Kytola D-4E-A, range 10-100 L/
min, accuracy +5% of measured value) which allow observation
of the instantaneous flow rate, and (iii) a paddle wheel transmitter
(Burkert 8035, range 0.3-10m/s, accuracy *2.5% of measured
value), which allows continuous recording of the flow rate with
respect to time. All flow rate measurement instruments are cali-
brated against accurate volume/time measurements. The rotame-
ters provide a direct indication of flow stability during runs,
while the paddle wheel transmitter allows post processing of the
recorded flow history. It turns out that all three flow rate instru-
ments yield similar values of flow rate during the experiments.
Pressure is continuously recorded at the inlet, before the entrance
section and outlet, just after the exit of the channel by two absolute
pressure transducers (Wika S-10, range 0-2.5 bar, accuracy <0.25%
of span). A pressure gauge (Wika, EN 837-1, 0-1 bar) is also
installed at the inlet of the test section as an indicator, at the same
position with the inlet transducer. Void fraction of the two-phase
stream at the exit of the test section is measured by an ultra-
sensitive impedance technique; IVED [30]. In this study, no void
fraction data are presented because of the high degree of subcool-
ing, which makes most bubbles to re-condense before reaching the
measurement point.

Working fluid and heated wall temperatures are obtained by K-
type, ungrounded thermocouples (Uteco, 2 mm, accuracy after cal-
ibration +0.1 °C, response time tys5=0.80s, tgg = 2.60 ).

2.2. Test section

The test section, as shown in Fig. 1b, includes the heated chan-
nel (A) with the corresponding unheated entrance section (B) of
the same cross-section.

The entrance section permits the development of the flow
before it reaches the heated channel and has different length for
the two examined channel heights. Entrance section has a length
twice the value calculated from Eq. (1) using the highest employed
Reynolds number and turbulent flow (l. =250 mm for channel
height 3 mm and l. = 500 mm for channel height 10 mm) [31].
le

L _44.Re'l
D =44 Re (1)

The entrance section is stably adjusted on a 360° rotating base (C),
which allows the test section to attain any inclination around a full
circle. Inclination is measured by a digital level meter and protrac-
tor (InSize 2173-360, accuracy +0.2° of measured value). At the pre-
sent work only the horizontal orientation (0.0°) is examined.

The heated channel has an orthogonal cross-sectional area. Its
bottom side is composed by a large copper block (heater) whose
free top surface acts as the boiling surface. The other three sides
are represented by an aluminum frame having a IT shape that is
firmly fixed around and above the heater. The aluminum frame
accommodates transparent ceramic windows (Schott Robax®)
from all three sides to allow optical observations. The channel con-
figuration is schematically presented in Fig. 2a where the heated
surface exposed to the flow is denoted (length 120 mm, width

40 mm). Varying the channel height is achieved by fixing around
the copper block a different aluminum frame every time, resulting
in channel height 3 or 10 mm, with respective aspect ratio, o, 0.075
and 0.25. It should be mentioned that the particular channel
dimensions are chosen to resemble those of a space experiment
onboard the International Space Station, RUBI [32]. These dimen-
sions are in accordance with pertinent literature [16,33] of
macrochannels. Teflon gaskets, 1 cm thick, before and after the
channel ensure thermal insulation of the entrance section and
the outlet section from the heated channel.

The heater configuration is illustrated in Fig. 2b and ¢ and con-
sists of a copper block with 14 cartridge heaters inserted into
drilled holes offering a maximum power of 5.5 KW (cartridges 1-
6, 650 W each, are inserted parallel to the heated length whereas
cartridges 8-14, 200 W each, are inserted perpendicular to the
heated length). The employed cartridge configuration has been
selected based on numerical calculations (Supplementary material
S1) that showed uniformly heating of the boiling surface.

The temperature of the working fluid is acquired at the inlet
(Tin), 5 cm before the entrance section and at the outlet (Tou),
5 cm downstream of the exit of the channel, by thermocouples
protruding at the center of the flow cross section. At the inlet, flow
disturbances caused by the thermocouple are smoothed out when
the flow travels through the entrance section, which assures a fully
developed velocity profile at the subsequent test section. At the
outlet, the flow is already disturbed due to the formation of boiling
bubbles and has a non-uniform radial temperature profile. Any-
way, the measured T, is considered only indicative of the outlet
local average temperature and this is just because there is enough
turbulent mixing in the flow in all runs. For solving the energy bal-
ance, however, the mixing-cup average temperature of the work-
ing fluid at the exit of the channel is required. This is measured
right after the location of the inline-mixer (Ty,ix). The temperature
inside the copper block is measured by thermocouples inserted at
6 positions (Fig. 2b); two are located 10 mm away from the chan-
nel inlet (2 mm below the boiling surface), two in the middle of the
channel length (one 2 mm and one 12 mm below from the boiling
surface (Fig. 2c) and two 10 mm away from the outlet of the chan-
nel (2 mm below the boiling surface). The temperature difference
between the middle thermocouples is used to determine heat flux
values.

Although the heater and the tubing after the test section are
insulated, heat losses to the environment are not negligible. Heat
losses are estimated from the difference between the heat pro-
vided to the water flow, determined by applying Fourier law in
the copper block, and the heat generated by cartridge heaters,
determined by Joule’s law. Single phase heat transfer experiments
are conducted for validation of the above. The value of heat losses
is found to lie between 5 and 8.5% of the generated heat, for the
highest and the lowest mass flux, respectively. An IR camera (Flir,
P660) is used to estimate the efficiency of external insulation by
providing the temperature distribution at the external surface of
the copper block before and after placing insulation.

Two high speed cameras are employed for simultaneous side-
view and top-view flow visualizations. The side camera (D) (Mikro-
tron, Motionblitz, Eosens mini 2, 60 mm macro lens, 5000-
8000 fps) is mounted on an x-y-z micrometer stage (E) (Parker
Daedal, 4400 series) for accurate positioning and focusing at the
desired spot along the flow. The top camera (F) (Redlake, MotionS-
cope PCI Model, 50 mm macro lens, 500-1000 fps) is installed
above the test section at a fixed position to provide top-view
observations. Proper lighting (SMD Led, GU10 Spotlight, 7W) is
provided from the side (G). Synchronization of the two cameras
is achieved by using a flash light. Recordings of measured parame-
ters are made with different data acquisition systems (Advantech,
Labview, EBS 20M) and computers.
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Fig. 2. Schematic diagram of the (a) channel configuration (b) heater configuration and (c) thermocouples location in the middle position.

2.3. Boiling surface

The top, plane, polished surface of the copper block
(40 x 120 mm) is used as the boiling surface (Fig. 3). When fresh
and polished, it is fairly hydrophilic (static contact angle:
¢ =56 * 2°). After a period of continuous operation (i.e. 3 h) an oxi-
dized layer starts to form on the heated surface, affecting heat
transfer performance during time. Changes in both bubble dynam-
ics and heat transfer rates are observed. Aging of the surface
reached a steady condition of heat flux and bubble dynamics after
24 h of continuous boiling operation and remained unchanged
henceforth (i.e. after 48 h of operation). The color of the heated sur-
face changes due to aging and the surface loses most of its hydro-
philic character (static contact angle: ¢ =83 +2°). The static
contact angle is measured by the sessile drop method, depositing
droplets (7.5 - 103 ml) on the copper surface.

Aging of the exposed copper surface can occur with or without
boiling due to physical changes in the micro-structure. Yet, expo-
sure to high temperatures and boiling conditions, accelerate the
process [34]. The effect of aging is examined only in experiments
with the 10 mm channel height. Channel height is not expected
to have an impact on the oxidation process of the boiling surface;
it would only have a slight impact on the time that steady condi-
tion is reached due to the different heat flux and wall superheat
conditions. The main course of the present flow boiling experimen-
tal investigations is held exclusively with steady-aged surfaces
(>24h).

Polished

560

2.4. Experimental procedure

All experiments are conducted at atmospheric pressure. Exper-
iments begin by starting the pump and adjusting the flow rate to
the desired value. Next the heater is powered at a certain value.
Heat flux is tuned by activating different combinations of cartridge
heaters every time (Fig. 2b) and by fine adjustment of the supplied
voltage with a variac controller. For every experiment, an initial
waiting period of 8 min is allowed to achieve steady state condi-
tions, which are recognized by the heater’s minimal temperature
variation (£0.1 °C). When steady conditions are reached, continu-
ous recordings of flow rate, temperature, pressure and void frac-
tion are made for a period of 1min. Within this period,
consecutive high speed videos from the two cameras are taken of
1s duration each. After all data are stored, a new experiment
begins by readjusting the flow rate or/and heat flux. At every set
of experimental conditions at least three runs are conducted to
check for repeatability. Error bars are added to all data markers
in the plots representing standard deviation at the specific condi-
tions. Table 1 summarizes the employed working conditions.

2.5. Data reduction
The quantities directly measured are the volumetric flow rate
(Q), inlet and outlet pressure (P), temperature inside the heater

(T) at several locations, local temperature of the working fluid at
the inlet (T;,) and outlet (Toy:) as well as the mixing-cup at the

Aged (24h)

83°

Fig. 3. Aging effect of the exposed copper boiling surface: oxidation layer changes its color and wettability.
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Table 1

Working conditions.
Parameter Value/range Unit
Subcooling, ATsup 70 °C
Mass fluxes, G 330-830 kg/m? s
Heat fluxes, q” 200-1000 kW/m?
Channel height 3&10 mm
Channel width 40 mm
Channel length, L 120 mm

outlet (Tix). Average bulk liquid temperature (Taye) is defined as
follows.

Toper = @ (2)

The temperature differences of subcooling and wall superheat are
defined as:

ATsub = Tsat - Tin (3)
ATwall = Twall - Tsat (4)

Tsa¢ is the saturation temperature at the pressure of the fluid. T,y is
calculated by applying the Fourier law of conduction inside the cop-
per block using as inputs the measured temperatures below the
heated surface.

The heat flux provided in the test section (q") is calculated from
one dimensional Fourier law of conduction using as inputs the
measured temperature difference of the two middle thermocou-
ples that are positioned 10 mm apart from each other in the direc-
tion of heat flow (Fig. 2c).

The average flow boiling heat transfer coefficient (h) is calcu-
lated by:

q//

h=—r-—"—— 5

Twall - Tauer ( )
Reference values for the heat transfer coefficient are calculated for
comparison with the experimentally obtained values. In the forced
convection region (single phase), hgc is estimated from the correla-
tion of Gnielinski [35], with the friction factor, f, obtained from
Moody'’s diagram for a smooth pipe and with the fluid properties
calculated at the film temperature, Tg:

Tf _ Twall ‘5 Tauer (6)
Nu -k
hFC = Th (7)

Nu — [ (Re —1000) - Pr
1+127(5) (prt - 1)

Reference values for the heat transfer coefficient in the subcooled
flow boiling region, h, are estimated from the correlation of Liu
and Winterton [36]:

8)

h= 2 9
ATwall d ( )

(ApSATwar)’ @ — @ 5

where Ap and q* are obtained from:
Ap =55 - 12 (~logp,) M %3 (10)

¢ -Cq-1=0 (11)

ApS\ | \/ (ArSATwa)’ g — @2
- (1) [ T (12)
-1
S= (1 + 0.055Re°'16> (13)

p: is the reduced pressure and M is the molecular weight. Fluid
properties in Re are calculated at T,yer-

3. Results and discussion

3.1. Aging effect of the boiling surface on flow boiling heat transfer
characteristics

The thermal performance of a polished, a 3 h-aged and a 24 h-
aged surface is presented in Fig. 4a. Aging tests are conducted for
several mass fluxes (330-630 kg/m?s) and for a specific initial
value of heat flux, which was 540 kW/m? for time zero and pol-
ished surface, but decreased as boiling proceeds. It is seen that
aging leads to deterioration of heat removal, as also mentioned
in literature. Several physical phenomena that take place during
boiling, such as erosion, corrosion, oxidation, filling of pores and
cavities with impurities, etc. have been all reported to decrease
heat transfer rates [7,28,29]. More specifically, having the polished
surface as reference, the 3 h-aged surface removes 91.5% and the
24 h-aged 90% of the heat flux for the polished surface. In other
words, after 24 h of continuous operation a permanent condition
is reached at which heat flux removal of the aged surface reduces
by 10% compared to the polished and it is steady at further boiling.
Beside heat removal, wall temperature varies as well with the
aging of the boiling surface, affecting the thickness of the thermal
boundary. Fig. 4a shows that for each mass flux (330-630 kg/m? s)
the wall temperature for the aged surface is lower than for the pol-
ished one, therefore with thinner thermal boundary layer over the
hot surface.

Aging of the surface changes bubble dynamics on the heated
surface, too (Fig. 4b). Despite the fairly hydrophilic nature of the
polished surface (Fig 3) many bubbles appear simultaneously on
it, covering a large part of it (Supplementary material S2). This is
because the high heat flux and high wall temperature yield a high
density of active nucleation sites on the surface. Some of the
formed bubbles grow large in size while vibrating and wobbling
gently around their axis of symmetry without sliding or detach-
ment. There are also bubbles of smaller size that remain
unchanged in size and position, simply stuck at their nucleation
site. A dynamic balance between evaporation of the liquid micro-
layer close to the heater wall and re-condensation at the apex of
the bubbles exposed to cold liquid may explain the temporary sta-
bility of those bubbles. Only a few of them slide in between and
sometimes are dragged towards larger bubbles and coalescence.
In addition, there is evidence that at high heat fluxes on polished
surfaces the vapor recoil effect creates a strong adhesion to the
heater that prevents bubble departure which in turn might explain
why bubbles resist sliding and detachment [37].

On the other hand, the thermal resistance of the oxidized layer
on the 24 h-aged surface hinders heat transfer leading to a lower
heat flux and a lower Tyay. This yields a much lower density of
active nucleation sites and therefore much less simultaneous bub-
bles (Supplementary material S3). Although the aged surface is less
hydrophilic than the polished one, the liquid flow does not allow a
stable contact of those sparse bubbles with the solid surface but
make them slide along the heated length, detach and re-
condense in the bulk subcooled flow. In line with our observations,
Wang and Dhir [38] also found that active nucleation site density
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Fig. 4. Surface aging effect on heat transfer characteristics for heat flux 540 kW/m? and mass flux 330 kg/m? s: (a) heat removal for various mass fluxes; 0 h (A), 3 h (0),24 h

(O) and (b) bubble dynamics.

decreased during oxidation of copper surfaces in water because of
the changes in wettability.

3.2. Effect of mass flux on flow boiling heat transfer characteristics

Fig. 5 presents boiling curves for the two channels at various
mass fluxes, G. It is apparent that G has a stronger effect on boil-
ing curves in the 10 mm channel; for this reason, a denser matrix
of G values is examined. According to literature [21,31], two are
the major competing mechanisms in subcooled flow boiling heat
transfer. At low heat fluxes, q”, forced convection (FC) dominates,
which is the single phase heat transfer mechanism, when only
liquid is present without bubble nucleation and wall temperature
is below or close to saturation (i.e. ATyay ~ 0 °C). At FC, the heat
transfer coefficients, h, are affected by both q” and G (Fig 6) and
the thermal boundary layer thickness decreases with increasing
G. On the contrary, at high q” values nucleate boiling (NB) dom-
inates, which is the heat transfer mechanism at which intense
boiling occurs and wall temperature is considerably higher than
saturation (i.e. ATyay > 10°C). At NB, the effect of G is minimal
and only an increasing q” leads to higher h values (Fig 6). This
behavior implies that when NB dominates, the agitation in the
thermal boundary layer induced by the formation of bubbles is
much more effective than the turbulence mixing induced by
forced convection alone. The above are in line with evidence in
literature as described at the Introduction [2,6]. Between the
forced convection and nucleate boiling regions, a transition region

exists, where both mechanisms contribute appreciably to heat
transfer [6].

In Fig. 5, as ATway increases from below saturation (negative
values) the dominant heat transfer mechanism is forced convec-
tion (blue area: single phase region). In this region, an increase in
G at a given q” decreases T, and thereby delays the onset of boil-
ing (ONB). ONB designates the appearance of first bubbles on the
boiling surface as detected from high speed images. ONB is
depicted by a thick blue line. Above ONB there is the transition
region where mass flux, G, continues to play a measurable role
on heat transfer rate. The end of the transition region and the
beginning of the NB region is associated with an abrupt increase
of the slope in each boiling curve also related with intensification
of boiling. This kink point refers to the formation of a bubbly layer
within the thermal boundary layer. The graphically determined
beginning of NB region is shown as a thick red line. In this region,
a further increase in q” leads to a much higher ATy, and activa-
tion of so many nucleation sites that the boiling curves become
pretty independent of mass flux (red area). The convergence of
boiling curves to a somewhat single line could only be detected
in the case of the 10 mm channel height and for AT,y > 40 °C
(Fig. 5b), since only at those tests high enough q” values are
attained.

In Fig. 6, at the FC region h varies with G from 3.9 to 7.3 kW/
m? K and from 4.2 to 7.5 kW/m? K for the small and the large chan-
nel, respectively, and at the NB region rise up to 9 kW/m?K for
both channels. The small inset plots in Fig. 6 show the variation
of water outlet temperature (Tp,;x) with q” for different G values.
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Fig. 5. Effect of mass flux on boiling curves for (a) 3 mm channel height (o: 0.075)
and (b) 10 mm channel height (o: 0.25).

For the same G value water temperature rise is larger in the small
channel. This might be explained if one considers that for the same
G value the fluid mass flow rate is much higher in the large channel
and it is known that high fluid velocities shift the activation of
nucleation sites to higher wall superheats. This is discussed in
more detail in Section 3.3 with respect to comparisons between
results of the two channels.

Recent works in macro-tubes [39-41] provide experimental
confirmation of these transitions between heat transfer mecha-
nisms, mainly based in temperature analysis. Lucic, et al. [22] stud-
ied the temperature field in the thermal boundary layer during
subcooled flow boiling of water and have shown that the temper-
ature gradient in the thermal boundary layer governs the bubble
formation and growth in a rectangular macro-channel
(8 x 10 mm). They measured the thickness of the thermal bound-
ary layer and the temperature field at the phase-interface between
fluid and bubble with holographic interferometry at a high tempo-
ral and spatial resolution and found that thickness decreases with
increasing Reynolds number. This proves the justification of the
mass flux effect on the heat transfer mechanisms.

The present experimental h values are compared with h values
computed from existing correlations for channels under forced
convection in the single-phase region [35] and under flow boiling
in the two-phase region [36] (equations described in Section 2.5).
The values of the present experimental parameters fall within
the range of applicability of these correlations (G, q”, Re, Pr, ATsp,
ATywan). Fig. 7 shows that the two-phase flow boiling model by Liu
and Winterton [36] underpredicts the h values of this study. Exper-
imental values lie between —20 and —40% of the predicted ones for
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Fig. 6. Effect of mass flux on heat transfer coefficient for (a) 3 mm channel height
(ot 0.075) and (b) 10 mm channel height (o: 0.25). Small graphs: effect of mass flux
on water outlet temperature.

both the small and large channel. The inset plots of Fig. 7 compare
experimental h values with predicted ones by the model of
Gnielinski [35] for convective (single phase) heat transfer and
show that they bear the same variation with the flow boiling h val-
ues. The deviation between the predictions of the empirical corre-
lations and the current data could be attributed to the one-sided
short heating length that is employed in the current experiments
and also to the amount of dissolved gas, which is not taken into
consideration, as also suggested by Hua, et al. [8].

3.3. Effect of channel height on flow boiling heat transfer
characteristics

A comparison of boiling curves between the small and large
channel for different G values is provided in Fig. 8. At low G value
(Fig 8a) the boiling curve of the small channel is for the most part
above the curve of the large channel indicating a better heat trans-
fer efficiency of the small channel. This, however, becomes less evi-
dent as G increases, with the two boiling curves approaching each
other (Fig 8b). Eventually, for the highest G value (Fig 8c) the boil-
ing curves merge together. Therefore, the effect of channel height
on heat transfer varies with mass flux. When G increases the effect
of channel height diminishes as a consequence of convective heat
transfer domination.

In the forced convection region (single-phase, ATya.y close to
zero) the effect of channel height is minimal for all the examined
G values. Yet, for every G the ONB in the small channel occurs at
a lower AT,y than in the large channel. In addition, ONB in the
small channel occurs at lower q” values except from the case of
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the lowest G (330 kg/m? s), where the necessary q” to initiate boil-
ing is almost the same for the two channels. Similar shifts of the
boiling curves with channel size and G were observed by Chen,
et al. [15] in mini-channels. Relevant literature [14-16] agrees that
heat transfer performance improves with size reduction. It has also
been noted that lower wall superheat and imposed heat flux are
needed to initiate the boiling on the heated surface for a smaller
size and that there are different boiling regimes observed for the
same working conditions. In mini- and micro-channels this is a
result of the larger aspect ratio, which yields stronger drag forces
and enhances bubbles lift-off [18]. Apparently, in macro-
channels, where bubbles are not restricted and/or suppressed in
channel geometry, the effect of channel height or aspect ratio is
the outcome of the interplay between the thermal boundary layer
temperature and thickness (it is reminded that for the same G, the
liquid velocity is lower in the small channel). Furthermore, the kink
point in the boiling curves, designating nucleate boiling (bubbly
flow), occurs always at lower AT, and q” values in the small
channel regardless the mass flux value. This, too, manifests a better
heat transfer efficiency of the small channel in a sense that nucle-
ate boiling starts to contribute to heat transfer at lower wall
superheats.

The effect of decreasing channel height from 10 to 3 mm (o
from 0.25 to 0.075) to the heat transfer coefficient, h, is presented
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Fig. 8. Effect of channel size on boiling curves for different mass fluxes: (a) 330 kg/
m?s, (b) 630 kg/m? s, (c) 830 kg/m?s.

collectively in Fig. 9. Positive changes (in percentage) correspond
to enhancement in h due to channel height reduction. Heat transfer
coefficients are interpolated for different G and q” values; 400 kW/
m? (forced convection), 600 kW/m? (transition region) and
800 kW/m? (nucleate boiling). A detailed table with all values of
h for all examined G can be found as Supplementary material
(S4). The following can be noted with regards to Fig. 9:

o In the forced convection region, the small channel is more effi-
cient by about 17% only at low G (<500 kg/m? s). At higher G
values, mass flux effect is very strong and dominates the ther-
mal boundary layer so the large channel becomes more
efficient.
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e In the transition region, the small channel is more efficient for
all the examined G values: by 20.6% for the lowest G and 4.1%
for the highest G. At this region both force convection and
nucleate boiling contribute to the heat transfer coefficient.

o In the nucleate boiling region, again the small channel is more
efficient for all G values, as in the transition region. At low G
(<500 kg/m? s) there is a 15% enhancement in h but it drops
to 9% at high G.

At first glance, the overall better thermal efficiency of the small
channel may look strange because in the small channel lower Rey-
nolds numbers prevail (i.e. Resymm: 2500-6300, Rejpmm: 6800-
16,800) which are associated with lower turbulent mixing inten-
sity at the interface between the two-phase thermal boundary
layer and the boiling surface. However, one has to consider that
although the increased turbulent mixing in the large channel
boosts convective heat transfer, by decreasing thermal boundary
layer thickness, it also hampers boiling heat transfer, by shifting
the activation of nucleation sites to higher wall superheats
(Fig. 8). This argument is in agreement with earlier evidence in
boiling literature [2,6,22] but it is also a common knowledge that
increased fluid velocities shift nucleation phenomena to higher
degrees of supersaturation [5]. Consequently, the net effect of
these competing phenomena dictates the final heat transfer rates.
As depicted in the present experimental results, the incipience of
boiling at low ATy, and q” values, makes the small channel more
efficient than the large channel except for the very high mass flux
where forced convection dominates, Fig. 8c.

3.4. Subcooled flow boiling incipient map

Fig. 10 presents boiling incipient maps for the two channels.
The flow boiling incipient map is determined by plotting the flow
rate versus the heat flux and demonstrates the regions identified
by the boiling curves and the dominant heat transfer mechanisms
in previous sections. ONB is determined from high speed images,
recognized from the first bubble appearance and depicted at higher
q” as G increases (blue line). Further increase in q” increases bubble
population. Bubbly regime is distinguished by the kink (slope
changing) point in boiling curves (red line).

The present experiments at high degree of subcooling
(ATsup = 70 °C) show clearly the existence of a transition region
between the forced convection (single phase) region and the nucle-
ate boiling (two-phase) region. During the transition region, bub-
ble dynamics and thus the heat transfer coefficient are affected
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Fig. 10. Flow boiling map for (a) small and (b) large channel.

both by G and x, as already discussed in previous sections. In liter-
ature, regions with more dispersed bubbles were found to have
better heat transfer performance [42,43] and those regimes are
encountered in the examined macro-channels. The transition
region for the 3 mm channel height with o = 0.075 is smaller com-
pared to the 10 mm channel (o =0.25), which is in compliance
with the literature [44]. Channels with smaller aspect ratio present
different boiling regimes and more suppressed boiling regions.
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4. Conclusions

The present study reports subcooled flow boiling experiments
in horizontal macrochannels under atmospheric pressure condi-
tions. Working fluid is deionized water at 30 °C inlet temperature.
The parameters explored in a broad range of heat fluxes are: aging
of the boiling surface, mass flux and channel height. The fresh, pol-
ished, copper boiling surface shows better heat transfer perfor-
mance than the aged surface which is covered by an oxidized
layer. At steady aging conditions, after 24 h of operation, this dete-
rioration is 10%. Boiling curves consist of three regions: a forced
convection single-phase region before the onset of boiling, a tran-
sition region and a nucleate boiling two-phase region. In the forced
convection region heat transfer depends on mass flux and not on
channel height. In the transition region heat transfer depends on
both mass flux and channel height. In the nucleate boiling region
heat transfer depends on channel height but not on mass flux.
The experimentally determined heat transfer coefficients deviate
from predictions of suitable empirical models in literature between
—20% and —40% for both the single phase and two-phase regions.
The 3 mm height channel has a better thermal efficiency than
the 10 mm height channel. This is because nucleate boiling in the
small channel is initiated at lower wall superheats compared to
the large channel. This is chiefly due to the lower Reynolds num-
bers, i.e., mass flow rates, in the small channel (for each mass flux)
that allow a higher density of active nucleation sites at lower wall
superheats. The above outscores the negative effect of a thicker
thermal boundary layer at lower fluid velocities. Boiling maps are
constructed for both channel heights. These maps mark in a com-
prehensive way the boundaries between the three heat transfer
regions, information which is necessary for the monitoring and
improvement of thermal systems and components. An overall eval-
uation of the examined macrochannels reveals that in order to
increase efficiency of boiling applications, the optimum working
conditions are small channel and low mass fluxes, preferably in
the transition region of boiling.
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