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A B S T R A C T

Bubble nucleation and dynamics can play a significant role in the nucleate boiling mechanism during flow 
boiling. Understanding the behaviour of nucleating bubbles at different operating conditions can help identify 
the control parameters that should be included in proposed heat transfer models and correlations. This paper 
presents an experimental work on measurements of active nucleation site density, bubble generation frequency 
and departure diameter during flow boiling of refrigerant HFE-7100 in a microgap heat exchanger. The microgap 
heat exchanger had a heated flat surface of 20 mm width, 25 mm length and an adiabatic transparent cover 
located 1 mm above the heated surface. This allowed direct flow visualisation using a high-speed, high-resolution 
camera of a relatively large observation area. The effect of heat flux, mass flux and system pressure on the active 
nucleation site density and bubble dynamics (frequency and departure diameter) was examined. All experiments 
were carried out at inlet sub-cooling of 5 K, inlet pressure of 1 and 2 bar, mass flux of 100− 200 kg/m2 s and wall 
heat flux up to 84 kW/m2. The experimental results were then compared with existing models and correlations 
predicting nucleation site density, bubble generation frequency and departure diameter with limited success. The 
dominant parameters were also identified, and new correlations were proposed based on the experimental re
sults. The results of the current work can help develop accurate prediction heat transfer models and encourage 
and enable researchers working in numerical modelling to consider nucleation from multiple sites, rather than 
simulating one single nucleation site.

1. Introduction

Two-phase flow boiling in heat exchangers is an effective heat 
transfer mode in power, refrigeration and air conditioning systems and, 
at the small to micro scales, in cooling high-heat flux electronics. This is 
because high heat transfer rates can be dissipated from the heated sur
face with small changes in the boiling surface temperature. It is well- 
known that flow boiling can be classified into two main categories, 
sub-cooled and saturated flow boiling. In sub-cooled flow boiling, the 
liquid temperature outside the wall thermal boundary layer is below the 
saturation temperature and thus bubbles that nucleate, grow and depart 
from the heated surface, can then collapse in the liquid bulk due to 
condensation. Additionally, the bubble shape is flattened at the upper 
surface of the bubble due to condensation effects as reported by Zhou 
et al. [1]. On the contrary, in saturated flow boiling, the liquid tem
perature outside the wall thermal boundary layer equals the saturation 

temperature and thus bubbles do not condense and continue to grow 
with further developments in flow patterns from bubbly to annular flow. 
Additionally, the bubbles are nearly spherical in shape compared to the 
flattened shape in sub-cooled boiling. Therefore, the heat transfer 
mechanisms and modelling approach in saturated boiling is different 
compared to sub-cooled flow boiling. Furthermore, bubble characteris
tics can be affected by several factors, as reported by [2,3]. These 
include, in addition to the operating conditions, working fluid, surface 
characteristics, channel geometry and orientation.

Several models/correlations were proposed by a number of re
searchers working in flow boiling heat transfer studies either based on 
the contribution of convective and nucleate boiling mechanisms or 
fitting the data with dimensionless groups. An example is the commonly 
used superposition modelling approach given by Chen [4]. It is worth 
mentioning that in small to micro-scale applications there are large 
discrepancies among the existing models/correlations, despite the large 
number of proposed micro-scale models/correlations. Fang et al. [5] 
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assessed 50 models/correlations using a wide range of experimental 
data and found that few correlations gave reasonable prediction, e.g. 
five correlations out of the fifty predicted the data with MAE < 40 %. 
The reasons for the discrepancies among the existing mod
els/correlations were discussed by Karayiannis and Mahmoud [6] and 
[7]. In addition, the prediction of two-phase pressure drop is an addi
tional challenge in the thermohydraulic design of small-scale cooling 
systems, as mentioned by Al-Zaidi et al. [8] who assessed a wide range of 
pressure drop models/correlations. Accordingly, the thermal design of 
two-phase small to micro heat exchangers is still hindered by the lack of 
general prediction models. This calls for further research in the bubble 
nucleation site density, departure diameter and frequency, which 
characterise the nucleate boiling region and affect the convective part 
that follows.

In general, in sub-cooled flow boiling at all heat exchanger sizes, the 

heat transfer mechanism is driven by bubble nucleation and agitation 
near the wall and single-phase forced convection. Thus, the heat transfer 
coefficient was predicted by calculating the wall heat flux using a 
commonly used approach called “the wall heat flux partitioning”. This 
approach was suggested by Kurul and Podowski [9] and is commonly 
used in Computational Fluid Dynamics (CFD) commercial software 
packages with the name RPI (Rensselaer Polytechnic Institute). In the 
RPI heat flux model, the vapour bubble is assumed to lift-off from the 
nucleation site and enters the liquid bulk without slipping along the 
heated surface. This RPI model was modified by for example, Zhou et al. 
[1]. They observed that bubbles nucleate, slide along the heated surface 
then lift-off and thus they took the effect of bubble sliding and 
condensation into account. They reported that large portion of the su
perheated thermal boundary layer is removed by the bubbles during the 
sliding motion. This modelling approach depends on 

Nomenclature

A Area, [m2]
B Constant, [-]
Bo Boiling number, [-], Bo = qʹ́

w/Gilg
C Constant, [-]
Co Confinement number, [-], Co = (σ/gΔρ)0.5

/Dh
cp Specific heat capacity, [J/kg K]
CRB Empirical constant, [m/s0.5]
D Diameter, [m]
f Frequency, [Hz]
fexp Experimental Fanning friction factor, [-]
G Mass flux, [kg/m² s]
g Gravitational acceleration, [m/s²]
h Heat transfer coefficient, [W/m2 K]
h Average heat transfer coefficient, [W/m2 K]
H Height, [m]
ilg Latent heat of vaporization, [J/kg]
k Thermal conductivity, [W/m K]
L Length, [m]
Ja Jackob number, [-], Ja = ρlcplΔTsup/ρgilg
m Constant, [-]
ṁ Mass flow rate, [kg/s]
n Active nucleation site, [-]
N Number of data points, [-]
nu Kinematic viscosity, [m2/s]
Nuexp Average experimental Nusselt number, [-]
P Pressure, [Pa]
Prl Prandtl number, [-], Prl = cplμl/kl

qʹ́ Heat flux, [W/m²]
R Gas constant based on the molecular weight, [J/kg K]
Ra Average surface roughness according to DIN ISO- 

4287:1997, [µm]
Rc Cavity mouth radius, [m], Rc = 2σTsat/ρgilgΔTsup

Rel Liquid Reynolds number, [-], Rel = GDh/μl
Rels Superficial liquid Reynolds number, [-], Rels = GDh(1 − x)

/μl
Rp Maximum profile peak height according to DIN ISO- 

4287:1997, [µm]
RP Reduced pressure, [-], RP = Pin/Pcr
s Distribution parameter, [-]
Sa Average surface roughness of scan area, [µm]
t Time, [s]
T Temperature, [K]
uτ Wall velocity, [m/s]

U Absolute uncertainty, [-]
v Specific volume, [m³/kg]
W Width, [m]
Y Vertical distance between first row of thermocouples and 

gap surface, [m]
x Vapour quality, [-]
z Distance measured from channel inlet, [m]

Greek symbols
ΔP Pressure drop, [Pa]
ΔT Temperature difference, [K]
θ Contact angle, [degree]
θt Contact angle as a function of temperature, [degree]
θY Young’s contact angle, [degree]
µ Viscosity, [Pa s]
ρ Density, [kg/m³]
ρ+ Non-dimensional density difference, [-]
σ Surface tension, [N/m]
τw Wall shear stress, [kg/m s2]

Subscripts
b Bubble, base
c Viewing area
ch Channel
cr Critical
cu Copper
d Departure
exp Experimental
g Vapour, growth
h Hydrolic
in Inlet
l Liquid
meas Measured
pred Predicted
sat Saturated
sup Superheat
sys system
th Thermocouple
w Wall, waiting
z Axial local

Abbreviations
MAE Mean absolute error, [%]
NS Nucleation site, [-]
NSD Nucleation site density, [site/m2]
ONB Onset of nucleate boiling, [-]
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sub-models/correlations for the prediction of bubble departure diam
eter, frequency, and nucleation site density (NSD), i.e. number of active 
nucleation sites per unit area. In other words, the accuracy of this 
method depends largely on the accuracy of the sub-models. Therefore, 
understanding the dependence of the NSD, departure diameter and 
frequency is important and can lead to improvements in the mod
elling/correlation attempts.

1.1. Bubble departure diameter and frequency

There are several models for the prediction of bubble departure 
diameter in pool boiling. Mahmoud and Karayiannis [10] presented a 
thorough analysis and discussion of pool boiling using three different 
fluids, namely water, HFE-7100 and FC-72. They evaluated a number of 
models and correlations of bubble departure diameter and reported 
large discrepancies. They found that one group of correlations predicted 
that the departure diameter was independent of wall-superheat, a sec
ond group that the departure diameter increased moderately with 
wall-superheat and a third group predicted that the departure diameter 
increased strongly with wall-superheat. They attributed this disagree
ment to the following reasons: (1) different thermal boundary condi
tions, i.e. constant surface temperature or constant heat flux, (2) 
different surface materials and microstructures, (3) measurement un
certainty in the bubble departure diameter, (4) definition of bubble 
diameter, i.e. equivalent diameter and (5) experimental methodology, i. 
e. increasing or decreasing heat flux. Other researchers, [11–13], stud
ied saturated flow boiling of R134a, R407C and FC-72, and proposed 
correlations of bubble generation frequency and departure diameter. For 

example, Lie and Lin [11] investigated saturated flow boiling of R134a 
in a horizontal channel having 1 and 2 mm height. They performed their 
experiments at a system pressure of 4.14 and 4.88 bar, mass flux of 200‒ 
300 kg/m2 s and heat flux up to 45 kW/m2. Their results showed that the 
bubble departure diameter increased with increasing heat flux and 
decreasing mass flux and system pressure. The bubble frequency was 
found to increase with increasing heat flux, mass flux and system pres
sure. Thus, they correlated their data using the dimensionless groups, i. 
e. Reynolds number, boiling number and confinement number. 
Recently, Zhao et al. [14] studied sub-cooled flow boiling of water in a 
vertical annulus. They measured bubble dynamics at single and multiple 
nucleation sites using a high-speed camera. Their experiments were 
conducted at a system pressure of 1.5 bar, flow velocity of 0.5 m/s, inlet 
sub-cooling of 10‒30 K and heat flux of 250‒700 kW/m2. Their results 
showed that the bubble departure diameter decreased with increasing 
heat flux and inlet sub-cooling. They attributed the reduction in de
parture diameter with heat flux to the method of conducting the ex
periments. In their tests, they controlled the local sub-cooling by varying 
the inlet sub-cooling with each heat flux value. In other words, two 
parameters were varied simultaneously, namely the heat flux and inlet 
sub-cooling. They reported that this could lead to a thinner superheated 
layer, i.e. high temperature gradient near the surface, and thus a 
reduction in the bubble departure diameter. The bubble frequency was 
found to increase with heat flux. They also found that, at low heat fluxes, 
the frequency decreased with increasing sub-cooling, while an opposite 
trend was found at high heat fluxes. They reported that both departure 
diameter and frequency have a stochastic nature, i.e. significant varia
tion from site to site. Thus, they concluded that the models based on 

Table 1 
Models and correlations of bubble departure diameter.

Author(s) Correlation Fluid(s)

For pool boiling:

Fritz [15]
Dd = 0.0208θ

̅̅̅̅̅̅̅̅̅σ
gΔρ

√

θ = 45∘ for water

θ = 35∘ for refrigerants

Water & refrigerants

Cole and Rohsenow [16]
Dd = CJa∗5/4

̅̅̅̅̅̅̅̅̅σ
gΔρ

√

Ja∗ =
ρlcplTcr

ρgilg

C = 0.00015 for water

C = 0.000465 for others

Water & refrigerants

Phan et al. [17]
Dd =

(
6

̅̅̅̅̅̅̅̅
3/2

√ )1/3
(

ρl
ρg

)− 0.5(ρl
ρg

− 1
)1/3

(tanθ)− 0.25
̅̅̅̅̅̅̅̅̅σ
gΔρ

√ Water, n-pentane, FC-72 & HFE-7100

Cole [18] Dd = 0.04Ja
̅̅̅̅̅̅̅̅̅σ
gΔρ

√ Water, acetone, methanol & n-pentane

Kim and Kim [19] Dd = 0.1649Ja0.7
̅̅̅̅̅̅̅̅̅σ
gΔρ

√ Water, methanol, n-pentane, R11, R113 & FC-72

For sub-cooled flow boiling:

Kossolapov et al. [20]
Dd = CRB

̅̅̅̅̅̅̅̅̅̅

6nul

uτ2

√

uτ =

̅̅̅̅̅τw

ρl

√

τw =
0.023Re− 0.2G2

ρl

CRB = B/2

B : theoretical constant, see Table 2 in their paper

Water

For saturated flow boiling:

Lie and Lin [11] Dd
̅̅̅̅̅̅̅̅̅̅̅̅̅
σ/gΔρ

√ = 0.353
(
ρl/ρg

)0.5Rels
− 0.2Bo0.2Co0.19 R134a

Lie et al. [12] Dd
̅̅̅̅̅̅̅̅̅̅̅̅̅
σ/gΔρ

√ = 0.25
(
ρl/ρg

)0.48Bo0.21Rels
− 0.08 FC-72

Hsieh et al. [13] Dd
̅̅̅̅̅̅̅̅̅̅̅̅̅
σ/gΔρ

√ = 0.9
(
ρl/ρg

)0.5Bo0.2Rels
− 0.25Co− 0.2 R407C
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single-site measurements could be highly unreliable. Tables 1 and 2
summarize the models/correlations of bubble departure diameter and 
frequency proposed by researchers.

1.2. Nucleation site density

Nucleation site density was extensively studied in pool boiling, with 
water being the most frequently tested fluid, see Table 3. Most re
searchers reported that the NSD increased with heat flux or wall su
perheat and consequently they correlated their data using one of these 
two parameters, see [24] and [25]. Nucleation site density in saturated 
flow boiling was also investigated by [11–13]. The experimental study 
by [11] included R134a as a working fluid and found that the NSD 
increased with increasing heat flux and reducing mass flux. The effect of 
system pressure was found to be insignificant. They proposed a corre
lation by introducing the Reynolds number and Bond number. A number 
of researchers [26–30] carried out sub-cooled flow boiling studies using 
different working fluids such as water, R113 and R134a. Basu et al. [26] 
measured the nucleation site density in sub-cooled flow boiling of water 
using a high-speed camera on a copper surface with a contact angle of 
30◦. They allowed for cold water to flow into the system from another 
tank to overcome bubble coalescence at high heat fluxes, which can 
supress the bubble size and reduce the bubble merging. It was found that 
the nucleation site density was independent of mass flux and inlet 
sub-cooling, but it depended on the wall superheat. The NSD was found 
to increase either with increasing wall superheat or increasing contact 

Table 2 
Models and correlations of bubble frequency.

Author(s) Correlation Fluid(s)
For pool boiling:

Jakob and 
Fritz [21]

fb =
0.078

Dd

Water

Cole [22]
fb =

(
4gΔρ
3ρl

)0.5
/Dd

0.5
Water, carbon tetrachloride, n- 
pentane, methanol & acetone

Zuber [23] fb =
(

0.59
(

σgΔρ
ρl

2

)0.25)

/Dd

Water, carbon tetrachloride & 
methanol

For saturated flow boiling:

Lie and Lin [11] fbDd

μl/(ρlDh)
= 3.7Rels

1.33Prl
2Bo0.725Co0.59 R134a

Lie et al. [12] fbDd

μl/(ρlDh)
= 0.65Rels

1.3Prl
0.7Bo0.66 FC-72

Hsieh et al. [13] fbDd

μl/(ρlDh)
= 1.61Rels

1.4Prl
2Bo0.7Co R407C

Table 3 
Models and correlations of nucleation site density.

Author(s) Correlation Fluid(s)

For pool boiling:

Gaertner and Westwater [24] NSD = qʹ́
w

2.1 Water
Lemmert and Chawla [25] NSD =

(
210ΔTsup

)1.805 Water

Wang and Dhir [31] NSD = 7.81× 10− 29(1 − cosθ)R− 6
c Water

Ardron and Giustini [32]
NSD = BR− m

c

[

erf
(

θY − 0.374
s

̅̅̅
2

√

)

+ erf
(

0.374
s

̅̅̅
2

√

)]

m = 3

B = 7 × 10− 12/m

s = 0.285

θY = 0.133
(

Tw

Tcr

)− 9.95

T : temperature in degree absolute

Water

For sub-cooled flow boiling:

Basu et al [26] NSD = 0.34 × 104(1 − cosθ)
(
ΔTsup

)2 (
ΔTsup,ONB < ΔTsup < 15K

)

NSD = 3.4 × 10− 1(1 − cosθ)
(
ΔTsup

)5.3 (
ΔTsup ≥ 15K

)
Water

Yang et al. [27] NSD = 104 ( 0.28ΔTsup
2.66) Water

Lie and Lin [28] NSD = 80352+ 8034ΔTsup
1.67Co0.51 R134a

Li et al. [29] NSD = 103(1 − cosθt)exp {f(p)}ΔTsup
AΔTsup+B

f(p) = 26.006 − 3.678exp(− 2P) − 21.907exp
(

−
P

24.065

)

A = − 0.0002P2 + 0.0108P + 0.0119

B = 0.122P + 1.988

P is in MPa

1 − cosθt = (1 − cosθ)
(

374 − Tsat

374 − 25

)0.719

Applicable to Water

Hibiki and Ishii [30]
NSD = 4.72 × 105

{

1 − exp
(

−
θ2

8 × 0.7222

)}[

exp
{

f(ρ+)
2.5 × 10− 6

Rc

}

− 1
]

Rc =
2σ

{
1 +

(
ρg/ρl

)}
/P

exp
{

ilg(Tw − Tsat)/(RTwTsat)
}
− 1

f(ρ+) = − 0.01064 + 0.48246ρ+ − 0.22712ρ+2
+ 0.05468ρ+3

ρ+ = log10

(ρl − ρg

ρg

)

P is in MPa

Evaluated data: Water & R113

For saturated flow boiling:

Lie and Lin [11] NSD =
[
− 0.029 + 4.82Bo0.409Rels

− 0.15]Dd
− 2 R134a

Lie et al. [12] NSD =
[
75Bo0.84Rels

− 0.15]Dd
− 2 FC-72

Hsieh et al. [13] NSD =
[
− 0.009 + 1000Bo1.25Rels

0.05Co0.06]Dd
− 2 R407C
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angle. They compared their data with some existing correlations and 
found wide scatter. Thus, they proposed empirical correlations based on 
the wall superheat range, see Table 3, which summarizes the mod
els/correlations of NSD suggested by researchers. They reported that 
their correlations were valid for other fluids and pressures as long as the 
wall superheat is above the superheat required for the onset of nucleate 
boiling. Zhao et al. [14] investigated sub-cooled flow boiling of water 
and showed that the nucleation site density increased with increasing 
heat flux, while the effect of inlet sub-cooling was insignificant.

As presented above, in most experimental studies, the nucleation site 
density was measured using water under highly sub-cooled conditions 
and the collected data were used to develop NSD models/correlations, 
which are widely used in literature. Additionally, there is a large number 
of micro-scale heat transfer models/correlations in literature but with 
large discrepancies. This discrepancy could arise from the accuracy of 
the sub-models adopted in these models/correlations for the nucleation 
site density, bubble departure diameter and frequency, which calls for 
more research. Thus, in the current study, active nucleation site density, 
bubble departure diameter and frequency were measured in flow boiling 
of HFE-7100 in a microgap at 5 K inlet sub-cooling. These parameters 
were not measured before in the past literature for this fluid, which is 
one of the recommended new generation coolants for electronic devices. 
The effect of heat flux, mass flux and system pressure were investigated. 
The collected experimental data were presented, discussed and used to 
evaluate existing models/correlations for the prediction of bubble de
parture diameter and frequency and NSD. The results of the current 
study will contribute to the development of accurate heat transfer 
models/correlations that are required for the design of flow boiling 
systems, including small to micro scale heat sinks operating in two- 
phase for cooling electronics. Additionally, it will help researchers 

working in numerical modelling include nucleation from multiple 
nucleation sites rather than one single nucleation site in their studies.

2. Experimental system and procedure

2.1. Experimental facility

Fig. 1 (a) shows the schematic diagram of the experimental system, 
while Fig. 1 (b) shows a photograph of the system. HFE-7100 was used 
as the test fluid, and it was stored in a reservoir, which included a 
cooling coil (helical copper tube) at the topside and an immersion heater 
inside the liquid. The coil, which was used as a condenser, was cooled 
using a circulation chiller. This coil along with the immersion heater was 
used to degas the test fluid before conducting the experiments and to 
control the system pressure during the experiments. A set of thermo
couples and pressure transducers were also connected to the liquid 
reservoir. A plate heat exchanger (sub-cooler) was mounted between the 
reservoir and the pump to control the fluid inlet temperature before the 
pump suction. This sub-cooler is necessary to prevent pump cavitation. 
A micro gear-pump (Cole-Parmer with maximum flow rate of 2300 mL/ 
min) with a digital driver was used to produce the required flow rate. 
Two thermocouples and two pressure transducers were placed at the 
pump suction and discharge. Two Coriolis flow meters (KROHNE 
Optimass) for low and high mass flow rates were connected to the 
experimental rig to measure the experimental flow rate. An electric pre- 
heater (FIREBAR) with 1.5 kW heating capacity was placed between 
these flow meters and the test section to control the fluid inlet temper
ature, i.e. inlet sub-cooling. The circulation chiller (Cole-Parmer Poly
stat chiller using glycol-water) had a cooling capacity of 2.9 kW. Three 
variable autotransformers (Carroll & Meynell) were used to control the 

Fig. 1. Experimental facility: (a) Schematic diagram, [33] (b) Photograph.
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supplied voltage then the input heat into the liquid reservoir, the pre- 
heater and the test section. A power meter (Hameg HM8115–2) with 
±0.4 % accuracy was connected between a variable transformer and the 
test section to measure the input power. All the measuring instruments, 
such as thermocouples, pressure transducers and flow meters, were 
connected to the data acquisition system (DAQ) from National In
struments with a logging frequency of 1 kHz. The DAQ was then 

connected to a computer, and LabView software was used to save all the 
measured data. The visualization system consisted of the microscope 
(Huvitz) clamped on the LED lighting system. A high-speed, high-reso
lution, camera (Phantom Miro-C210) was then mounted on the topside 
of the microscope. This camera was set at 1800 fps and 1280 × 1024 
pixel resolution to capture flow behaviour inside the test section.

Fig. 2. Experimental test section: (a) Exploded drawing (b) Heat sink block (microgap) dimensions, in [mm].

Fig. 3. Surface topography: (a) 3D scan area showing cutting marks as peaks and valleys (b) Profile line (The corner identified above is the edge between the end of 
the valley and the start of the peak).
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2.2. Microgap test section

The test section assembly consisted of six main parts namely bottom 
plate, housing, cartridge heaters, heater block, heat sink block and cover 
plate as shown in Fig. 2 (a). A PTFE sheet was used to manufacture the 
bottom plate and the housing to minimize the heat loss during the ex
periments. The housing was designed as two parts and had 16 horizontal 
holes drilled to insert thermocouples. Four cartridge heaters with a total 
power of 700 W were inserted vertically into the heater block. These 
heaters were used to supply the required heating power to the test 
section. Both the heater block and the heat sink block were made of 
oxygen-free copper. They were clamped together and a thermal paste 
(RS 503–357) was applied between them. In addition, an O-ring was 
inserted between the heat sink block and the cover plate to prevent any 
leakage. A transparent polycarbonate sheet was used to manufacture the 
cover plate in order to allow flow visualization. The cover plate included 
two semi-circular manifolds and six tapping holes to connect the inlet/ 
outlet flow tubes, inlet/outlet fluid thermocouples and inlet/outlet fluid 
pressure transducers. Two T-type thermocouples and connections of two 
Omega pressure transducers were inserted into the cover plate to mea
sure inlet/outlet fluid temperatures and pressures. In addition, one 
Omega differential pressure transducer with an accuracy of ±0.08 % 
was used to measure the total pressure drop inside the test section. A set 
of long bolts were inserted vertically around the test section to hold all 
these parts together. A high-precision micro-milling machine (HERMLE- 
C20U) was used to fabricate the heat sink block. Fig. 2 (b) shows the 
dimensions of the heat sink block that consisted of an O-ring groove and 
the microgap that were placed on the topside. The inlet and outlet plena 
had a semi-circular shape. The liquid enters the test section horizontally 

through a stainless-steel tube of 6.35 mm internal diameter. There is a 
change of direction at the wall of the plenum to enter the plenum 
vertically and subsequently change direction to flow horizontally in the 
plenum to the microgap. There is only one single channel (the microgap) 
and the size of the inlet plenum was large enough (much larger than the 
inlet pipe diameter) and ends with a cross section of the same di
mensions at the microgap entry point, which results in no flow maldis
tribution. This design was also tested successfully with multi- 
microchannels and with CFD analysis for single-phase flow. Additional 
explanation and validation can be found in Al-Zaidi et al. [33]. Sixteen 
holes were drilled horizontally inside this block to insert K-type ther
mocouples. Readings from these thermocouples were used to calculate 
the supplied base heat flux to the test section, see Section 2.3. Five of 
these thermocouples were located horizontally along the heated length, 
with a vertical distance of 3.5 mm from the microgap bottom surface, 
with the readings used to calculate the local wall temperature of the 
bottom surface, see Section 2.3. The microgap height, width and length 
were 1, 20 and 25 mm, respectively. These dimensions were measured 
using an optical machine (ZEISS O-INSPECT) with an accuracy of 
±0.002 mm.

The roughness of the microgap bottom surface was measured at three 
different locations and then the average value was taken. A 3D-Surface 
Metrology System (NP FLEX) was used in this analysis. All the surface 
data were then implemented in the Smile View Map software to generate 
3D images and further examine the surface topography. Fig. 3 depicts 
the profile line and the 3D scan area of one location. The cutting marks 
can clearly be seen on this surface as shown in Fig. 3 (a). These marks 
were formed as grooves having peaks and valleys. Generally, the 
average surface roughness of the profile line Ra was found to be 0.12 µm 
at a cut-off value of 0.8 mm according to ISO-4288 [34]. The maximum 
profile peak height Rp was also measured and found to be 0.16 μm. In 
addition, the average surface roughness of the scan area Sa was 0.13 µm. 
It is worth mentioning that the average surface roughness Sa is better 
than Ra to present the surface topography since it covers the entire scan 
surface.

2.3. Experimental procedure and data analysis

A degassing process was first carried out to ensure pure fluid in the 
system. Both adiabatic and diabatic experiments were then conducted 
before two-phase flow experiments. This initial step is necessary to 
validate the experimental system and all measuring instruments. In the 
adiabatic process, the inlet fluid conditions were set at 1 bar and nearly 
23 ◦C, while the mass flow rate was increased gradually. The same 
procedure was carried out in the diabatic process, while supplying heat 
to the test section.

The two-phase experiments were carried out at different operating 
conditions. The system pressure, i.e. the inlet pressure at the test section, 
was set at 1 and 2 bar. The inlet sub-cooling was kept at about 5 K, while 
the mass flux and the wall heat flux were varied between 100− 200 kg/ 
m2 s and up to 84 kW/m2, respectively. The wall and base heat flux 
calculation procedure is presented below. The exit vapour quality cor
responding to these conditions was up to 0.13. It is worth mentioning 
that the heat flux was increased further during the experiments till the 
exit quality of one or CHF was reached. However, only the results up to 
84 kW/m2 were presented in this study, i.e. before the onset of bubble 
coalescence. The supplied heat flux was controlled by the variable 
transformer and increased step by step. LabView software was adopted 
to save all measured signals and monitor any fluctuations in these sig
nals. The data were saved for two minutes after a small variation with 
the time in the temperatures, pressures and flow rates was reached, i.e. 
less than 5 %. The data were then averaged over the two-minute interval 
to be used in the calculations. The Engineering Equation Solver (EES) 
software was used to obtain all fluid thermophysical properties and 
calculate the output variables.

The flow patterns were captured using a high-speed, high-resolution 

Fig. 4. Visualization location of present camera.

Fig. 5. Bubble size measurements.
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Phantom camera and Phantom Camera Control software (PCC). The 
camera was located near the inlet and in the saturated flow region to 
clearly capture nucleating bubbles, see Fig. 4. The PCC software was also 
used to convert the recorded videos to a sequence of pictures to measure 
bubble dynamics. These videos were also played frame by frame to track 

flow features. The active nucleation site density was computed by 
dividing the total number of active nucleation sites n by the viewing area 
Ac of 8.8 mm × 11 mm, as in Eq. (1) below. 

NSD =
n
Ac

(1) 

The number of active nucleation sites was counted manually. These 
sites on the surface can be easily counted at low heat fluxes. However, 
the coalescence rate increased with increasing heat flux resulting in 
merged bubbles. Therefore, it was difficult to accurately measure bubble 
characteristics at high heat fluxes, i.e. greater than 84 kW/m2. Further 
details are presented in Section 3.2.

The camera lens was fixed at a constant focal-length, i.e. fixed 
viewing area, to reduce any errors in calibration. The camera was 
carefully calibrated using the horizontal gap edge, i.e. 1 mm, as a 
reference scale, see Fig. 2 (b). The width of this edge was first measured 
using a micrometre with an accuracy of ±1 μm. The calibration con
version from pixel size to distance unit was then found using the PCC 
software. The pixel size was converted to μm by multiplying by this 
conversion parameter in order to measure the bubble departure diam
eter. The bubble departure diameter was measured after the bubbles left 
their nucleation sites. This was carried out by taking the mean value of 

Fig. 6. Schematic of bubble growth cycle.

Table 4 
Experimental uncertainty.

Variables Uncertainty

Temperature (T-type) ±0.22 K
Temperature (K-type) ±0.21− 0.6 K
Pressure (inlet transducer) ±0.25 %
Pressure (outlet transducer) ±0.22 %
Differential pressure ±0.07 %
Coriolis mass flow rate ±0.035 %
Fanning friction factor ±12− 13 %
Average Nusselt number ±9− 14.5 %
Mass flux ±0.2 %
Reynolds number ±5 %
Wall heat flux ±1.5− 15 %
Nucleation site density ±10 %
Bubble departure diameter ±5.5− 19 %
Bubble frequency ±10− 23 %
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Fig. 7. Single-phase validation: (a) Adiabatic process (b) Diabatic process.

Fig. 8. Effect of heat flux on the nucleation site density at Psys=1 bar and G=100 kg/m2 s.

Fig. 9. Effect of mass flux on the nucleation site density at Psys= 1 bar and qʹ́
w= 65 kW/m2.
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the axial (a1), diagonal (a2) and transverse (a3) dimensions of each 
single departing bubble, as shown in Fig. 5. After that, the average value 
of all bubbles, seen in the capture area of 8.8 mm × 11 mm, was taken to 
present the average bubble departure diameter Dd. The growth time tg 
and the waiting time tw were measured for each single bubble, and then 
the average values were taken. The growth time is the time that the 
bubble spends on the hot surface to grow, i.e. (t = 1–t = 5), see the 
schematic in Fig. 6. Once this bubble departs the surface, a new bubble 
will form on the same site. This period between the departing bubble 
and new one is called the bubble waiting time, i.e. (t = 6–t = 2). The 
bubble waiting time is also defined as the required time to reform the 
wall thermal boundary layer, which is disrupted when the nucleating 
bubble leaves the nucleation site. The summation of these two times was 
then used to calculate the bubble generation frequency as follows: 

fb = 1
/(

tg + tw
)

(2) 

The bubble frequency represents the number of nucleating bubbles 
that are generated by one site per second. The average value of the 
bubble generation frequency was obtained by taking the average fre
quency for all the bubbles recorded in the 8.8 mm × 11 mm view area.

As mentioned above, the experimental facility was validated using 
single-phase flow and heat transfer experiments. The data reduction 
used in the single-phase validation is summarised as follows:

The experimental fanning friction factor was calculated from Eq. (3). 

Fig. 10. Effect of system pressure on the nucleation site density at G= 100 kg/m2 s and qʹ́
w= 65 kW/m2.

Fig. 11. Range of active surface cavities at different system pressures using 
Hsu’s model [40].

Fig. 12. Effect of heat flux, mass flux and system pressure on the nucleation 
site density.
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fexp =
ΔPmeasDh

2LchvlG2 (3) 

The pressure drop ΔPmeas was measured directly from the differential 
pressure transducer. The hydraulic diameter Dh was found from Eq. (4), 
while the mass flux was calculated using Eq. (5). 

Dh =
2HchWch

Hch + Wch
(4) 

G =
ṁ

HchWch
(5) 

Lch is the 20 mm channel length. Eq. (6) was used to calculate the 
average Nusselt number as follows: 

Nuexp =
hDh

kl
(6) 

The average heat transfer coefficient h was calculated from Eq. (7), 
while the local heat transfer coefficient h(z) was found at five locations 
along the heated length using Eq. (8). 

h =
1

Lch

∫Lch

0

h(z)dz (7) 

h(z) =
qʹ́

w
(Tw(z) − Tl(z))

(8) 

Eq. (9) was used to calculate the local wall temperature Tw(z), while 

Fig. 13. Effect of heat flux on the bubble departure diameter at Psys= 1 bar and G= 100 kg/m2 s.

Fig. 14. Effect of mass flux on the bubble departure diameter at Psys= 1 bar and qʹ́
w= 65 kW/m2.

Fig. 15. Effect of system pressure on the bubble departure diameter at G= 100 kg/m2 s and qʹ́
w= 65 kW/m2.
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Eq. (10) was used to find the local liquid temperature Tl(z). 

Tw(z) = Tth(z) −
qʹ́

bY
kcu

(9) 

Tl(z) = Tl,in +
qʹ́

bWchz
ṁcpl

(10) 

Tth(z), Tl,in, z and Y are the local temperature along the heated length 
obtained from the thermocouples, the liquid inlet temperature, the local 
distance from the channel inlet and the vertical distance between the 
first row of thermocouples and the gap surface (3.5 mm), respectively. A 
best-fit linear equation was obtained using readings from the five ther
mocouples and corresponding locations in the heater block, see Fig. 2
(b). This expression was then differentiated to obtain the temperature 
gradient with distance from the microgap surface and hence the base 
heat flux from Eq. (11) below. 

qʹ́
b = kcu

dT
dy

⃒
⃒
⃒
⃒
y=0

(11) 

The heat transfer active surface includes the base of the microgap, 

Wch × Lch plus the two side walls of surface area Hch × Lch . The wall heat 
flux can then be obtained from the base heat flux values using Eq. (12)
below. 

qʹ́
w =

qʹ́
bWch

(2Hch + Wch)
(12) 

Further details are also available in Al-Zaidi [33]. The liquid Rey
nolds number can be calculated using Eq. (13). 

Rel =
GDh

μl
(13) 

where μl is the liquid viscosity.

2.4. Uncertainty analysis

Table 4 presents the experimental uncertainties of all variables. The 
uncertainties in the measured variables (temperature, pressure and mass 
flow rate) were found from the calibration process or the datasheet by 
the manufacturer. A precision thermometer (ASL-F250 MK II) and a 
constant temperature bath using water-glycol were used to calibrate all 

Fig. 16. Effect of heat flux, mass flux and system pressure on the average bubble departure diameter.

A.H. Al-Zaidi et al.                                                                                                                                                                                                                             



International Journal of Heat and Mass Transfer 242 (2025) 126830

13

thermocouples. The uncertainties in the calculated variables (Fanning 
friction factor, average Nusselt number, wall heat flux, mass flux, 
nucleation site density, bubble departure diameter and bubble fre
quency) were derived based on the method described by Coleman and 
Steele [35].

The uncertainty in NSD measurements could result from the accu
racy of both n and Ac. The uncertainty of the viewing area Ac can be 
derived from the viewing length and width, after the pixel size was 
converted to μm using the calibration conversion. The uncertainty in the 
total number of active nucleation sites n was due to the random errors 
since these sites were counted manually for each frame of the images 
captured by the high-speed camera. These manual counts were con
ducted twice for the same set of images in order to reduce the uncer
tainty in n. It was found that, at high wall superheat (before the onset of 
coalescence), i.e. high number of nucleation sites, the difference be
tween these two counts was only 2‒3 sites for a total number of sites 
ranging from 45 to 82. As discussed above, the pixel size was multiplied 
by the calibration conversion to convert it to μm unit, and then to 
measure the bubble departure diameter. Therefore, the uncertainty in 
this measurement could result from the accuracy of the calibration 
conversion and the image measurement. The accuracy of the pixel 
measurement was taken to be ±2 pixel, see [36] for more details. The 
uncertainty of the bubble frequency was due to the uncertainties in the 
measurement of bubble growth time and waiting time. These un
certainties in tg and tw could be as large as the interval time between two 
image frames. For the present camera settings, this interval time was 
only 0.5 ms. Therefore, this accuracy of ±0.5 ms was used for each time 
to derive the uncertainty of the bubble frequency. The equations used to 
calculate the uncertainty in the derived variables are included in Ap
pendix A.

3. Results and discussion

3.1. Single-phase validation

System validation was performed using single-phase experiments 
before conducting the two-phase experiments. Fig. 7 (a) shows the 
experimental single-phase Fanning friction factor, while Fig. 7 (b) shows 
the single-phase Nusselt number plotted versus Reynolds number. The 
experimental results were compared with correlations proposed for 
laminar flow in non-circular channels. The figure demonstrates that 
there was a good agreement between the experimental data and these 
correlations. For example, the correlation by Copeland [37] predicted 
the experimental Fanning friction data with a mean absolute error of 15 
%. The experimental data points of Nusselt number were predicted very 
well by the correlations of Jiang et al. [38] and Lee and Garimella [39] 
with a MAE of 10 % and 14 %, respectively.

3.2. Nucleation site density

Fig. 8 shows the pictures captured by the high-speed camera at 1 bar 
system pressure and 100 kg/m2 s mass flux for two different values of 
heat flux, 39 and 65 kW/m2. It is interesting to note that the nucleating 
bubbles were found to form first at the surface cutting marks. These 
marks with peak and valley shapes can help trigger boiling since the 
corners of these valleys could act as nucleating sites, see Fig. 3 (a). The 
figure shows that the nucleation site density was low at 39 kW/m2 

compared to 65 kW/m2, i.e. the NSD increased with increasing heat flux 
and subsequent increase in wall temperature.

Fig. 9 depicts that, the NSD decreased as the mass flux increased from 
100 to 200 kg/m2 s for a fixed heat flux of 65 kW/m2. An increase in 
mass flux (high inertia force) leads to a reduction in the thickness of the 
wall thermal boundary layer, which may result in a suppression of 
bubble nucleation and then subsequently smaller NSD.

Fig. 10 shows the effect of system pressure on the NSD at a mass flux 
of 100 kg/m2 s and wall heat flux of 65 kW/m2. It was observed that 

Fig. 17. Sequence of images of bubble ebullition cycle at Psys= 1 bar, qʹ́
w= 39 kW/m2 and G= 100 kg/m2 s. (tg : Growth time, tw: Waiting time).
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when the system pressure increased from 1 bar to 2 bar, the NSD 
increased. It is well-known that surface tension decreases with 
increasing system pressure, which increases the size range of active 
nucleation sites as predicted by the Hsu model [40], see Fig. 11 for the 
two pressure values of this study. Therefore, increasing system pressure 
leads to the activation of the smaller surface cavities, i.e. more nucle
ation sites. Furthermore lower surface tension (higher pressure) leads to 

smaller bubble departure diameter (discussed later in Section 3.3). The 
net result is a higher number of nucleating bubbles that can be captured 
by the camera on the same heated area.

The effect of heat flux, mass flux and system pressure on the nucle
ation site density at different operating conditions is plotted in Fig. 12. 
The figure was plotted for wall heat fluxes up to 60− 84 kW/m2, where 
there was no bubble coalescence. With further increase in heat flux, 

Fig. 18. Sequence of images of bubble ebullition cycle at two locations at Psys= 1 bar, qʹ́
w= 57 kW/m2 and G= 200 kg/m2 s (NS: Nucleation site).
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bubble coalescence occurred, and it was difficult to measure the NSD. It 
is clear that the NSD increased with increasing wall heat flux, system 
pressure and reducing mass flux. However, the effect of mass flux was 
found to be small.

3.3. Average bubble departure diameter

Figs. 13–15 show pictures obtained with the high-speed high-reso
lution camera of bubble departure diameter at different heat flux, mass 
flux and system pressure. Fig. 13 was obtained at a system pressure of 1 
bar, mass flux of 100 kg/m2 s and heat flux values of 39 and 65 kW/m2. 
It is obvious that the nucleating bubbles had a spherical shape after 
departing the nucleation site and the departure diameter increased with 
increasing wall heat flux. For example, at wall heat flux of 39 kW/m2, 
the measured bubble departure diameter was 0.182 mm, while it was 
0.271 mm at a heat flux of 65 kW/m2. An increase in heat flux leads to an 
increase the evaporation rate underneath and around the bubbles and 
thus increases bubble volume. Fig. 14 depicts the bubble departure 
diameter at a wall heat flux of 65 kW/m2, system pressure of 1 bar and 
two mass fluxes of 100 and 200 kg/m2 s. The shape of these bubbles was 
still spherical even with increasing mass flux. However, the bubble de
parture diameter reduced from 0.271 to 0.184 mm when the mass flux 
increased from 100 to 200 kg/m2 s. Increasing mass flux leads to an 

increase in the inertia force, which helps “tear” these bubbles from their 
nucleation sites, i.e. there is less time for heat transfer from the surface 
or adjacent fluid and reduced growth time. Fig. 15 shows the pictures 
captured at different system pressures but fixed heat and mass flux. It 
shows that the nucleating bubbles had a smaller departure diameter 
with increasing system pressure, e.g. the bubble departure diameter was 
0.271 mm at 1 bar, while it reduced to 0.212 mm when increasing 
system pressure to 2 bar. This may be attributed to the reduction in the 
surface tension force as the pressure increases. Surface tension force 
tends to hold the bubble attached at the nucleation site (on the surface). 
Therefore, lower surface tension force could result in reduced growth 
time and hence smaller bubble departure diameter.

Fig. 16 presents the effect of heat flux, mass flux and system pressure 
on the average bubble departure diameter. It shows that the average 
bubble departure diameter increased with increasing wall heat flux and 
decreasing mass flux and system pressure. It was also found that the 
average bubble departure diameter varied from 0.09 to 0.33 mm for a 
heat flux range of 19− 84 kW/m2 during the tested operating conditions.

3.4. Average bubble frequency

The bubble departure frequency was calculated based on the bubble 
growth time and the waiting time, which were measured from the 
bubble ebullition cycle as depicted in Fig. 17 for a selected nucleation 
site at 1 bar, 39 kW/m2 and 100 kg/m2 s. At these operating conditions, 
the bubble growth time was 3.5 ms, while the waiting time was only 2 
ms. Therefore, the total cycle time was 5.5 ms giving a bubble frequency 
of 182 Hz. It was also noticed that the bubble frequency varied from one 
location to another. This can be seen in Fig. 18 at a system pressure of 1 
bar, wall heat flux of 57 kW/m2 and mass flux of 200 kg/m2 s. In this 
figure, two nucleation sites were captured at the same heated area 
namely NS1 and NS2. At 0 ms, a nucleating bubble was activated at NS1, 
while no bubble was seen at NS2. At 3 ms, this bubble departed from the 
NS1 and began to slide. At 5 ms, a new nucleating bubble was captured 
at NS1. NS2 generated the first nucleating bubble during this sequence 
of images at 5 ms. After 8 ms, both these bubbles left their nucleation 
sites and slide on the surface. Accordingly, the bubble frequency of NS1 
and NS2 was calculated to be 200 Hz (5 ms) and 125 Hz (8 ms), 
respectively. Although the same operating conditions and heated area 
were tested, the bubble frequency varied at each nucleation site. This 
could be either due to the different cavity size and shape (microstruc
tures) that may result in different bubble dynamics or variation in the 
local wall superheat. Large cavity size can promote more contact area 
(between surface and fluid) leading to large bubble volume. Surface 
tension forces can then help hold the bubbles on the surface leading to 
lower generation frequency.

The effect of heat flux, mass flux and system pressure on the average 
bubble frequency is presented in Fig. 19. This figure shows that the 
average bubble frequency increased with increasing wall heat flux, mass 
flux and system pressure. It also depicts that, at the examined operating 
conditions, the average bubble frequency varied from 143 to 500 Hz 
when the wall heat flux changed from 19 to 84 kW/m2. High heat flux 
(high wall temperature) between the surface and the growing bubble 
can increase the bubble generation frequency. Smaller surface tension, 
at high pressure, can result in a force balance that favours bubble de
parture, hence higher bubble generation frequency. Similarly, 
increasing mass flux can contribute to an earlier bubble departure and 
consequently higher generation frequency.

3.5. Evaluation of NSD, departure diameter and frequency models/ 
correlations

The present experimental data were compared with existing corre
lations and models for calculating nucleation site density, bubble de
parture diameter and frequency. The mean absolute error (MAE) was 
used as a criterion in this evaluation as follows: 

Fig. 19. Effect of heat flux, mass flux and system pressure on the average 
bubble frequency.
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MAE =
1
N
∑

⃒
⃒
⃒
⃒
Δpred − Δexp

Δexp

⃒
⃒
⃒
⃒100% (14) 

These models and correlations are summarised in Tables 1‒3. They 
were proposed for pool boiling, sub-cooled flow boiling and saturated 
flow boiling using water and refrigerants. Fig. 20 depicts the comparison 
of the measured NSD with these models/correlations at a system pres
sure of 1 bar and mass flux of 100 kg/m2 s. It is worth mentioning that 
the contact angle of the current fluid was assumed to be 10◦ [41] and 
this value was used in this comparison. The model by Hibiki and Ishii 
[30] included the gas constant R, which for HFE-7100 is 33.24 J/kg K. It 
is clear that these correlations showed the same trend as the present 
experiments (increasing NSD with heat flux) but with a significant de
viation. This was also found when other operating conditions were 
assessed. This figure also shows that there is a large discrepancy among 
some correlations, although they were suggested for water in pool 
boiling or sub-cooled flow boiling e.g. Basu et al. [26] and Yang et al. 
[27]. It is also clear that the correlations suggested for water (hydro
phobic fluid) had a larger disagreement with the present refrigerant 
(super-hydrophilic fluid). For example, Ardron and Giustini [32] re
ported that the nucleation site density strongly depended on the contact 
angle. They used the pool boiling data of water at a working pressure of 
1‒132 bar, and found that using the contact angle of vapour bubbles 

predicted the results well compared to the contact angle from the sessile 
droplet measurements. They correlated this data by introducing the 
Young’s contact angle as a function of the surface temperature and the 
critical temperature, see Table 3. However, this correlation over pre
dicted our data with a MAE more than 500 % as shown in this figure. 
This could be due to the large difference in fluid properties of water and 
HFE-7100 that could affect the value of this contact angle. It is inter
esting and worth mentioning that, if their procedure is adopted here 
using the present data in Fig. 20, the new Young’s contact angle would 
be θY = 0.01(Tw/Tcr)

− 3. This new correlation predicted well the present 
data, with a MAE of 13 %. Table 5 shows the MAE for the assessment of 
the NSD, departure diameter and frequency correlations. It is seen that, 
the model by Hibiki and Ishii [30] for NSD had the smallest MAE of 62 % 
(at 1 bar and 100 kg/m2 s). It is interesting to note that the comparison 
with Hibiki and Ishii improves with heat flux. Their model was based on 
experimental data for water and R113.

The correlations for the bubble departure diameter were compared 
with the present results as shown in Fig. 21 for a mass flux of 100 kg/m2 

s. Three of the pool boiling correlations gave the bubble departure 
diameter to be nearly independent of heat flux, see Fritz [15], Cole and 
Rohsenow [16] and Phan et al. [17]. This could be due to the fact that 
these correlations were proposed as a function of contact angle and fluid 
properties only. In contrast, the departure diameter was found to 

Fig. 20. Evaluation of nucleate site density at Psys=1 bar and G= 100 kg/m2 s.
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increase with increasing heat flux as shown by Cole [18] and Kim and 
Kim [19]. The Jacob number introduced in these models can lead to this 
trend. The correlations of saturated flow boiling showed an increase in 
the bubble departure diameter with heat flux, which is similar to our 
findings. The present results were predicted well by the correlation of 
Lie et al. [11] with a small MAE of 12 %, while the rest of the correla
tions demonstrated higher disagreement, see Table 5. Kossolapov et al. 
[20] conducted an experimental study using sub-cooled flow boiling of 
water in a vertical square channel at a working pressure of 10‒40 bar, 
mass flux of 500‒1500 kg/m2 s and inlet sub-cooling of 9.9‒12.6 K. 
They also carried out analytical solutions to model the bubble sliding 
and then to predict the bubble growth time and departure diameter. In 
their solution, an empirical constant CRB and a theoretical constant B 
were presented according to the range of both working pressure and 
mass flux. They also mentioned that the ratio between CRB and B was 
found to be 0.5. In the present comparison, the theoretical constant was 
chosen from their work to be 52.1 × 10–4 m/s0.5 at 10 bar and 500 kg/m2 

s since these were the minimum ranges reported in their study. It was 
found that, their solution over predicted all the present data with an 
average MAE of 184 %, as shown in Table 5. The high value of this 
constant due to high working pressure and mass flux could be the reason 
for this disagreement. For example, at 1 bar and 100 kg/m2 s, if the 
theoretical constant was reduced from 52.1 × 10–4 m/s0.5 to 20 × 10–4 

m/s0.5, then the mean absolute error between their solution and this 
data would reduce from 156 % to only 23 %. This could be considered in 
a similar future study.

Fig. 22 depicts the evaluation of existing correlations for calculating 
bubble generation frequency. All the pool boiling correlations showed 

that the bubble frequency decreased with increasing heat flux, while the 
current results indicate an increasing trend. This could be due to the fact 
that re-construction of the wall thermal boundary layer in pool boiling is 
completely different compared to flow boiling. In pool boiling, with 
possible larger dry patches underneath the bubble, which increase in 
size with heat flux, it can take longer for the thermal boundary to re- 
establish, i.e. the waiting time becomes larger and thus the frequency 
decreases with heat flux. In flow boiling, the reformation of the wall 
superheated layer is faster compared to pool boiling. The correlations of 
saturated boiling showed the same trend as the present study but with 
large differences.

The disagreement between the present data and the correlations 

Table 5 
Evaluation of existing models and correlations.

Author(s) P=1 [bar] P= 2 [bar] MAE [%] 
Average

MAE [%] MAE [%] MAE [%]
G= 100 
kg/m2 s

G= 200 
kg/m2 s

G= 100 
kg/m2 s

Nucleation site density:

Gaertner and 
Westwater [24]

>500 >500 >500 >500

Lemmert and Chawla 
[25]

>500 >500 97 >500

Wang and Dhir [31] >500 >500 >500 >500
Ardron and Giustini 

[32]
>500 >500 >500 >500

Basu et al [26] 95 96 99 97
Yang et al. [27] >500 >500 62 >500
Lie and Lin [28] 217 107 88 137
Li et al. [29] 100 100 100 100
Hibiki and Ishii [30] 62 74 100 79
Lie and Lin [11] >500 >500 >500 >500
Lie et al. [12] >500 >500 >500 >500
Hsieh et al. [13] >500 >500 >500 >500

Departure diameter:

Fritz [15] 165 273 306 248
Cole and Rohsenow [16] 88 185 52 108
Phan et al. [17] 152 252 327 244
Cole [18] 153 250 22 142
Kim and Kim [19] 340 >500 188 347
Kossolapov et al. [20] 156 91 305 184
Lie and Lin [11] 12 45 34 30
Lie et al. [12] 60 132 104 99
Hsieh et al. [13] 185 262 252 233

Generation frequency:

Jakob and Fritz [21] 79 67 189 112
Cole [22] 43 30 61 45
Zuber [23] 56 44 104 68
Lie and Lin [11] >500 >500 >500 >500
Lie et al. [12] 69 53 59 60
Hsieh et al. [13] 292 >500 316 415

Fig. 21. Evaluation of bubble departure diameter at Psys=1 bar and G=100 kg/ 
m2 s.
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could be due to the following reasons: (1) Different working fluids. For 
example, the surface tension of working fluids examined by these studies 
varies from 0.007 to 0.008 N/m at 25 ◦C. Water has a larger surface 
tension of 0.072 N/m at 25 ◦C compared to refrigerants. The surface 
tension of HFE-7100 is 0.013 N/m at 25 ◦C. (2) Different operating 
conditions. The correlations by [11,13], covered a mass flux of 200‒600 
kg/m2 s at a saturation temperature of 10 and 15 ◦C and heat flux below 
30 kW/m2, i.e. a much higher mass flux than the present study. Lie et al. 
[12] produced their correlation for a mass flux of 287‒431 kg/m2 s, 
saturation temperature of 54 ◦C and heat flux below 100 kW/m2. In the 
present study, the operating conditions were different, i.e. mass flux of 
100‒200 kg/m2 s, saturation temperature of 61‒83 ◦C and heat flux 
below 84 kW/m2. (3) Different surface microstructures. Details on sur
face topography were not reported in most of these studies, and it is very 
likely that the surface characteristics are not similar to the surface of the 
present study. Different machining techniques and manufacturing set
tings could result in different surface microstructures even when using 
the same material. Surface topography should be carefully examined 

and reported in any heat transfer study of this nature. (4) Uncertainty in 
the measurement of bubble characteristics. (5) Some of the proposed 
correlations for calculating nucleation site density and bubble frequency 
were linked with the correlations of bubble departure diameter. In other 
words, the prediction of these two correlations is significantly affected 
by the accuracy of bubble diameter correlations. All these parameters 
could lead to different bubble characteristics that could affect the pre
dicting capability of proposed correlations.

3.6. New proposed correlations for NSD, departure diameter and 
frequency

To the best of the authors’ knowledge, the bubble characteristics 
during saturated flow boiling of this super-hydrophilic fluid (HFE-7100) 
were not examined in literature. Moreover, the mean absolute error of 
the existing correlations was found to be greater than 79 % for the NSD, 
greater than 30 % for departure diameter and greater than 45 % for 
departure frequency, see Table 5. Accordingly, new correlations were 
developed in the present study. Regression analysis and curve estima
tion methods were carried out using the Statistical Package for the Social 
Sciences (IBM SPSS) by evaluating our data at different control param
eters. The abovementioned experimental results showed that both wall 
heat flux and system pressure had a significant effect on the present 
bubble behaviour. Therefore, these two parameters were included into 
the proposed new correlations.

3.7. Nucleation site density

As discussed in Section 3.2, the nucleation site density clearly 
increased with wall heat flux and system pressure. The effect of mass 
flux was insignificant as shown in Fig. 12 (a) and therefore this 
parameter was not included in this analysis. The new empirical corre
lation derived from our data is: 

NSD = 4.3 × 10− 4qʹ́
w

2.47RP2.34 (15) 

The effect of system pressure was presented here as a reduced pres
sure RP.

3.8. Departure diameter

Section 3.3 shows that the bubble departure diameter increased with 
increasing wall heat flux and decreasing mass flux and system pressure. 
These parameters were grouped as the boiling number (heat and mass 
flux effect) and reduced pressure (system pressure effect). The derived 
empirical correlation for calculating bubble departure diameter was 
expressed as follows: 

Dd
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σ/gΔρ

√ = 3Bo0.7RP− 0.45 (16) 

It is worth mentioning that the bubble departure diameter when 
using Eq. (16) is in meter. The left-side of this correlation is similar to the 
saturated flow boiling correlations reported in Table 1. However, the 
right-side differs from these correlations according to the present control 
dimensionless groups.

3.9. Frequency of bubble generation

As presented in Section 3.4, the present bubble frequency was found 
to increase with increasing wall heat flux, mass flux and system pressure. 
The Reynolds number takes into account the effect of inertia force. 
Accordingly, the experimental data points were correlated to produce a 
new correlation, see Eq. (17). 

fb = 6.5 × 10− 3qʹ́
w

0.88RP0.22Rel
0.26 (17) 

Fig. 23 depicts the comparison between these new correlations and 

Fig. 22. Evaluation of bubble frequency at Psys=1 bar and G = 100 kg/m2 s.

A.H. Al-Zaidi et al.                                                                                                                                                                                                                             



International Journal of Heat and Mass Transfer 242 (2025) 126830

19

the present data. It shows that the correlations of nucleation site density, 
bubble departure diameter and bubble frequency predicted the experi
mental results with a MAE of 6− 15 %. The proposed correlations 
covered the following saturated flow boiling conditions:

Boiling number: 1.8− 6.8 × 10–3

Reduced pressure: 0.045− 0.09
Liquid Reynolds number: 460− 954
Wall superheat: 5− 17 K
Inlet sub-cooling: 5 K
Further assessment is needed to evaluate the capability of these 

correlations using different operating conditions and working fluids.

4. Conclusions

The present study examined the bubble dynamic characteristics of 
HFE-7100 in a microgap heat sink. The experiments were carried out at 
an inlet sub-cooling of 5 K, inlet pressure of 1 and 2 bar, mass flux of 
100‒200 kg/m2 s and wall heat flux up to 84 kW/m2. The observation 
area during the flow visualization studied with the high-speed, high 
resolution camera was 8.8 mm × 11 mm, i.e. large enough to allow 
capturing a significant number of active nucleation sites. The present 
experimental results were also compared with existing models and 
correlations. The following findings can be concluded from this paper:

The nucleation site density, bubble departure diameter and bubble 
frequency were found to increase with increasing heat flux. Increasing 
mass flux led to a reduction in the bubble departure diameter and an 
increase in the bubble frequency, while the effect on the nucleation site 

density was insignificant. The nucleation site density and bubble fre
quency increased with system pressure. However, the bubble departure 
diameter decreased as the pressure increased. All our tests demonstrated 
a strong dependence of the nucleation site density, bubble departure 
diameter and frequency on wall heat flux and system pressure and a 
weaker dependence on mass flux for the ranges studied.

Surface microstructures (number and size of surface cavities) could 
result in different bubble behaviour. Surface characteristics should be 
carefully assessed and recorded in experiments of this nature. The pre
sent study showed also that multiple-site, and not just single-side mea
surements, of bubble characteristics should be considered in future 
studies. This can provide more details of different bubble behaviour on 
the same heated surface.

Existing models and correlations of bubble characteristics were 
evaluated, and large discrepancies were found. New empirical correla
tions for calculating nucleation site density, bubble departure diameter 
and frequency were developed. These will form a valuable database for 
modelling research to progress since they were obtained from mea
surements on multiple sites. It is also recommended that further studies 
are needed for different ranges, fluids and substrate material and surface 
characteristics to compare with the equations proposed by the present 
study and reach general correlations
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Appendix A. Uncertainty equations

General equation of absolute uncertainty, see [35]: 

Ur =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
{

∂r
∂X1

UX1

}2

+

{
∂r

∂X2
UX2

}2

+ … +

{
∂r
∂Xj

UXj

}2
√

where X1, X2 and Xj are measured parameters with uncertainties of UX1, UX2 and UXj.
Absolute uncertainty in the average Nusselt number: 

UNuexp
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
{

∂Nuexp

∂h
Uh

}2

+

{
∂Nuexp

∂Dh
UDh

}2
√

Absolute uncertainty in the Fanning friction factor: 

Ufexp =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
{

∂fexp

∂ΔPmeas
UΔPmeas

}2

+

{
∂fexp

∂Dh
UDh

}2

+

{
∂fexp

∂Lch
ULch

}2

+

{
∂fexp

∂G
UG

}2
√

Absolute uncertainty in the Reynolds number: 

URe =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
{

∂Re
∂G

UG

}2

+

{
∂Re
∂Dh

UDh

}2
√

Absolute uncertainty in the wall heat flux: 

Uqʹ́
w
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
{

∂qʹ́
w

∂q˝b
Uq˝b

}2

+

{
∂qʹ́

w
∂Hch

UHch

}2

+

{
∂qʹ́

w
∂Wch

UWch

}2
√

Absolute uncertainty in the generation frequency: 

Ufb =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
{

∂fb

∂tg
Utg

}2

+

{
∂fb

∂tw
Utw

}2
√

Absolute uncertainty in the nucleation site density: 

UNSD =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
{

∂NSD
∂n

Un

}2

+

{
∂NSD
∂Ac

UAc

}2
√
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