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Abstract

A closed system testbench has been developed to study pool boiling with a dielectric fluid at 

atmospheric pressure. The experimental setup consists in immerged horizontal and vertical 

adjacent heated plates, representing the corner of a parallelepipedal heating element. Both 

plates are 64x40mm². The plates can be heated separately or simultaneously, with surface 

heat flux ranging from 0 to 20 W/cm2. Additionally, the canal width in front of the vertical 

heated plate is varied from 0.5 to 15 mm to study the influence of confinement. The opposite 

wall of the canal is made of transparent glass to allow optical visualization of the boiling on 

the vertical plate. A condenser at the top of the system controls the fluid subcooling. The wall

temperatures are measured in steady-state regime in the middle of the plates, heat transfer 

coefficients are also determined. This configuration leads to complex flows, from natural 

convection to film boiling, including nucleate boiling. For low heat flux, smaller vertical 

canal widths enhance natural convection mixed with phase change phenomena: this conveys 

significantly higher heat transfer coefficients than in the vertical free configuration case. At 

higher heat flux, confinement does not enhance heat exchange on the vertical plate. When the

vertical plate is confined, bubble coalescence and critical heat flux occur for lower heat flux 

compared to the free configuration. Visual observations on boiling regimes on the vertical 
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plate are given depending on confinement. Finally, simultaneous heating of both plates is 

compared to isolated plate heating: boiling on the vertical plate improves heat exchange on 

the horizontal one, whereas boiling on the horizontal plate has no effect on the vertical one.

 Nomenclature
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Variable Physical quantity Unit (SI)

Cp Heat capacity J/(K.kg)

CHF Critical heat flux W/m²

dtr Transition distance (microscale to

macroscale)

m

e Confinement, canal width m

g Gravitational acceleration m/s²

H Height of heated plate m

h Heat transfer coefficient W/(K.m²)

L Width of heated plate m

Lcap Capillary length m

P Pressure Pa

q’’ Surface heat flux W/m²

Ra Rayleigh number -

Rth Thermal resistance K/W

S Surface of heated plate m²

T Temperature K

TC Thermocouple number -

u() Uncertainty of variable -

Z Surface rugosity µm

Subscripts Physical quantity Unit (SI)

∞ Free configuration -

cond Condenser -

elec Electrical (power input) -

f Fluid -

H Horizontal plate -

h Heater -

l Liquid state -

NB Nucleate boiling -

NC Natural convection -

ONB Onset of boiling

(incipience)

-

sub Subcooling -

sat Saturation state -

V Vertical plate -

v Vapor state -
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Greek letters Physical quantity Unit (SI)

α Thermal diffusivity m²/s

β Thermal expansion

coefficient

K-1

Δhlv Liquid-vapor latent heat J/kg

ΔT Temperature difference K

λ Thermal conductivity W/(m.K)

μ Dynamic viscosity Pa.s

ρ Mass density kg/m3

σ Surface tension J/m²

θ Contact angle °



Introduction

Pool boiling is one of the most effective means to exchange heat from a solid surface to a 

fluid without providing external work. This is possible thanks to the phase change 

phenomenon absorbing the heat, plus the convection flows which have amplified heat 

transfer coefficients in bubbly flows [1]. The advantages of pool boiling are the cooling 

system simplicity of design, which consists in an evaporator (the object we want to extract 

heat from), the fluid and a condenser (which removes the heat from the system). On the other 

hand, it is important to optimize the cooling system to have the right fluid saturation 

temperature, depending on the evaporator’s functioning temperature range. Depending on the

application, enhancements can be provided through surface treatment [2-3]. Other 

applications under size-bounded configurations need to work in a confined boiling situation 

[4], which can be advantageous for a specific range of heat flux. The geometrical 

configuration is another aspect to study upfront to allow the most beneficial flowing 

condition, including the position of the condenser [5]. Thermal solutions aim to use the less 

fluid possible for the packaging of the cooling system, both for practical and economic 

reasons. Because most of the thermal solutions include an electrical factor, focus is shifted 

towards dielectric fluids. In particular, Novec 7000 fluid is used in this experimental study.

Nukiyama [6] in 1934 was the first to establish that a maximum heat flux existed for a given 

fluid to be able to evacuate all the heat created on the evaporator surface. Since then, other 

studies have been conducted further investigating pool boiling mechanisms and parameters. 

A summary of the most related research correlations has been redacted in Table 1, ordering 

the correlations at increasing heat flux. Han and Griffith [7] in 1964 established that bubble 

initiation in pool boiling was influenced by the temperature of the surrounding fluid and the 

surface condition. A thermal boundary layer model was proposed, combined with a critical 

wall superheat relation, but the authors admitted the complexity of the phenomenon and its 

intrinsic randomness, which makes difficult the interpretation of their results. Also, Hsu [8] 

proposed a simplified model to evaluate the size of the thermal boundary layer and the range 

of cavities which can become active nucleation sites. More than half a century later since 

Nukiyama [6], a lot more data has been gathered on boiling allowing a basic understanding of

some of its phenomena, to create different models to characterize nucleate boiling and to 

predict critical heat fluxes. However more recently in 2017, Leong and Wong [9] realized a 

critical review of pool boiling of dielectric fluids and the authors affirm that these models 
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only have relative success. They also state that studies on boiling with dielectric fluids – 

which are highly wettable – need further investigation for more complete comparative 

studies.

Confined boiling represents a more specific segment of research on boiling, which has seen 

more interest in the more recent decades both for packaging reasons and its possible 

enhancement effects in certain situations. Bonjour [4] found that confinement could improve 

heat exchange for lower heat fluxes compared to pool boiling. He also identified three 

confined boiling regimes depending on the bubble sizes and shapes, which correspond 

generally to the observations of Yao and Chang [10], Xia et al. [11] and Rampisela [12]. 

These regimes are with increasing heat flux: the isolated bubble regime, the coalesced bubble

regime and the partial dry-out regime (Fig. 1).

Ait-Ameur [13] observed two main regimes in confined boiling near the dry-out state: a 

stationary upward flowing regime and a pulsed boiling regime. The latter takes place when 

vapor creation is more important than capillary and viscous effects, rendering the supply of 

fresh fluid impossible on the heated surface. Furthermore, he observed an enhancement of up 

to 600% of the heat exchange at high confinement for low heat fluxes. Both Bonjour [4] and 

Ait-Ameur [13] have additional data about the liquid-vapor phase ratio in a canal through hot 

wire anemometric measurements coupled with optical visualization with R-113 fluid. They 

both observe an increase in heat exchange for small canal widths at low heat flux compared 

to the free case, but their mass flow measurements are discordant. Bonjour’s mass flow 

measurements [4] show that the reduction of canal width increases the fluid mass flow, 

leading to an increase of convective effects. Two additional phenomena were also reported to

explain the increase in confined heat exchange. Firstly, the expansion of the interface surface 

between liquid and vapor phase and the wall: as bubbles are flattened, the liquid microlayer 

between the wall and the vapor is stretched. Secondly, because the bubbles are flattened, this 
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Figure 1 - Boiling regimes identified by Bonjour and Lallemand [47]: (a)
isolated bubble, (b) coalesced bubble regime, (c) partial dryout regime
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facilitates vapor to enter and activate other nucleation sites on the surface, further boosting 

phase change heat transfer. On the contrary Ait-Ameur’s data [13] shows that the reduction 

of canal width decreases the average mass flow. At a higher canal width, he justifies the 

increase in fluid mass flow to viscous effects and pressure loss decreasing. Still, the author 

also measures an increase in confined heat exchange, but in this case it cannot be associated 

to an increase of convection. The author then proceeds to explain the confined heat exchange 

enhancement depending on the canal width:

- For canal widths larger than the capillary length, the increase in heat exchange comes 

from the convection improvement, as fluid mass flow increases

- For canal widths smaller than the capillary length, the superior heat exchange comes 

from an increase of the interface surface between liquid-vapor phase and the wall, 

plus an increase of nucleation because of bubble flattening

Both Bonjour [4] and Ait-Ameur [13] observe that the fluid mass flow always increases with 

heat flux independently of confinement. For the same canal width, the quantity of liquid-

phase fluid in the canal is very sensitive to the heat flux, plus its presence remains substantial 

even near critical heat flux. Finally, Ait-Ameur [13] does not observe a significant influence 

of the heated surface width on heat exchange, but canal height is inversely proportional to the

critical heat flux because of vapor accumulation in the channel. The lateral width of the canal 

also has a negligible effect on heat exchange, except for the critical heat flux which decreases

up to 30%.

As shown in Table 1 the literature is rich in correlations derived for specific systems, to 

identify the beginning or the transition between boiling regimes. The Zuber [14] analytical 

treatment considered the Taylor instability criterion for vapor columns formed by coalesced 

bubbles and defined critical heat flux as the heat flux at which the vapor–liquid interface 

becomes unstable. Bonjour and Lallemand [15] proposed their own correlation for critical 

heat flux for R-113 on a vertical confined copper plate. Monde et al. [16] proposed a 

correlation of critical heat flux based on their experimental study on a vertical channel with 

different fluids, its precision was of +/- 20% compared to their experimental data. Later 

Geisler and Bar-Cohen [17] complained that in the literature most fluids used are either water

or R-113, which have very different properties compared to dielectric fluids which are often 

highly wettable. Several critical heat flux prediction correlations are based on Zuber’s 

research [18], to then expand and adapt his correlation to a specific combination of fluid-wall 

6



interaction. More recently, El-Genk and Pourghasemi [19] experimentally investigated 

boiling critical heat flux of Novec 7000 on rough copper surfaces, proposing several 

empirical correlations which are unfortunately very limited to their specific fluid and surface. 

In 2014, the literature review for boiling of Cheung at al. [20] establishes that not one single 

combination of empirical correlations has shown the propensity of providing satisfactory 

predictions in the literature. Since then, there has been a more recent study from Alsaati et al. 

[21] proposing a mechanistic model to predict CHF in a vertical confined gap. Although the 

proposed correlation takes into account the gap size, inclination and the fluid properties, it is 

based on other authors experimental data points which are obtained for the most part with 

different boundary conditions compared to the present study: for example, a copper heated 

plate instead of steel, different fluids and different inlet/outlet flowing conditions for the 

fluid.
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Ref. Author(s) Configuration Fluid Correlation proposed Equation

N°

[22] Incropera Free convection
on an upward 
horizontal plate

-

Nu=0.15 Ra1/3
(1)

[23] Suzsko & 
El-Genk

Free convection
on upward 
horizontal plate

PF-5060
q ' '=0.038 (T p−T sat )

1.2

(2)

[24] El-Genk & 
M. 
Pourghasemi

Free convection
on upward 
horizontal plate

Novec 
7000 q ' '=0.042 (T p−T sat )

1.2

(3)

[25] Bahrami Free convection
on vertical plate

-

Nu=0.1 Ra1/3
(4)

[26] Churchill 
and Chu

Free convection
on vertical plate

-
Nu={0.825+ 0.387 Ra1 /6

[1+(0.492 /Pr )9/16 ]8 /27}
2

(5)

[27] Gan Convection for 
tall ventilation 
cavities

Air
Nu=0.135(Ra(H

e )
3 /2)

0.265 (6)
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[28] W. M. 
Rohsenow

A method of 
correlating heat
transfer data for
surface boiling 
of liquids

-
q ' '=μΔh lv( 1C sf

)
1 /r

Pr− s/ r[ c p [T p−T sat (P)]
Δ hlv

]
1/ r

[ g (ρl−ρv)
σ ]

1 /2

With r=0.33, s=1.7 and Cs,f depending on the combination 
fluid/wall. For water and stainless steel Cs,f=0.015

(7)

[29] Stephan and 
Abdelsalam

Natural 
convective 
boiling with 
horizontal 
copper/steel 
tubes

R-113

q ' '={1.1[T p−T sat (P)]}1 /0.255 (8)

[30] Forster and 
Zuber

Dynamics of 
vapor bubbles 
and boiling heat
transfer, 
comparison 
from literature 
data of pool 
boiling

Water, 
n-
pentane,
ethanol, 
benzene

h=
0.00122 ΔT sat

0.24 ΔPsat
0.75cp , l

0.49 ρl
0.49 λl

0.79

σ0.5 Δhlv
0.24 μl

0.29 ρv
0.24

avec ΔPsat=P sat (T p )−Psat (T l )

(9)

[31] El-Genk Boiling on 
upward 
horizontal 
copper surface

Novec 
7000

h=2.23(1−0.66 e−2.65Z ) (10)

[32] Bromley Film boiling on
a horizontal 
heated cylinder

-
h=0.62[ λv

3g ρ v (ρl− ρv)Δhlv
'

µv (T p−T sat) L ]
1 /4 (11)
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where Δhlv
' =Δhlv[1+0.4 c p ,v (T p−T sat)

Δhlv
]

[33] Chang Film boiling on
a large flat 
horizontal 
surface

-
h=0.43[ λv3g ( ρl−ρv )

µv a0 ]
1/3

where a0=
kv (T p−T sat )
2 Δhlv ρv

(12)

[18] Zuber Pool boiling on 
large, thick, 
upward-facing 
horizontal 
plates

Water qCHF, Zuber
' ' =0.131 Δhlv ρ v

1 /2 [σg( ρl−ρv)]1 /4 (13)

[16] Monde et al. Natural 
convective 
boiling at 
atmospheric 
pressure in 
vertical 
rectangular 
channels 
(copper heater)

Water, 
ethanol, 
R-113, 
benzene

qCHF
' '

qCHF , Zuber
' ' = 1.221

1+6.7×10−4( ρl

ρv
)
0.6

(H /e)

(14)

[31] El-Genk and 
Pourghasemi

Saturation 
boiling on 
rough inclined 
copper surfaces

Novec 
7000

qCHF
' ' (Ra ,θ)
qCHF ,Zuber

' ' =
CCHF (Ra ,θ)
0.131

With :

(15)
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CCHF (Ra ,θ)=0.23 Ra0.065 {1−4.7×10−7θ2.74}

[15] Bonjour and 
Lallemand

Convective 
boiling in a 
vertical 
channel, height 
constant, 
e=[0.5;2.5]mm,
pressure of 
[1;3]bar

R-113 qCHF
' '

qCHF , Zuber
' ' =[1+6.39×10−5( ρl

ρv
)
Ψ

(H
e )

1.517]
−1

where Ψ=1.343Pr
0.252

(16)

[34] Xia et al. Convective 
boiling in 
vertical 
rectangular 
narrow 
channels, 
copper surfaces

e=[0.8,5]mm 
and free case

R-113 qCHF
' '

qCHF , Zuber
' ' = 1

0.131(4.59+0.11(He ))
(17)

Table 1 – Overview of different correlations and configurations from the literature
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Because of boiling’s intrinsic unpredictability and its dependance on numerous parameters 

(as it depends on countless other variables such as surface condition [35-38], pressure [39-

41], fluid nature [42-43], wettability [44-45], inclination [46-49]) it was necessary to carry a 

more specific experimental research based on the conditions and fluid of interest to isolate 

only a few significant variables.

The issue of this research is to identify the main effects of confinement in an original 

configuration comprising adjacent horizontal and vertical heated plates representing a 90° 

corner of a parallelepipedal heating element. The focus will be on heat transfer coefficients, 

wall superheats and critical heat flux. Also, the influence of heating on one plate to the other 

is studied: this is realized comparing the simultaneous heating of both plates to when heating 

only one of the pair. The understanding of these criterions will allow an optimization path for

the design of cooling systems based on this technology.

Tests have been conducted up to the critical heat flux to observe its occurrence, although for 

practical applications film boiling regime is to generally be avoided. Film boiling could be 

observed both in a quantitative way through the thermocouples’ measurements and in a more 

direct and qualitative way through simple visual observation. The details of the testbench 

functioning and design are given in the next section, explaining in what way the testbench is 

original and represents a new configuration compared to the literature. In this experimental 

research, all the measurements are taken at the middle of the heated plates. Finally, boiling 

regimes and a stream map are characterized.

1 - Material and methods

1.1 - Description of experimental apparatus

A completely original testbench has been designed to regulate some input parameters such as 

heat flux, confinement, condenser’s temperature and coolant mass flow. In addition, the setup

allows to measure the pressure inside and the temperatures at different crucial locations in the

system. 3M Novec 7000 is the dielectric fluid used for the immersion boiling testing, which 

has a 34°C saturation temperature at atmospheric pressure [50].
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In Fig. 2 and Fig. 3, the main components of the testbench are showed. The heating is 

provided by two Thermocoax SEA 10/75 heating elements for each heated plate. These plates

are at a 90° angle from each other, between them there is a Deltherm thermal insulator piece 

(λDeltherm=0.25 W/m.K). This allows to heat the plates either simultaneously or separately, 

reducing the conductive heat exchange between them.  The Thermocoax elements are 1mm 

diameter electric cables heated through Joule effect, delivering each up to 250W on 75 mm of

the total length of the cable. Because they are so thin, they can bend several times within a 

2mm bend radius. This allows a homogeneous distribution of heat flux in the copper plate: 

thermal simulation shows that for 20 W/cm² injected electric power, there is a conductive 

heat flux spread of 0.05 W/cm² on the plate. They are inserted in a 1.2mm deep groove on the

sides of the 10mm thick copper plates (64x40mm²). The groove was previously machined to 

distribute the heat in the most homogeneous way.

The heat is then transferred from the copper plates to inox 316L steel plates (6mm thick and 

64x40mm² surfaces) through some thermal paste to limit thermal contact resistance. The 

other side of the steel plates is in contact with the dielectric fluid, where the boiling takes 

place. Deltherm thermal insulator surrounds both the copper and steel plates all around except

the boiling surfaces, granting low heat flux losses on the sides and behind the plates. This 

way, most of the heat created from the Thermocoax is conveyed to the boiling surface. 

Once these different components are assembled, they create a unique solid piece that 

constitutes the heating element of the system, as shown in Fig. 2. This solution with two 

consecutive heating plates of different materials was chosen to first homogenize the heat flux 

coming from the electric cable in the copper plate (which has high conductive properties), 

plus allow a temperature gradient near the surface of the steel plate (which has lower 

conductive properties) due to local boiling effects, in order to measure heat flux.

The heating elements are completely immerged inside the fluid, which occupies the whole 

setup. There are no inlets or outlets, just the fluid that flows up and down depending on 

temperature gradients for convection and density difference for phase change. The L-shape 

design for the heating element has been chosen to represent a corner of a parallelepiped 

heating element.
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Figure 2 - Heating element assembly CAD schematic  

A 2D schematic section of the most important components of the whole experimental device 

is shown in Fig. 3. The assembled heating element can be moved closer or farther from the 

glass wall through a 50mm long micrometer screw, which allows to regulate the confinement 

e in the canal in front of the vertical plate. The assembled heating element is mounted on two 

cylindrical rails to guide its movement.

A copper condenser with aluminum fins is situated 5 mm on top of the horizontal heating 

plate. The condenser has been intentionally oversized so that its heat exchange capabilities 

are enough for higher power tests (especially at or near film boiling testing). On the bottom 

of the system, a conduit connects the fluid inside the testbench to an expansion tank to help 

controlling the pressure at 1 atm while boiling takes place.

A wide glass window is installed in front of the vertical plate to monitor the system at any 

time. The transparent glass also represents the confining wall. Two other glass windows are 

situated on the sides, to either light the surface or to observe the boiling surface at a 

perpendicular angle. 

Supplementary schematic material of the testbench - such as different views of the elements, 

the temperature measurement locations and fluid circulation – is presented in the Annex at 

the end of the article.
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Figure 3 - 2D schematic plan of the main setup components

1.2 – Measurements 

The main measurements inside the testbench are the temperatures, which are taken through 

K-type thermocouples of 0.5mm diameter. These thermocouples are situated at the middle of 

the heated plates at different depths, plus another thermocouple in front of the plate 

immerged in the fluid, as is explained in more detail in section 1.3. 

The thermocouples in both the vertical and horizontal steel plates are placed in depth below 

the surface to avoid interfering with boiling. Another thermocouple is placed inside the 

copper plate, near the heating element, in order to evaluate temperature at the hottest position 

of the system, to never exceed T max=200°C. The thermocouples’ temperature accuracy is 

taken as 0.12 °C. Further details on their position and use to determine heat flux and heat 

transfer coefficients are given in section 1.3.

A schematic representation of the whole setup is given in Fig. 4.

All the thermocouples are connected to a Keysight 34980A acquisition center, passing 

through a Keysight 34921A isothermal cold box to measure the cold junction temperature 

with better accuracy. 

15



Confinement is measured through the micrometric screw which has a resolution of 0.01 mm 

and an accuracy of ±0.003mm. This allows to control the confinement value e of the vertical 

heated plate in a range of 0.5 mm< e <15 mm. This corresponds to a Bond number between

Bo=[0,27 ;244 ] where :

Bo=
(ρl−ρv) ge

2

σ
(18)

where σ is the surface tension of the fluid.

Pressure is measured with a Gems absolute pressure sensor, working between 0 and 6 bars 

with a precision of 0.25%. It is screwed in a hole in the top lid of the system. Furthermore, 

the pressure is kept near atmospheric pressure with an expansion tank. However, because of 

the expansion tank membrane stiffness, the pressure varies slightly from 1 bar to 1.2 bar 

when the highest heat flux is applied.

The temperature setpoint of the water/glycol mix circulating in the condenser is controlled by

a Huber Unichiller P025-H unit and its mass flow is regulated through a Belimo LR24A 

electric valve and a IFM SM7000 inductive flow meter. The flowrate in the condenser is set 

to 7.4L/min for all measurements, which ensures a condenser inlet/outlet average temperature

difference of 0.5 °C at the highest heat flux.

The Thermocoax heating elements are connected to two 80V-15A BK Precision 9115 power 

supplies, which provide the electric current necessary for the Joule effect. 
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Figure 4 - Schematics of the testbench components

1.3 – Data reduction

Thermocouples are used to measure both the temperature and the heat flux in the middle of 

the heated plates. For this study, only the thermocouples in the central position of the heated 

plates are used: their location is shown in the Annex. On each steel plate, a thermocouple is 

found at a first depth e1=0.7 mm from the surface, the other is at a distance e2=2.3 mm 

deeper. There is also a third thermocouple T3 at 11mm from the boiling surface, at the middle 

of the copper heated plate.

A schematic of three thermocouples at three different depths is given at Fig. 5.
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Figure 5 - Schematic of thermocouples at different depths of the heated plates

T3 is the only thermocouple inside the copper plate, used to check the maximum temperature 

near the electrical cable. Tf represents the thermocouple measuring the fluid temperature in 

front of the heated steel plate, at an approximate distance of 2mm from the boiling surface. 

Only when the canal width in front of the vertical plate is less than 2mm, the Tf thermocouple

is pushed closer to the boiling surface at a distance equal to the confinement.  The surface 

temperature Tp is obtained from the T 1 and T 2 thermocouples inside the steel plate, through 

the thermal/electrical resistance equivalence. Here:

T p=T 1−Rth ,1q
' 'S   (19) and q ' ' S=

T2−T 1
R th,2

(20)

Where Tp is the temperature at the boiling surface, S is the area of the boiling surface, q’’ is 

the surface heat flux and Rth,1 and Rth,2 are the thermal resistances on the depths e1 and e2.

Under the assumption that the heat flux is the same between T2-T1 and T1-Tp:

T p=T 1−
e1
e2

(T2−T1) (21)

Concerning the uncertainties of these variables, a study has been realized. Considering that 

u(e1=)u(e2)=u(e)=0.1 mm and u(T1)=u(T2)=u(T)=0.2 °C (although the temperature accuracy 

is of 0.12°C, a higher value is chosen to account for thermal contact resistance), after 
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development and removing the uncertainty of surface dimensions as it negligible compared to

other terms, the surface temperature relative uncertainty is equal to:

u(T p)=√u(T 2)+√(√(√2u(T )
T 1−T 2 )

2

+(√(u (e2)
e2 )

2

+(u(λ)λ )
2)
2)
2

+(√(u(e1)e1 )
2

+(u (λ)
λ )

2)
2

(22)
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In the same way, after development it is also possible to determine the heat flux and the heat 

transfer uncertainties:

u(q ' ' )
q ' ' =√(√2u(T )

T 1−T2 )
2

+(√(u(e2)
e2 )

2

+(u(λ)
λ )

2)
2

(23)

To verify that the monodirectional direction of the heat flux is acceptable, a 3D model has 

been studied with a thermal simulation software. The model includes the steel and copper 

plates, plus the electrical resistance and the Deltherm thermal insulator on the sides. All the 

components are immerged in the fluid. Contact thermal resistance were added between the 

components. Different simulations were run, using different heat transfer coefficients 

depending on the heat flux applied. The heat transfer coefficients were chosen based on 

Novec 7000 literature and the first experimental data obtained with the testbench. The losses 

were in a range between 5-10% of total heat flux, depending on the power applied and the 

heat transfer coefficient chosen. This is considered acceptable for using the thermal resistance

to estimate the surface temperature.

A verification of injected power and measured heat flux is realized with the testbench. At the 

highest heat flux, the electric power injected is 500W. The power measured through the 

thermocouples in the middle of the heated plates is often close to the injected power with less

than 10% thermal losses. In every figure shown in the present study, the heat flux shown is 

the one measured through the thermocouples in the middle of the plate.

The heat transfer coefficient h is obtained through Newton’s formula for heat flux, using the 

temperature in the fluid and the temperature at the surface:

h= q' '

T p−T f

(24)

Its uncertainty is equal to:

u(h)
h

=√(√(√2u(T )
T 1−T2 )

2

+(√(u(e2)e2 )
2

+(u(λ)λ )
2)
2)
2

+(√2u(T )
T S−T f

)
2

(25)

Finally, the superheat is determined comparing the surface temperature Tp to the saturation 

temperature. Saturation temperature is adjusted at any time depending on the measured 

system pressure. The detailed expression are as follows:
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ΔT=T p−T sat(P) (26)

And:  T sat (P )=26.924 ln (P )−2.61 (27)

Eq. 27 was obtained interpolating data points of Rausch et al. [51] study on HFE fluid 

properties. It is to be used with the following units: temperature in K and the pressure in Pa.

1.4 – Experimental procedure

1.4.1 – Filling, filtration and draining of testbench

All the experimental tests are obtained following a specific procedure. First, a vacuum pump 

is used to remove the air from the testbench. This helps to avoid embryos of air sticking in 

the tiny cavities all along the boiling surface. Otherwise, the air embryos would trigger the 

onset of boiling sooner. Also, the presence of air would change the fluid properties. The fluid 

is degassed by heating it (>100°C) and releasing for a few seconds from the top vapor outlet. 

Then it is possible to fill the bench with filtrated dielectric fluid from a reservoir in liquid 

phase. A difference in pressure is created between the heated reservoir and the testbench to 

fill up. As the reservoir is placed on a balance, the mass of transferred fluid is also measured.

Once testing is finished, the setup is drained and the dielectric fluid is filtered at the same 

time. To do so, the testbench is connected to a refrigerant recovery unit through a dehydrating

filter. The condenser inside the testbench is brought at 45°C, which increases the system 

pressure and evaporates most of the fluid. At the same time all the pipework and the recovery

unit are voided with the vacuum pump. Finally, an outlet valve on the roof of the testbench is 

used to extract the fluid vapors which get through the dehydrating filter, then the recovery 

unit and finally the storage tank. 

1.4.2 – Testing procedure

First, the condenser is set at the desired water/glycol temperature through the chiller. Once 

the temperature set by the chiller is stabilized, the rest of the test can be realized, namely the 

heating in the plates.

Because the experimental testbench can observe the effect of boiling hysteresis, most results 

are obtained at decreasing heat flux. This is common in boiling literature.

Indeed, when no nucleation sites are active, a higher wall superheat is required to start the 

nucleation. For the same wall temperature, the heat flux can undergo a hysteresis: lower heat 

flux is needed if nucleation has previously been activated. 
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It is possible to appreciate this phenomenon in a qualitative manner through a couple of 

snapshots shown in Fig. 6. The same heat flux is applied to the vertical plate in the increasing

(Fig. 6.a) then decreasing (Fig. 6.b) heat flux situation.

At decreasing heat flux an important number of previously activated nucleation sites are still 

active. For the increasing heat flux, heat flux is only enough for the activation of one 

nucleation site.

Given the high number of bubbles at the decreasing heat flux, the heat transfer coefficients 

are improved by the bubbly flow, which allows lower superheats.

Measuring at decreasing heat flux pre-activates the nucleation sites on the whole surface. 

This way the boiling hysteresis at low heat flux is avoided. To do so, the heat flux is directly 

increased to the highest value to be studied. Then it is decreased at the different values 

desired, waiting for the steady-state regime between each of them. Steady-state regime is 

considered reached when all the thermocouples’ measurements do not vary more than 0.5 °C 

over a 5 minute period at least when near partial dryout points, an accuracy of 0.2°C can be 

used for other cases. In general, it could be achieved in 25 minutes for higher heat flux and up

to 40 minutes for the very low heat flux.
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1.4.3 – Repeatability test

A repeatability test has been realized at different times. The average temperature 

measurements on the plates are repeatable. More precisely focusing on the heat flux, the 

worse accuracy is at low heat flux where the points are within a 20% relative error. For 

medium and high heat flux, the relative error is less than 5%. 

Concerning the temperatures, the worse relative error between the repeatability tests is at 

medium heat flux at with a maximum gap of 4°C. All other points are within a 1°C 

temperature difference.

The variation of mass fluid inside the system has also been considered. It is found to be the 

most important criterion when reproducing the same tests with different fillings. Because it is

a closed system the fluid mass introduced inside influences the system pressure, therefore the 

saturation temperature and the boiling heat exchange.

Therefore, through all the data comparisons presented in the rest of this article, they are 

obtained on one single filling of the experimental bench. This guarantees the same mass fluid 

inside the system for the same testing. 

2. Results and discussions

2.1 – Free boiling on horizontal plate

A free boiling study for the horizontal plate has been carried out to validate the experimental 

testbench and compare its results to the boiling literature, which is for the most part dedicated

to horizontal upward heated plates. This both constitutes a baseline test to validate the 

apparatus and allows a comparison with the vertical configuration for the next section.
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For this test, the condenser was set at 32°C and the wall superheats are calculated using the 

saturation temperature adjusted at the measured pressure for each data point. The data points 

are measured at decreasing heat flux. The resulting boiling curve is shown in Fig. 7. 

3 main boiling regimes are detectable in Fig. 7. Although no visual observation could be 

made because of the position of the horizontal heated plate inside the system, based on the 

difference in the slope of the data points and linking it to the literature it is possible to 

theorize the difference in the regimes observed. The literature in question is Gaertner’s 

photographic study [52] and Zuber’s proposition [53] on the transition between isolated 

bubbles and the fully developed boiling on a horizontal heated plate. 

In Fig. 7, region A corresponds to the convection prevailing regime. At very low heat flux, it 

is predictable that the heat flux released from the heated plate is still insufficient to supply the

liquid-vapor phase change for most of the vapor embryos on the surface. Further proof of the 

predominance of convection in this regime, is the gap in measured heat flux between the 

second and third point of the series. The explanation is that at very low heat flux, most 

nucleation sites fade out thus decreasing the heat transfer coefficient on the heated surface, 
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drawing near convection. Therefore, a greater portion of heat flux is lost to the conduction to 

the sides of the plate instead of going through it.

Region B of Fig. 7 corresponds to the boiling regime. In this regime, there are several 

progressive transitions. The low heat flux zone of B corresponds to the isolated bubble 

boiling regime, where most nucleation sites are still sustained (at decreasing heat flux) and 

drastically increase the heat transfer rate on the surface through a mix of enhanced convection

by bubbly flow and phase change. In this region, the heat flux density can be multiplied 

tenfold but the wall superheat only increases by 4°C. This is because most of the new heat 

flux introduced in the system is absorbed by the latent heat to supply the vapor phase change, 

which is not yet covering the whole surface. This zone typically represents the best regime 

for working cooling applications, as the wall superheat is contained in a narrow range. As is 

marked in Fig. 7, there is a point that marks the shift towards fully developed boiling, from 

where the slope starts to decrease again. This can be interpreted for the plate being 

completely covered in active nucleation sites, which allows the development of a different 

flow configuration at the global level in front of the heated plate. At higher heat flux, jets of 

vapor begin to form. These can combine to form small vapor mushrooms. 

Zuber [53] proposed a correlation for the transition between the isolated boiling sub-regime 

to the fully developed boiling sub-regime:

q trans=0.8 ρv Δhl , v [gσ / (ρl− ρv )]1/4 (28)

Where ρ v and ρl are the vapor and liquid density, Δ hl ,v is the latent heat of vaporization, g is 

the constant of gravity acceleration and σ  is the surface tension. With Eq. 28 applied to 

Novec 7000 properties on a horizontal surface, the predicted transition heat flux is qtrans=10 

W/cm². This agrees well to the change of slope observed in the boiling curve at this transition

point.

Finally, region C in Fig. 7 presents a different slope indicating a much slower increase of heat

transfer coefficient for higher heat flux. This time, the wall superheat increases at a 

significant faster rate compared to the heat flux. This suggests the approaching of the film 

boiling regime, where the whole surface can gradually become covered in a thin layer of 

vapor. The vapor layer, because of its poor thermal properties, acts as insulation. The shift 

towards film boiling is also progressive, passing through a partial dry out phase where only 

smaller zones of the surface are intermittently covered in vapor. 
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Zuber’s [18] correlation for critical heat flux is particularly adapted to the present study, as it 

is proposed for a horizontal upward heated plate. With Zuber’s correlation of Eq. 13 in Table

1, the predicted value of CHF is qZuber,CHF=19 W/cm². This agrees well with current 

experimental data, as suggests the high wall superheat increases measured near this heat flux.

A comparison of the same experimental data to convection and boiling heat transfer 

correlations is shown in Fig. 8. A logarithmic scale has been applied to better visualize the 

differences both at low and higher heat flux.

The correlations have been applied with the experimental measurements of the temperatures 

to determine the heat flux, which is then shown in Fig. 8. At low heat flux - up to 1,5 W/cm² -

convection correlations are used, to overlap the convection prevailing regime A of Fig. 7. 

The first correlation for horizontal convection correlation (see Eq. 1 from Incropera [22] in 

Table 1)  is the most widely used in the literature for upward horizontal plates for which the 

Rayleigh number is at least 1x107<Ra<1x1011, in this case Rayleigh number is Ra=1x1010. 

The Suzsko correlation of Eq. 2 [23] is based on experimental results of PF-5060 dielectric 

fluid on a small copper surface, while the El-Genk Eq. 3 [24] is based on experimental data 

with Novec 7000 on a small copper surface. As can be seen in Fig. 8, for heat fluxes of less 

than 0,3 W/cm² most correlations predict a lower wall superheat compared to the measured 
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one. This can be explained with the better heat transfer rate of copper compared to the steel 

surface of the present study. They do agree with current experimental data around 1 W/cm², 

then start to predict higher wall superheats at higher heat flux. The lower measured wall 

temperatures for q’’>1 W/cm² are explained by the phase change phenomena present here, 

which increase the heat transfer rate. 

For the developed boiling correlations, the Rohsenow [28] (Eq. 7) and Forster-Zuber [30] 

(Eq. 9) especially predict lower wall superheats compared to experimental data. The Stephan-

Abdelsalam [29] (Eq. 8) is the closest to experimental data, especially up to the developed 

boiling regime at 10 W/cm², but for higher heat flux it also predicts lower wall superheats. 

Once again, the plate being made of steel, the heat exchange can be decreased by its lower 

conductivity. Moreover, these correlations were developed especially for developed boiling 

regime and not partial dry-out. This is contradicted by the El-Genk [31] correlation (Eq. 10) 

which is also found for boiling with Novec 7000, but with a copper heated plate of 10x10 

mm² and at 0,85 bar. The lower saturation condition coupled with the smaller size of the 

heated plate promotes the appearance of film boiling sooner, thus lowering its heat transfer 

coefficient and increasing the wall superheat. This explains why our experimental data 

provides lower wall superheat compared to that of El-Genk.

Finally, the correlations for film boiling from Bromley [32] (Eq. 11) and Chang [33] (Eq. 12)

predict very small values of heat flux. This is because their correlation is especially fitted for 

stable film boiling regime, where a constant layer of vapor covers the heated surface. This is 

not the case here, as during partial dry-out there is intermittent passing between liquid and 

vapor phase on the heated plate.

2.2 – Free boiling on vertical plate

The free pool boiling case on the vertical plate is realized setting the canal width at 15mm. 

The vertical heated surface is heated on its own for these tests. To justify that 15mm is 

enough to consider a free boiling configuration, the capillary length Lcap can be calculated. 

This value gives the minimum distance between the walls before confinement effects can be 

observed in a canal. It is not a foolproof quantity, but it gives an appreciation of the order of 

magnitude of this conceptual distance.

Lcap=√ σ
g( ρl−ρv )

(29)
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Different authors have discussed about correlations starting from Lcap to obtain the closest to 

the real value of the transition between microscale (where gravitational forces can be 

neglected) and macroscale (surface tension effects can be neglected compared to gravitation).

Layssac [54] realized a scientific review of the different ways of calculating the capillary 

length, depending on the author’s definition. He found that the correlations of the criterion for

the transition distance from macroscale to microscale range from d tr=0.134 Lcap to

d tr=2 π Lcap. For Novec 7000, Lcap=0.9 mm. It is then possible to safely assume that a 15mm 

gap between the walls is enough to consider the system in the free configuration case. Indeed,

in the worst case d tr=2 π Lcap=5.7mm which is still much smaller than our 15mm distance.

An example of a typical result produced by the experimental procedure is given in Fig. 9. The

error bars show the uncertainties calculated for each point. It represents a boiling curve as in 

most boiling literature, with wall superheat on the x-axis and surface heat flux on the y-axis. 

In Fig. 9.A, it is possible to see that a considerable number of bubbles is still active even at 

low heat flux. As explained in the previous chapter, all the points of the boiling curves are 

obtained at decreasing heat flux. This is the reason why even at the lowest heat flux there are 

still some nucleation sites active, as they were activated sooner at a higher heat flux. At very 

low heat flux, convection still plays an important role. Therefore, this regime can be defined 

as ‘enhanced convection’, as the limited nucleation still creates a bubbly flow improving the 

heat transfer coefficient compared to convection alone. Compared to the horizontal plate, the 

bubbly flow created from the few nucleation sites still active further enhances heat transfer 

coefficient: this is because of the vertical configuration. Indeed, because of gravity the 

bubbles travel along all the surface and improve the mixing of hot and cold fluid in front of it.

On the other hand, for the horizontal plate, when the bubbles are created, they instantly 

ascend interacting a lot less with the adjacent surface.

For a heat flux of more than 2 W/cm² the density of active nucleation sites is increased as 

they are distributed more evenly across the heated surface. Although boiling is developed at 

this stage, the bubbles have little to no interaction with each other. This corresponds to the 
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‘isolated bubble regime’ as seen in Fig. 9.B1. Moreover, an inflexion point is present around 

2 W/cm², as the data slope changes. This represents the point where boiling starts to prevail 

on convection heat exchange.

At around 10 W/cm² coalescence appears in Fig. 9.B2 and another inflexion point in the 

boiling curve is observed in the boiling curve. This represents the point where coalesced 

boiling occurs, further improving heat exchange and entering a new regime. This happens 

when vapor creation is faster than its ejection from the boiling surface. 

Film boiling is typically observed as an asymptote, with very high increases of wall superheat

with a small increase of heat flux. In the free configuration, the testbench heat flux was not 

enough to observe critical heat flux. However, at the highest heat flux the slope of the boiling

curve was strongly decreasing, meaning that film boiling was approaching.

In Fig. 10 the same boiling curve is compared to the literature to validate the reference data 

for the free configuration with both convection correlations at low heat flux – Bahrami [25] 

(Eq. 4), Churchill and Chu [26] (Eq. 5), Gan [27] (Eq. 6) - and pool boiling correlations at 

higher heat flux -Rohsenow[28] (Eq. 7), Stephan and Abdelsalam [29] (Eq. 8) and Forster 

and Zuber [30] (Eq. 9). A logarithmic scale is applied to facilitate the comparison for both 

low and high heat flux.
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In Fig. 10, the points at low heat flux are compared to a correlation of convection in front of a

vertical plate from Bahrami [25], Churchill and Chu [26] and from Gan [27]. For heat flux 

lower than 1 W/cm², both convection correlations produce quite close wall superheats to 

present experimental data. Up to 0.5W/cm², convection seems to be the biggest contributor to

the heat exchange. For heat flux higher than 1 W/cm², the gap between convection and 

experimental data grows, meaning the slight bubbly flow has an increasingly important role 

in increasing the heat exchange coefficient. The difference between the current experimental 

data and the convection correlations is bigger for the vertical plate compared to the horizontal

plate: this is once again because of the vertical configuration and its particular enhanced 

convection regime, which allows the bubbly flow to interact more with the heated plate at 

low heat flux.

The points at high heat flux are compared to three correlations from boiling literature. For the

Rohsenow boiling correlation, the coefficient representing the couple of fluid/wall interaction

between Novec 7000 and stainless steel could not be found. It was adjusted as advised by 

Van Carey [55] to better follow experimental data for refrigerants. The coefficient of Eq. 7 

from Table 1 is taken at Cs,f=0.005. Both Rohsenow [28] and Abdelsalam [29] correlations 

predict wall superheats that are always less than 2 °C away from present experimental data.

The Forster and Zuber correlation [30] predicts lower values of wall superheat than present 

data with the biggest difference in the isolated bubble regime. At higher heat flux it correlates

more closely with present data, which can be expected as this correlation is mostly true for 

fully developed boiling regime at higher heat flux.

2.3 – Enhanced convection regime on vertical plate

7 configurations have been studied with different vertical canal widths, from the free case to 

the most confined one being at e = 0.5 mm. In the present section, the heat flux on the vertical

plate is shown between 0 and 3.5 W/cm², the horizontal plate was not heated. The condenser 

water/glycol mixture input was set at 32 °C with a flow rate of 7.4 L/min. Only the vertical 

plate was heated for this comparison.

The results can be seen in Fig. 11.A, where a clear order is observed for each heat flux: the 

higher the confinement, i.e. the smaller the canal width, the lower the wall superheats. 
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The free configuration consistently produces the highest superheats. Also, the free 

configuration case is very close to when e = 2 mm for q’’>2 W/cm². This validates our 

hypothesis that in the free configuration case (where e=15mm) the fluid can be considered 

unconfined.

The difference in superheats between canal widths is not linear. Indeed, there is a larger gap 

between the confinements e=0.5mm and e=0.75mm than from all the other canal widths. 

Also, at lower heat flux the spread in wall superheat between all confinements is closer than 

for higher heat flux, from less than 2°C to more than 4°C. This decrease in wall superheat at a

smaller canal width can be associated to the higher surface at the interface between the 

liquid-vapor phases, through bubble flattening and bubble coalescence inside the canal. 

Convection should also improve through confinement.

A ratio of the heat transfer coefficient at a given canal width compared to the one for the free 

configuration can be observed in Fig. 11.B. The data shown here is calculated with a 

thermocouple immersed directly in the fluid, in front of the thermocouples inside the heated 

plate. For the highest confined case e=0.5mm, the heat exchange is improved up to 600% at 

low heat flux. Once again, the impact of confinement on heat transfer coefficients is not 

linear.

Bonjour [4] found the same trends during his research on confined boiling, using R-113 fluid:

small canal widths allow lower wall superheats than the free case. He also observed a 

peculiar result about the width of the canal: at the most confined cases (Bo=[0.08;0.33]) the 
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Figure 11
(A) - Boiling curves at different confinements at low heat flux

(B) – Heat transfer coefficient comparison at low heat flux

(A)



heat transfer coefficients go through a maximum value at Bo=0.19, then decrease again for 

Bo=0.08. This trend is not observed in the current research, but it is possible that the range of 

the confinement was simply not small-scale enough, as current experimental data is for 

Bo=0.27 at the lowest.

Ait-Ameur [13] witnessed the same phenomenon with R-113 fluid. The heat transfer 

coefficient increases at low heat flux with the reduction of canal width up until they reach an 

optimum for Bo=0.25 (where heat transfer increases up to 600%), then they decrease again as

the canal width is further reduced. 

As a partial conclusion for this range of heat flux, confinement provides a decrease in global 

wall superheats. The more the confinement, the lower the wall superheat. 

2.4 – Fully developed nucleate boiling and coalescence on vertical plate

Data at the same vertical canal widths but at higher heat flux produce quite different results as

shown in Fig. 12. 

This time, confinement does not lower considerably the wall superheat as seen in Fig. 12.A. 

On the contrary, at an increasing heat flux for an increasing canal width the boiling curve 
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Figure 12 
(A) - Boiling curves at high heat flux

(B) – Heat transfer coefficients at high heat flux

(A) (B)



presents a change in the slope. This trend is also clear through the heat transfer coefficients 

shown in Fig. 12.B, as they are clearly seen decreasing at higher heat flux.

It is noteworthy that only three series of points could achieve the maximum applied heat flux 

of 20 W/cm² at steady-state and without reaching critical heat flux. They correspond to the 

less confined cases such as the free configuration, e=2 mm and e=1.5 mm. For the other canal

widths film boiling was reached at a lower heat flux. Because film boiling increases 

drastically the wall superheats in short periods of time, it prevented to measure higher heat 

flux at small canal widths for safety reasons.

Given that at higher heat flux there is more heat to evacuate from the plate, the confined cases

restrict the access to the descending cold liquid compared to the free configuration. Hence the

liquid-vapor mix in front of the plate heats up even more while ascending in the canal, 

making it harder for the cold liquid to reach the heated plate.  

At 18 W/cm², it is interesting to notice that e=1.5 mm presents a noticeable increase in 

superheat (+3 °C) compared to e = 2 mm and the free configuration, while similar wall 

superheats between 5 and 16 W/cm². Moreover, as said before, this change in the slope is 

followed with the reaching of critical heat flux. This increase means that the confinement 

effect can be noteworthy at a canal width of 1.5 mm, but only at a high enough heat flux. If 

the same logic observed for other confinements is applied here, this means that the heat flux 

range of the study was not enough to display the limitations of confinement at e=2 mm. But 

for this study, it is possible to consider the e=2 mm case as a free configuration at this range 

of heat flux.

In the literature it is usually recognized that confinement limits heat exchange at high heat 

flux, this is not verified in the present research. But the existence of an inflexion point – 

which is shifted at a higher wall superheat for greater canal widths - is detected in this study. 

The authors believe that confinement does not limit heat exchange even at higher relative 

heat flux. More realistically, the critical heat flux appears for lower values in the confined 

cases, anticipating the shift to another boiling regime. 

Finally, at the highest heat flux the critical heat flux could also be observed for canal widths 

smaller than e=1.5 mm, this was not the case for the free configuration case in Fig. 9. These 

points are not shown here and will be treated in a later section. Also, the boiling regimes 

reported in Fig. 9 were also observed at the other canal widths, but the transitions between 
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regimes vary with confinement, this will be discussed in a later section through a regime 

map.

2.5 – Critical heat flux (CHF) on vertical plate

Focus is now shifted to the critical heat flux needed to reach film boiling. These data were 

obtained at increasing heat flux, unlike the previous study. The detection of film boiling was 

done through the thermocouple measurements coupled with visual observation. The 

thermocouples are responsive enough to measure significant temperature increases when film

boiling is reached. Indeed, the procedure consisted in gradually increasing the heat flux until 

the wall superheat increased considerably faster during the data acquisition. Film boiling 

often coincides with the impossibility of reaching steady-state regime, with temperatures 

rapidly exceeding the maximum operational temperature of the testbench.

Results are shown in Fig. 13. Film boiling was achievable only for the most confined cases, 

for canal widths smaller or equal than e = 1.5 mm. The heat flux is measured at the center of 

the heated plate, as it was the location where the temperatures rose the fastest and heat flux 

increased the most during confinement.

There is a clear decreasing trend of critical heat flux with confinement. This is in line with the

research found in the literature: several authors [4, 13, 34] observed the same behavior. 
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 Correlations from the literature have been added to compare current measurements to other 

studies, considering the pressure variations for each point. The Zuber [18] (Eq. 13) 

correlation does not include the confinement as a parameter, but it is the most widely used in 

boiling literature as a starting point for critical heat flux determination for an infinite upward 

horizontal plate. It is represented as a fixed value not depending on e at qCHF=19W /cm ². 

Another value not depending on confinement is the one from El-Genk [31] (Eq. 15), it is still 

included here as their study was also done with Novec 7000 but on a copper surface and at 

0.85 bar. Seeing the trend of present data, it is reasonable to assume that their predicted value 

of qCHF=29W /cm ² could very well be reached at higher canal widths or in the free 

configuration.

Xia et al. [34] developed a correlation with similar terms of the Zuber one, which has the 

aspect ratio H/e as a parameter for a vertical plate. Their correlation fits quite well with the 

current experimental data for smaller confinements, with an increasing relative error at higher

canal widths up to 37%. The same is true for the Monde et al. [16] correlation, while the 

Bonjour and Lallemand [15] one presents a larger relative error at higher canal widths. These 

correlations do show marginally lower values of CHF, and this can be explained by boundary

condition of the heated vertical plate in the testbench. In fact, on the sides of the heated plate 
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there is the Deltherm thermal insulation material (refer to Fig. 2, described in section 1.1). On

the sides of the heated plate - in front of the insulation material - cold fluid descends 

smoothly, as there is not an ascending hot flow there. This increases cold fluid supply from 

the sides, thus increasing heat transfer coefficients and retarding CHF.

On a physical level - for higher confinements such as e = 0.75 mm and especially e = 0.5 mm

- even the shape of the bubbles is clearly flattened in the small canal width, increasing 

chances of coalescence as shown in Fig. 14. Vapor accumulation is thus greatly enhanced 

because of the smaller canal width, anticipating film boiling for a lower heat flux. This 

phenomenon is amplified in our system as both the bottom and sides of the canal are closed, 

meaning the only entry for cold liquid is the top of the canal – where vapor is ascending.

Finally, another set of experimental data can be compared to validate the values of critical 

heat flux for different confinements. The data taken at increasing heat flux in sections 2.3 and

2.4 could also reach critical heat flux at the highest heat flux for canal widths smaller or equal

to e=1.5mm. This could be observed as a sharp decrease in heat transfer coefficient at a high 

enough heat flux. The results are shown in Fig. 15. The heat flux associated with the acute 

decrease in heat transfer coefficient correspond to the critical heat flux measured and shown 

in Fig. 15.
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bubbles at e=0.5mm



2.6 - Influence of confinement on vertical plate boiling regimes

A stream map of the boiling regimes for the vertical plate has been experimentally obtained, 

the results are shown in Fig. 16. Plus, Fig. 17 shows typical photos of the 3 boiling regimes.

The isolated bubbles regime starts at the ‘Onset’ heat flux data series on the graph, which 

represents the minimum heat flux needed for the activation of the first nucleation site. For a 

lower heat flux there is only natural convection. The ‘Developed’ data series corresponds to 

the point where nucleation site density becomes significant enough to cover the whole 

vertical surface. The ‘Coalescence’ series represents the minimum heat flux at which bubbles 

start to coalesce. Both these regimes are mainly recognized through optical visualization. 

Finally, critical heat flux data corresponds to that of section 2.5.

It is curious to observe that there is a crossing point between the coalescence and the 

nucleation points. For large canal widths, the heat flux needed to reach nucleation on the 

whole surface is always smaller than the one needed to reach coalescence. Inversely, for 

smaller canal widths coalescence is obtained with a smaller heat flux than for nucleation on 

the whole surface. This is because at small gap sizes (e<1mm) there is much less space for 

both the vapor and liquid phase to coexist and flow. Hence the vapor is entrapped between 

the heated surface and the wall. This flattens the vapor bubble and increases the probability of

activating the neighboring sites then coalesce with them. This can happen before all the 

surface is covered in nucleation sites and the effect is even more important at very small gap 

sizes, where the isolated bubbles regime lasts only for very low heat flux. This can be 
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Figure 16 - Steam map of boiling regimes
A – Present study, B – Bonjour [56]



observed to the example of snapshots for confined boiling in Fig. 17.B, as coalescence is 

obtained on the higher part of the plate, before nucleation is present on the whole surface.

Somewhere between the heat flux associated to high coalescence and the critical heat flux, a 

partial dry out regime exists. But due to its erratic nature, it was too difficult to fix a 

requirement to use as a clear mean of identification of the start of the regime during testing. 

Indeed, there was not a big visual difference between a partial dryout regime and the critical 

heat flux, which is why the thermocouples were used to recognize the latter. An example of 

critical heat flux in a confined case is shown in Fig. 17.C.

These results show a very similar demeanor with the stream map shared by Bonjour et 

Lallemand with R113 fluid with a vertical plate [56]. This validates the overall trends 

observed in the study.

2.7 – Influence of the heating of one plate on the other

This original configuration representing the corner of a parallelepipedal heating element, with

the two adjacent heated plates at a 90° angle, was also realized to highlight the influence of 

one plate on the other.  To achieve this, it is useful to compare the boiling curves of the 

horizontal and vertical plates when the plates are heated on their own or simultaneously. Both

plates simultaneous boiling represents a situation where a parallelepipedal heating element 

(such as components found in an electric vehicle) is cooled on more than one side. Moreover,
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Figure 17 - Boiling regimes for confined boiling (e=0.5mm):  isolated bubbles (A), coalescence (B) and film
boiling (C)



a juxtaposition of data for both the free case ‘∞’ and for the smaller vertical canal width 

‘e=0.5mm’ is given to check if it has an impact for both cases, even on the horizontal plate.

In Fig. 18 are plotted the boiling curves of the horizontal plate, for when both plates are 

heated (‘H+V’ configuration) and when just the horizontal is heated (‘H’). The free 

configuration is represented with the red cross markers, while when the vertical canal is 

confined in the blue points markers. 

Up to 12 W/cm², there is little to no variation between all the data points (<1°C). For higher 

heat flux, corresponding to the fully developed boiling regime, some differences occur. First, 

when the horizontal plate is heated on its own, a change in the vertical canal width does not 

influence the heat exchange on the horizontal plate. On the other hand, the canal width does 

impact heat exchange when both plates are heated: when the vertical plate is confined, it 

lowers the wall superheat on the horizontal plate. The temperature difference between ‘H+V 

∞’ and ‘H+V e=0.5mm’ reaches a maximum of 8°C at the highest heat flux, suggesting the 

impact of the vertical plate on the horizontal grows with heat flux. Indeed, the vertical plate 

influence is basically nonexistent for q’’<12 W/cm².

Another takeaway from Fig. 18 is that when both plates are heated, the horizontal one 

presents lower wall superheats than when it is heated on its own, independently of the 
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Figure 18 - Boiling curves for the horizontal plate in different configurations



configuration.  This is an interesting result, as it could be thought that because when both 

plates are heated there is a higher quantity of heat introduced in the system: this could 

increase wall superheats overall. Although direct visualization for the horizontal plate is not 

possible, it is fair to assume that the boiling flow created in front of the vertical plate induces 

some complex recirculation flows inside the system favoring the horizontal plate. This effect 

is more significant for the smaller vertical canal width. It means that in the free configuration 

- where there is enough space in front of the vertical heated plate - the vapor created in the 

canal has enough space to expand and condensate far enough from the horizontal plate, 

impacting less its heat transfer coefficient. 

Focusing now on the difference of heat exchange for the vertical heated plate, Fig. 19 shows 

the difference between when both plates are heated simultaneously and when the vertical 

plate is heated on its own. The data is given at two different vertical canal widths too.

This time, the horizontal plate has no impact on the vertical plate’s heat exchange. Indeed, 

both for the confined case and for the free configuration, the difference in the boiling curve 

remains inconsequential. It is also interesting to validate once again the effect of 

confinement, both when the vertical plate is heated on its own or with the horizontal plate. It 

lowers the wall superheats for heat flux up to 6 W/cm² compared to the free configurations, 
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Figure 19 - Boiling curves for the vertical plate for different configurations



but then it immediately reaches the partial dry-out regime, increasing the temperatures much 

faster. 

Hence, although the horizontal plate has no significant effect on the vertical plate, the vertical

plate does have a beneficial impact on boiling on the horizontal plate. For this reason, at the 

same overall heat flux density, it is recommendable to use both the horizontal and the vertical

surfaces of the coin of a parallelepipedal heating element in immersion two phase cooling. A 

confrontation with the literature of these conclusions was not possible, as they are completely

original.

Conclusion

A novel experimental testbench has been developed to study boiling of a dielectric fluid 

(Novec 7000) on both a horizontal and a vertical plate creating a 90° angle between them. 

The present study focuses on the validation of experimental results on this new experimental 

device on both plates, with an emphasis on the influence of confinement on boiling on the 

vertical surface. Confinement has been found to improve considerably heat exchange at low 

to medium heat fluxes (0-5 W/cm²), while at higher heat flux a limited to no improvement 

could be measured. Moreover, confinement lowers the critical heat flux. The temperature 

measurements were coupled with a visual study to identify boiling regimes depending on 

confinement. This allowed for the detection of a crossing point between coalesced bubbles 

and nucleation on the whole surface depending on heat flux, compared to the free 

configuration case. To conclude, simultaneous and isolated heating has been applied to both 

heated plates to examine the reciprocal influence of boiling on each: vertical plate improves 

heat exchange on the horizontal one, whereas horizontal plate has no effect on the vertical. 

Thus, for the same overall surface heat flux density it is beneficial to let boiling occur on both

faces of a corner of a parallelepipedal heating element instead of favoring only one side for 

cooling.
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Figure A.1 – Frontal schematic view of the vertical plate Figure A.2 - Upper schematic view of the horizontal plate

Figure A.3 – Section schematic view of the vertical plate in the free
configuration

Figure A.4 - Section schematic view of the vertical plate in the confined
configuration
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