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Abstract

The present work aims to design, assemble and test an experimental setup to characterise the
critical conditions for the occurrence of boiling in a water charge air cooler intercooler and thus better
understand this phenomenon. To carry out this study, a test section was designed and adapted to an
experimental setup to simulate the operation of the heat exchanger and the necessary instrumentation
for data collection was installed. The contact angles between the test surfaces, made of 3003 aluminium,
and the liquids were determined to characterise their interaction. The roughness of the surfaces was
measured, with a profilometer, to characterise their topography. Boiling tests were conducted with
water and with a mixture of ethylene glycol and water (50/50 by volume) to understand if the test
section and the experimental setup were able to identify, through different methods present in the
literature, the onset of boiling and a comparison of the results obtained with the different methods was
performed. It was concluded that the mixture needs a higher heat flux and a higher excess temperature
to initiate boiling compared to water for the same experimental conditions. Boiling tests at mass flow
rates of 3.5 kg/h, 5 kg/h and 10 kg/h were carried out, which showed that the excess temperature
required for the onset of nucleate boiling increased with increasing mass flow rate. A high-speed camera
was used to record the onset and different phases of nucleated boiling as well as the phenomenon of
coalescence between bubbles. Overall the setup can be used to perform a detailed study on the critical
conditions for the occurrence of boiling, for the established working conditions, for the heat exchanger
of interest in the context of this study.
Keywords: Flow boiling, heat transfer, onset of nucleate boiling, water charge air cooler.

1. Introduction

The use of intercoolers, in turbocharged en-
gines, increases the specific mass of air by lowering
its temperature. As the specific output of a com-
bustion engine is proportional to the specific mass
of the inducted air, engine power can thus be in-
creased.

Replacing air charge air cooler (ACAC) intercool-
ers with water charge air cooler (WCAC) intercool-
ers allows for greater equipment compactness. This
brings numerous advantages in the automotive in-
dustry. Using WCAC intercooler means that there
is less air volume between the turbo outlet and the
admission valves, which means a smaller pressure
drop and better engine response at transient regime.
It also allows better thermal control of the air flow
to the engine by controlling the coolant flow, some-
thing not possible with ACAC intercoolers where
the coolant is the outside air. The use of WCAC in-
tercoolers contributes to less architectural complex-
ity and a reduction of up to 50% in the air intake
circuit and, if the intercooler is coupled to the intake

manifold, it is possible to eliminate the air tube con-
necting the outlet of the intercooler to the engine
admission [1]. By reducing the air intake circuit
volume, the pressure drop is also reduced, allowing
the turbocharger to do less work while maintaining
the same pressure at the engine inlet. This allows
the flow rate of gases to the turbine to be lower and,
consequently, the turbine temperature and exhaust
gas pressure to decrease. On the other hand, the
use of a WCAC intercooler implies the addition of
a circuit for the coolant and a pump which can be
driven electrically or by mechanical action from the
engine to ensure the flow of coolant through the cir-
cuit. This work recreates experimentally the opera-
tion of a WCAC to determine the critical conditions
for the occurrence of the boiling of the coolant and
thus to understand the operating limitations of this
type of equipment.

1.1. State of art

Determining the onset of nucleate boiling is of
high interest in various engineering applications, es-
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pecially when trying to protect equipment from flow
instabilities and maximum heat fluxes that may
cause damage to the equipment.

The boiling phenomenon was first studied by
Nukiyama [2] who verified different boiling regimes
for a quiescent medium. By measuring the volt-
age difference and the intensity of the current flow-
ing through a platinum wire in a container of wa-
ter, Nukiyama created a boiling curve that demon-
strates the relation between the heat flux, q”, and
the excess temperature ∆Te.

Bergles and Rohsenow [3] carried out flow boil-
ing tests. Its experimental installation allowed de-
gassed water to flow through a horizontally posi-
tioned stainless steel tube. Connected to the tube
was a DC power supply for heating the tube, by
Joule effect. From this study it is shown that the
flow boiling curve should not be based on data taken
from boiling in quiescent medium.

In the automotive industry, ethylene glycol mix-
tures are used in WCAC intercoolers as well as
engine coolants. Due to the high surface temper-
atures the heat transfer takes place through two-
phase flow [4]. Kandlikar and Bulut [4] conducted
a series of tests for different mixtures of ethylene
glycol with water. The experiments were carried
out in a 6061-T6 aluminium channel with a cross-
section of 3 × 40mm and with mixtures with 0 to
40% of ethylene glycol.

Lee and Cholewczynski [5] placed thermocouples
inside a combustion engine cooled by a 50/50 mix-
ture of ethylene glycol and water. The tests were
performed on wide open throttle conditions with
the engine running at 3000 and 5600 rpm. Exper-
imental tests reported boiling for heat fluxes be-
tween 20 and 60 W/cm2.

O’Neill [6] conducted tests with a mixture of
ethylene glycol and water 50/50 in a horizontal rect-
angular channel heated from the bottom, with a
cross-section 20× 30mm for flow velocities between
0.5 m/s and 4 m/s, pressure between 1 and 1.6 bar,
subcooled temperatures between 10 and 50◦C and
with heat fluxes between 0 and 80 W/cm2. With an
experimental installation with the purpose of repro-
ducing the coolant circuit of a combustion engine,
O’Neill was able to identify the nucleated boiling
onset and plot the boiling curves for different oper-
ating conditions. Later, Lee and O’Neill [7] carried
out tests, for the same conditions, on an explosion
engine, 4-cylinder and 1600 cm3 and obtained sim-
ilar boiling curves using the engine and the experi-
mental installation.

Yu et al [8] created an experimental setup to sim-
ulate the cooling circuit of heavy vehicle engines.
The test section consisted of an AISI 1010 tube with
an internal diameter of 10.9 mm heated, by Joule
effect, by a DC power supply. The tests were carried

out with a 40/60 and 50/50 mixture of ethylene gly-
col and water with flow velocities of 0.25 m/s and
at atmospheric pressure. Tests with different liq-
uid inlet temperatures verified the increase in the
heat flux required to initiate boiling for lower inlet
temperatures and consequently higher subcooling.

Cunha [9] inserted thermocouples inside a WCAC
intercooler to obtain the temperatures of both
working fluids and installed a sight glass at the in-
tercooler outlet to quantify the boiling, on a scale of
0 to 5. This study considered tests for air inlet tem-
peratures between 170◦C and 210◦C, air mass flow
rates between 350 kg/h and 1100 kg/h , liquid inlet
temperatures between 45◦C and 75◦C, liquid mass
flow rates between 14L/min and 26L/min and liq-
uid inlet pressures between 1.5barA and 3barA. It
was concluded that boiling was inevitable due to
the high temperatures inside the equipment.

Yu et al [10] conducted boiling tests of mixtures
of ethylene glycol with 50/50 water in rectangular
aluminium finned channels with 1.75 mm width and
14 mm height at 2 atm pressure. Flow velocities
from 0.8 m/s to 0.12 m/s were tested obtaining the
respective boiling curves and heat transfer coeffi-
cients. The tests reported an increase in the heat
transfer coefficient and an increase in the heat flux
required for the ONB with increasing flow velocity.

In addition to the methods for identifying nucle-
ated boiling onset, referred to in section 2, the work
of De Yeong et al [11] who identified nucleated boil-
ing onset and critical heat flux using acoustic signals
is noteworthy.

2. Background

The onset of nucleated boiling marks the
boundary between single-phase and two-phase heat
transfer. Until the onset of nucleated boiling the
heat transfer mechanism is forced convection and,
after the onset of nucleated boiling, there is a com-
bination of forced convection with boiling [12]. Dur-
ing single-phase heat transfer, the surface tempera-
ture and the excess temperature vary linearly with
the heat flux. When the surface temperature ex-
ceeds the saturation temperature of the liquid and
reaches a certain excess temperature, the first va-
por bubbles appear. This phenomenon causes the
surface temperature to remain constant, or even de-
crease, with the increase of heat flux. This causes
the boiling curve to move away from the line of
heat transfer by forced convection. Thus, the on-
set of nucleated boiling can be defined as the point
at which the boiling curve departs from the line of
forced convection [13].

The nucleated boiling onset occurs for a given
excess temperature and heat flux, which depend on
the contact angle, mass flow rate and liquid sub-
cooling. By increasing the mass flow rate, the flow
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velocity is increased as the cross-sectional area re-
mains constant. With increasing flow velocity, the
thermal boundary layer thickness decreases, reduc-
ing the number of active cavities in the nucleation
process.

The liquid subcooling, defined as ∆Tsub = Tsat−
Tin, quantifies the difference between the liquid
temperature and the liquid saturation temperature.
This parameter influences the incipience of boiling.
Like with the increase of flow velocity, increasing
subcooling decreases the number of active cavities.

Hong et al [13] and Basu et al [12] showed the dif-
ferences in the ONB excess temperature and heat
flux for different mass flow rates and subcooled tem-
peratures. Increasing the mass flow rate requires a
higher heat flux and excess temperature for nucle-
ated boiling to occur. Increasing subcooling also
needs an increase in heat flux and excess tempera-
ture for the appearance of the first vapor bubbles.

Surface roughness also has relevance to the ini-
tiation of nucleated boiling. Sun et al [14] showed
that increasing roughness decreases the excess tem-
perature required for the ONB.

There are several options for determining the on-
set nucleated boiling, experimentally. The most
widely used, by the scientific community, is check-
ing the point at which the boiling curve departs
from the line of forced convection. Another method
is the direct observation to detect the formation of
the first bubbles. Some authors use the point where
the temperature graph of the heated surface stops
increasing, becoming constant or even decreasing
a few degrees. Pressure drop fluctuations are also
considered as a factor to experimentally determine
the onset of nucleated boiling.

Kandlikar et al [15] carried out a study on the
oscillations of the pressure drop in microchannels
as a function of the flow orientation. Some authors
have concluded that increased pressure, due to the
existence of vapor bubbles, can decrease and reverse
the flow.

In the literature there are some correlations to
predict the onset of nucleated boiling. However, the
boiling phenomenon is dependent on the conditions
in which it occurs and, therefore, it is difficult to
conclude which correlation to use.

Hsu [16] showed a correlation that admits a min-
imum excess temperature for nucleated boiling on-
set.

q”ONB =
kliqhfgρv(Ts − Tsat)

2

12.8θTsat
(1)

Bergles and Rohsenow [3] did extensive studies
with water and defined the following correlation.

(Ts−Tsat)ONB = 0, 556
[ q”

1082p1,156

]0,463p0,0234

(2)

The Davis and Anderson [17] model for deter-
mining the onset of nucleated boiling is based on
the same analytical solution that gave origin to the
Bergles and Rohsenow correlation but the static
contact angle was added as a factor for the onset
of nucleation.

(Ts − Tsat)
2
ONB =

8(1 + cosθ)C

kliq
q” (3)

Where C is determined by

C =
σTsat
ρlhfg

(4)

Kandlikar et al [18] fitted Hsu’s correlation to de-
termine the minimum excess temperature for the
onset of nucleated boiling.

q”ONB =
kliqhfgρv(Ts − Tsat)

2

8.8θTsat
(5)

Basu et al [12] created the following correlation,
based on data taken from experiments carried out
with water, R-113 and R-11 over different metal
surfaces.

(Ts − Tsat)ONB =
2σTsat

R∗
CFρvhfg

(6)

Where R∗
C and F are determined by

R∗
C =

(2σTsatkliq
hfgq”ρv

)2
ONB

(7)

F = 1 − exp
[
−
( πθ

180

)3
− 0, 5

( πθ
180

)
] (8)

The studies performed by Basu et al covered
surface-liquid pairs with static contact angles be-
tween 1 and 85◦.

Kandlikar [19] presented the following equation
to determine the heat flux required for the onset of
nucleated boiling for flows in mini and microchan-
nels.

q”ONB =
kliqsenθ

1, 1rc

[
(Ts − Tsat) −

2σTsatsinθ

hfgρvrc

]
(9)

Hong et al [13] presented a correlation for mi-
crochannels where one of the relevant parameters is
the microchannel height, H, which was considered
the characteristic length for the calculation of the
Reynolds number, Re.

(∆T ∗
e )ONB = 0, 05Re0,156

(ρv
ρl

)−0,413

q∗1,321ONB (10)

Where (∆T ∗
e )ONB defined as dimensionless ex-

cess temperature and q∗ONB defined as dimension-
less heat flux, are determined by
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(∆T ∗
e )ONB =

(∆Te)ONB

Tsat
=

(Ts − Tsat)ONB

Tsat
(11)

q∗ONB =
q”ONB

Ghlv
(12)

G represents the mass flow flux.

3. Implementation
3.1. Experimental loop

To assess the critical conditions required for
the incipience of nucleate boiling, a test section was
added to the experimental installation developed by
Nikulin [20] e Andrade [21]. With the addition of
the test section, the experimental loop reproduced
the operation of a water charge air cooler intercooler
and allowed optical visualization of the boiling phe-
nomenon.

The experimental system, represented in fig-
ure 1, basically consisted of a closed loop for
the forced convective flow driven by a pump (4),
5KH36MNA445X from GE. The working fluid, dis-
tilled water or a mixture of ethylene glycol with wa-
ter (50/50 by volume) was added to the experimen-
tal setup through a reservoir (1). The system has
two valves (2) and (3) to control the mass flow rate
inside the experimental loop and a safety valve (13)
to release the vapor inside the test section. A Cori-
olis flow meter (5), mini-Coriflow from Bronkhorst,
measures the mass flow rate entering the test sec-
tion. A development section (6) follows the flow
meter, where the liquid can be heated, by Joule ef-
fect, using DC current supplied by a DC power sup-
ply (14), HY5050EX from Volteq. The test section
(7) has thermocouples, pressure sensors and a heat
flux sensor connected to a data acquisition system
(8), DT9828 from Data Translation. To a computer
(9) are connected the data acquisition system and
a high speed camera (10), Phantom V4.2 from Vi-
sion Research. A variable transformer (11), SV-4A
from Hossoni, is used to regulate the tension sup-
plied to the cartridge heater placed inside of the test
section. To close the experimental loop, the liquid
passes through a heating/cooling system (12).

3.2. Test section
The test section, made of 3003 aluminum , was

produced to simulate a water charge air cooler and
to allow optical visualization of the onset of nucleate
boiling which is not possible with a real WCAC
intercooler due to its complexity, compactness and
number of parts.

Figure 2 shows the test section. It is consti-
tuted by three type-k thermocouples (1) and (2)
to measure surface and liquid outlet temperatures
respectively and a third one to measure the liquid
inlet temperature. A cartridge heater (5), from

Figure 1: Schematic representation of the exper-
imental set-up: (1) reservoir; (2), (3) and (13)
valves; (4) pump; (5) Coriolis flow meter; (6)
flow development section; (7) test section; (8)
data acquisition system; (9) computer; (10) high
speed camera; (11) variable transformer; (12) heat-
ing/cooling system; (14) DC power supply

Maxiwatt, is responsible for heating the test sur-
face (7). An adaptor (4) made of copper was used
to transform the cylindrical shape of the cartridge
heater to a rectangular shape. An insulator made
of PTFE was used due to its low thermal conduc-
tivity (k ≈ 0, 25W/mK). Between the cartridge
heater and test surface exists a heat flux sensor (6),
from Captec. The test section has 120×50×20mm
as internal dimensions with a hydraulic diameter
Dh = 28.57mm. These dimensions were chosen so
that there would be an approximate 2:1 reduction
in length and width compared to the single chan-
nel dimensions of a WCAC intercooler. The height
was increased by about ten times to ensure that the
high-speed camera could register the vapor bubbles.

In this study, the test surfaces were made of 3003
aluminum with a thickness of 0.3 mm. However,
this test section allows the use of different test sur-
faces materials and thicknesses.

Connected to the test section is a subsystem re-
sponsible for measuring the pressure. This sys-
tem is composed of two pressure sensors, A-10 from
WIKA. One of the sensors measured the inlet pres-
sure while the other measured the outlet pressure.
The sensors are connected to a data acquisition
system, NI USB-6008 from National Instruments
which also collects the data from the heat flux sen-
sor.

Table 1 presents the uncertainties of the equip-
ment used in the experimental setup taking into
account the data provided by the manufacturers.

3.3. Procedure

To determine the heat flux and excess temperature
required for the ONB, the pump was switched on
and the valves adjusted to obtain the desired mass
flow rate. Once the mass flow rate value provided
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Figure 2: Schematic representation of the test sec-
tion: (1) and (2) type k thermocouples,(3) insu-
lator; (4) cartridge heater adaptor ; (5) cartridge
heater; (6) test surface; (7) heat flux sensor

Table 1: Equipment uncertainties.

Equipamento Uncertainties

Dektak3 profilometer ±0.5 [µm]

THETA tensiometer ±1 [◦]

mini-Coriflow flowmeter ±0.2 [kg/h]

Type K thermocouples ±0.1 [◦C]

Hossoni variac ±1 [V]

WIKA pressure sensor 0.3 [%]

Volteq DC power supply ±0.015 [V]

by the Coriolis flow meter had stabilised, data col-
lection began. The variable transformer was then
turned on so that the cartridge heater would pro-
vide heat to the test surface. Initially, 5 V were
supplied to the cartridge heater. When the val-
ues coming from the heat flux sensor and test sur-
face thermocouple stabilised, more 5 V were added.
This process was repeated until reaching the onset
of nucleate boiling. Boiling was identified in the
course of the tests with the aid of the high-speed
camera and, when desired, a video recording was
started to capture the boiling phenomenon. After
the test, the variable transformer was switched off,
data collection was terminated and the cooling sys-
tem was switched on to bring the working fluid back
to its initial conditions

4. Results

In this study, an analysis of the surface properties
is carried out, which includes the evaluation of the
contact angles of the surfaces with water and with
the mixture of water and ethylene glycol (50/50 by
volume) and the roughness of the test surfaces. It is
performed an assessment to understand if the setup

is capable of identifying the ONB using different
methods depicted in the literature. A comparison
of the boiling onset between water and the mixture
of ethylene glycol and water (50/50) is made and
the influence of the mass flow rate is studied.

4.1. Wettability
Table 2 shows the results obtained from the

wettability and surface tension tests. The aver-
age contact angle determined with a tensiometer
is shown, as well as its upper and lower deviations.
The tests concluded that unbrazed surfaces of alu-
minium 3003 exhibits a contact angle around of
99◦ in contact with the mixture of water and ethy-
lene glycol (50/50 by volume) which indicate a hy-
drophobic behavior and a contact angle around 81◦

in contact with water which shows a hydrophilic be-
haviour. The brazed surfaces showed a hydrophilic
behavior with both liquids as the measured contact
angles were lower than 90◦.

A wettability test was performed to the unbrazed
surface number 2 after boiling tests. The results
showed a decrease in the contact angle. The sur-
face has changed from hydrophobic to hydrophilic
behavior as shown in the table 3.

4.2. Roughness
To understand the roughness effect on the crit-

ical conditions for the onset of nucleate boiling
were performed roughness tests using a profilome-
ter. The results for the average roughness Ra and
for the maximum roughness peak to peak Rz are
depicted in table 4. The tests were carried out in
the longitudinal and transverse direction of the test
surfaces. It is possible to observe that the brazing
process increased the roughness of the test surfaces
by an order of magnitude.

4.3. Thermal losses
As this is a completely new test section devel-

oped for the present study, a thermal loss test was
carried out. Tests were performed for mass flow
rates between ṁ = 3 kg/h and ṁ = 20 kg/h and
powers between 100 W e os 600 W .

By observing the figures 3, it possible to see that
the heat losses vary between 82% and 47% for mass
flow rates between ṁ = 3 kg/h and ṁ = 20 kg/h .
These values are quite high, but can be explained by
the high thermal conductivity (k = 162 W/mK) of
the material in which the test section was produced.
It is also clear the decrease of thermal losses with
the increase of the mass flow rate.

4.4. ONB identifying methods
Different authors use different methods to de-

termine the onset of nucleated boiling as described
in 2. In order to understand if the test section and
the respective experimental setup is able to repro-
duce similar behaviours to those shown in the lit-
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Table 2: Contact angle and surface tension results.

Property Surface Water Deviation Mixture Deviation

unbrazed 1 99.34 +3.51 82.46 +2.10

-2.05 -1.87

unbrazed 2 99.51 +2.46 81.89 +3.72

-2.39 -2.70

Contact unbrazed 3 98.26 +4.01 80.53 +3.34

Angle [º] -3.35 -1.48

brazed 1 57.95 +7.67 53.63 +5.52

-7.85 -6.18

brazed 2 56.69 +9.29 53.46 +3.62

-8.05 -4.80

brazed 3 54.38 +7.91 50.62 +8.67

-7.10 -5.11

Surface ———— 72.61 +0.20 60.03 +2.01

Tension [mN/m] ———— -0.27 -1.54

Table 3: Contact angle and surface tension results after boiling test.

Property Surface Water Deviation Mixture Deviation

Contact unbrazed 2 57.66 +3.93 52.00 +4.17

angle [º] -5.51 -2.80

Table 4: Roughness results.

Surface Ra,long [µm] Ra,trans [µm] Rz,long [µm] Rz,trans [µm]

unbrazed 1 0.268 0.352 1.39 1.95

unbrazed 2 0.338 0.305 1.20 1.06

unbrazed 3 0.237 0.386 1.15 1.35

brazed 1 5.016 3.666 26.2 28.8

brazed 2 6.166 4.776 18.4 18.0

brazed 3 5.468 4.586 20.9 19.1

Figure 3: Thermal losses results.

erature, a test was performed using a mixture of
ethylene glycol with water (50/50 by volume) with
a mass flow rate ṁ ≈ 3.5 kg/h and a inlet liquid
temperature Tin ≈ 25◦C over an unbrazed test sur-
face.

The figure 4 shows the boiling curve. Looking at
the graph one can distinguish between the single-
phase flow and the two-phase flow. The ONB is
defined at the point where the boiling curve deviates
from the forced convection line.

Hong et al [13] identified the ONB at the point
where the excess temperature and surface temper-
ature remain constant or decrease. Figure 5 shows
the evolution of the excess temperature. Although
there was no decrease in the excess temperature, it
was found that, at the same point where nucleated
boiling starts in the figure 4, graph curve changed
its behaviour, where the excess temperature started
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Figure 4: Mixture of ethylene glycol with water
50/50 boiling curve, ṁ ≈ 3.5 kg/h and Tin ≈ 25◦

to increase less with the increase of heat flux sup-
plied, thus decreasing the slope of graphic curve.

Figure 5: Excess temperature evolution graph, ṁ ≈
3.5 kg/h and Tin ≈ 25◦

Another method for experimentally determining
nucleated boiling onset was presented by Celata et
al [22]. In this method, ONB is identified at point
where pressure drop fluctuations increase.

The graph shown in figure 6 shows that two dis-
tinct zones can be distinguished, one to the left of
the ONB point and the other to the right of the
ONB point. On the left it is possible to identify
the single phase flow where the pressure drop varia-
tions have an amplitude of approximately 0.75 kPa.
To the right of point ”ONB” it is possible to iden-
tify the two-phase flow where the existence of va-
por bubbles creates higher pressure drop amplitudes
when compared to those of the single-phase flow.

Although it is a less used methodology, the mass
flow rate graph can also identify boiling in a flow.
As mentioned in section 2, due to the presence of
vapor bubbles, the mass flow rate flowing through
the test section decreases.

Visually, it was detected that the decrease in
mass flow rate only occurred when boiling was in
a more developed phase. This can also be demon-
strated by the fact that boiling is identified, in the
graph in figure 7, by a higher excess temperature
when compared to the other methods.

Figure 6: Pressure drop fluctuations graph, ṁ ≈
3.5 kg/h and Tin ≈ 25◦

Figure 7: Mass flow rate graph, Tin ≈ 25◦

After analysing the data collected, it was found
that the inlet pressure sensor also presented varia-
tions in its reading. The graph in figure 8 shows
the two types of flow. The single-phase flow where
the pressure measurements are, practically, con-
stant and with reduced amplitude, i.e. to the left
of the ONB point. To the right of the ONB point
is the two-phase flow, where both the amplitude of
the measured values and the pressure increase due
to the existence of vapor bubbles inside the test
section. A test was also carried out with water as
working fluid to check if the methods for identifying
the onset of boiling exhibited the same behaviour.
All the methods identified the ONB.

Figure 8: Inlet pressure graph, ṁ ≈ 3.5 kg/h and
Tin ≈ 25◦
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4.5. Optical visualization of ONB

With the help of the high-speed camera it was pos-
sible to observe different boiling phases. Figure 9
shows The incipience of nucleate boiling. The im-
age was captured during a test with a mass flow
rate ṁ ≈ 3.5 kg/h and a inlet liquid temperature
Tin ≈ 25◦C over an unbrazed surface test. Figure
10 shows a fully developed boiling.

Figure 9: Incipience of nucleate boiling.

Figure 10: Fully developed boiling.

4.6. Comparison of ONB with water and with mix-
ture of ethylene glycol and water (50/50 by vol-
ume)

Figure 11 simultaneously shows the boiling
curves of water and the mixture of ethylene glycol
and water (50/50 by volume) for a mass flow rate
ṁ ≈ 3.5kg/h , an inlet temperature Tin ≈ 25◦C
over an unbrazed surface. It can be seen that wa-
ter initiates boiling for a lower heat flux and excess
temperature compared to the mixture. The table 5
presents the values of heat flux and excess temper-
ature at which boiling is initiated on this surface
using the different methods described in section 2.

Flow with ethylene glycol mixture started boil-
ing with a heat flux q”ONB ≈ 41 W/cm2 and an
excess temperature ∆TeONB ≈ 5 K. With water
started with a heat flux q”ONB ≈ 39 W/cm2 and

Figure 11: Comparison of ONB with water and with
mixture of ethylene glycol and water (50/50) ṁ ≈
3.5 kg/h and Tin ≈ 25◦

an excess temperature ∆TeONB ≈ 2.3 K. Four of
the five methods showed very similar results. The
mass flow rate drop method presented considerably
higher values, both for heat flux and excess temper-
ature, for both liquids. This method should be used
to understand if boiling exists within a test section,
if none of the other methods can be applied.

4.7. Influence of mass flow rate
Table 6 shows the temperature excesses required for
nucleated boiling onset. In this case, the changed
parameter was the mass flow rate. The tests were
performed with a mixture of ethylene glycol with
water (50/50 by volume) over an unbrazed surface
with an inlet temperature Tin ≈ 25◦C

The increase in mass flow rate was translated into
the increase in excess temperature required to ini-
tiate nucleated boiling, as predicted in the studies
by Hong et al [13] and Basu et al [12].

5. Conclusions
In order to evaluate the influence of the wet-

tability, contact angle tests were performed with a
tensiometer to characterize the interaction between
the surface and liquid. The tests concluded that
unbrazed surfaces of aluminium 3003 exhibit a hy-
drophobic behavior in contact with the mixture of
water and ethylene glycol (50/50 by volume) and a
hydrophilic behaviour in contact with water. The
brazed surfaces showed a hydrophilic behavior with
both liquids. The roughness tests exhibited that
the brazing process increased the roughness of the
test surfaces by an order of magnitude.

The experimental system revealed similar be-
haviours to those found in the literature with five
methods available to identify the onset of nucleate
boiling. Of the five methods identified, four showed
very similar results for heat flux and excess temper-
ature required for the incipience of boiling.

Onset of nucleate boiling and different boiling
phases were identified with a high-speed camera and
thus better understand the data taken by the mul-
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Table 5: ONB comparison between water and mixture of ethylene glycol and water 50/50 by volume.

q”ONB [W/cm2] ∆TeONB [K]

Method Water Mixture Water Mixture

Boiling curve 39.023 41.093 2.344 5.139

Temperature hysteresis 39.325 41.098 2.361 5.153

Pressure drop fluctuations 38.985 41.107 2.128 5.046

Mass flow rate 42.232 50.125 3.277 9.417

Inlet pressure fluctuations 39.237 41.951 2.397 5.249

Table 6: Results of ONB for different mass flow rates.
Mass flow rate ṁ ≈ 3.5kg/h Deviation ṁ ≈ 5kg/h Deviation ṁ ≈ 10kg/h Deviation

∆TeONB [K] 5.259 0.114 6.538 0.256 8.447 0.411

tiple sensors in the experimental was possible.
Flow boiling tests revealed that the mixture of

ethylene glycol and water (50/50 by volume) re-
quires a higher heat flux and a higher excess tem-
perature to initiate boiling, when compared to wa-
ter for the same mass flow rate, liquid inlet tem-
perature and test surface. They also revealed that
increasing the mass flow rate implies an increase in
the excess temperature to initiate nucleated boiling.
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