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Abstract
Many flow boiling applications require high critical heat flux (CHF) levels, which can be obtained with high mass veloci-
ties and microchannel flow. At the same time, some situations require non-electrical conductive refrigerants as halogenated 
fluids with boiling points distinct from water. Most of the CHF experiments available in the literature for halogenated fluids 
are available at low mass velocities, G < 2000 kg/m2 s, and therefore, correlations used to predict CHF should be validated 
at high mass flow conditions. In this work, CHF experimental data were obtained at high mass velocity for R134a at micro-
scale conditions. The data were obtained in horizontal 1.0 and 1.1 mm inside diameter stainless-steel single tubes with 100 
and 46 mm heating lengths and mass velocities from 3000 to 26426 kg/m2 s. CHF of up to 2212 kW/m2 was measured; the 
highest CHF value reported in the literature for a single uniformly heated tube with R134a. The parametric trends of CHF 
were ascertained relative to important flow and geometrical parameters, and the experimental data were compared against 
10 CHF predictive methods. The results of the comparisons showed agreements with correlations in the order of 35% mean 
absolute error. A new correlation is developed, achieving a prediction error of 11.6%.

Keywords  Critical heat flux · Experimental flow boiling · High heat flux · High mass velocities · Microchannels · R134a

1  Introduction

Boiling heat transfer is generally used in heat exchanger sys-
tems due to its high efficiency compared to single-phase heat 
transfer. A limiting criterion for using boiling heat transfer 
is generally the critical heat flux (CHF), which is defined 
as a sudden decrease in the boiling heat transfer coefficient 
between a heated surface and the working fluid due to an 
increase in surface temperature, heat flux or pressure change 
[1]. Achieving high levels of CHF is an important goal in the 

design of cooling devices such as diverters of fusion reac-
tors [2], concentration photovoltaic [3], power transmission 
systems [4] and electric vehicles [5].

If the surface heat flux is increased above the CHF, the 
surface temperature will jump to the next stable operating 
point in the film boiling region [6]. In many practical cases, 
this significant temperature jump is enough to cause the 
heating surface to fail; hence, the colloquial name, burn-
out, often used to refer to this phenomenon [7–10]. Several 
factors affect the CHF flow boiling value, such as channel 
shape, fluid properties, heated tube length/diameter ratio, 
inlet vapor quality and velocity, among others [11]. One of 
the themes that draw attention from the researchers is the 
CHF enhancement, which can be achieved in distinct ways, 
such as modifications in surface [12, 13], length, diameter 
[14], fluids, nanoparticles addition [15, 16], changes in grav-
ity [17] and instabilities suppression [11, 18]. Passive cool-
ing techniques provide a means to reduce the system size 
and have been the subject of extensive studies, particularly in 
surface modifications or the use of nanofluids, both of which 
are promising for electronic cooling [19]. However, these 
passive techniques generally offer lower cooling capabilities 
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compared to active techniques, such as flow boiling, which 
can better manage heat dissipation under high thermal loads.

Only a few experimental CHF studies on high levels of 
CHF have been published, mainly for water flow. These 
investigations demonstrated that the highest levels of CHF 
can be achieved with the subcooled type of CHF, high mass 
velocities in small diameter, short length tubes and water 
as a working fluid [10]. But organic refrigerants, including 
halogenated ones like R134a, have gained renewed impor-
tance due to organic power cycles (ORC), a promising tech-
nology for utilizing renewable energy and industrial waste 
heat [20]. In addition to the constant miniaturization of the 
systems over the years [21], there is also a need to reduce the 
size of heat exchangers by using microchannels for the ORC 
applications. The application of organic fluids for power 
generation brought new requirements for these refrigerants 
that were typically used only in refrigeration applications. 
One of these aspects is the need for higher CHF values to 
become feasible using the most compact heat exchangers to 
reuse waste heat.

R134a is one of the most used refrigerants in history 
[22] and is a reference for new refrigerants that are being 
proposed. Due to the Kigali Amendment [23, 24] of Mon-
treal protocol, which imposes restrictions on the use of high 
global warming potential (GWP) hydrofluorocarbons (HFC) 
refrigerants, R134a should be replaced all over the world by 
the end of 2040. New environmentally friendly refrigerants 
with low GWP values are being developed. Still, they should 
have better thermal performance than previously high GWP 
refrigerants to avoid more indirect gas emissions that would 
cancel their lower GWP benefits.

Table 1 compiles experimental studies of saturated and 
subcooled CHF using the fluid R134a. It shows that the 
maximum CHF value achieved in convective boiling, con-
sidering both single and multi-microchannels with different 
geometries, has a value of 1.0 MW/m2 and the maximum 
flow rate (G) used in these experiments was 6000 kg/m2 s. 

The symbols d and Lh are, respectively, hydraulic diameter 
and heated length. It is important to note that some experi-
ments, such as Mauro et  al. [25], reported CHF values 
greater than 3 MW/m2 , but such values were obtained using 
the heat exchanger base area; therefore, the CHF becomes 
0.79 MW/m2 when using the internal channel surface area 
dimension.

Considering this context, this paper presents new experi-
mental data for CHF at high mass velocities for d = 1.0 and 
1.1 mm horizontal stainless-steel single tubes, which are still 
within the threshold diameter—at which microscale effects 
remain significant in a tube [34, 35]. Tests were conducted 
with R134a for heated lengths of 100 and 46 mm, and the 
experimental results were compared against predictive meth-
ods from the literature. These data are important to serve as 
a reference for comparison against future data of new low 
GWP refrigerants expected to substitute R134a.

2 � Methodology

This section presents the experimental apparatus and pro-
vides an overview of the testing circuit. It describes the use 
of two distinct testing sections and specific details regarding 
temperature and pressure measurements. Later, the meth-
odology used for measuring the critical heat flux (CHF) is 
detailed. Furthermore, the range of experimental param-
eters associated with this procedure will be systematically 
outlined.

2.1 � Experimental apparatus

The experimental setup consists of refrigerant and water 
circuits. In the refrigerant circuit (Fig. 1), starting from the 
condenser, the test fluid flows through the filter, passing by 
a Coriolis mass flow meter (Optimass 6400, Krohne, Ger-
many) to the pump. A bypass piping line containing a needle 

Table 1   Experimental studies 
from the literature involving 
CHF with R134a in convective 
boiling. Experiments involve 
different channel geometries, 
small channels d ≲ 10 mm, a 
broad range of heated length 
L
h
 and the mass velocity G in 

which the highest CHF was 
achieved

∗CHF values are based on the internal surface area of the channels

Author Geometry/number 
of channels

d (mm) L
h
 (mm) G (kg/m2s) CHF* (MW/m2)

Wojtan et al. [26] Circular/1 0.8 20 500 0.6
Mauro et al. [25] Rectangular/29 0.315 30 1250 0.79
Ali and Palm [27] Circular/1 1.22 220 600 0.16
Del and Bortolin [28] Circular/1 0.96 97.5 500 0.142
Mikielewicz et al. [29] Circular/1 1.15–2.3 385 700 0.220
Anwar et al. [30] Circular/1 1.6 213 600 0.133
Song and Chang [1] Circular/1 10.4 1000 6000 0.45
Mastrullo et al. [31] Rectangular/7 1.33 35 350.5 1.0
Tan et al. [32] Helical/1 9.7 3780 2095 0.45
Dalkılıç et al. [33] Rectangular/27 0.421 40 1200 0.5
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valve is installed downstream of the pump so that the desired 
liquid flow rate (G) can be set with a frequency control-
ler on the pump. Just upstream of the preheater inlet, the 
enthalpy ( hin ) of the liquid is estimated from its temperature 
(T) by a thermocouple located at an adiabatic position on the 
outside tube wall and its pressure (P) by an absolute pres-
sure transducer. In the reservoir (refrigerant tank), fluid is 
heated to the desired saturation pressure. The test sections 
are thermally insulated horizontal stainless-steel tubes and 
are heated by applying direct current (DC) to their surface. 
Once the liquid leaves the test section, a thermocouple on 
the external tube surface determines its temperature. A tube-
in-tube type heat exchanger with ethylene glycol/water solu-
tion is installed after the condenser to induce subcooling in 
the fluid prior to passing through the pump. For more details 
and a real photograph of the experimental bench, please refer 
to the previous publication [36].

In this work, test sections with two different lengths were 
used independently in different experiments. The first, sche-
matically illustrated in Fig. 2, has a heated length of 100 mm. 
The second, shown in Fig. 3, has a heated length of 46 mm 

and was used to obtain higher levels of CHF. The sections 
consist of two types of AISI 304 stainless-steel tubes. The 
first tube is welded with a diameter of d = 1.0 mm and a 
wall thickness of 0.2 mm, while the second tube is seam-
less steel with a diameter of 1.1 mm and a wall thickness 
of 0.3 mm. To have better control of the inlet vapor quality 
( xin ), a preheating (ph) section with a length of 49.5 mm 
between electrodes was used, as indicated in Fig. 3. The test 
sections with heated lengths of 46 and 100 mm have, respec-
tively, 4 and 6 thermocouples installed on their surface. The 
temperatures are used to detect wall temperatures and CHF 
occurrence. The thermocouple (T6) was installed close to 
the output electrode to ensure the integrity of the tube in 
case of operation in conditions close to the critical heat flux.

2.2 � Data reduction

In this section, we show the procedure used to obtain the 
relevant variables in this study: mass velocity, vapor qual-
ity and critical heat flux. The mass velocity is given by 
the ratio between the mass flow rate ( ṁ ), measured by the 

Fig. 1   Schematic diagram of 
the testing circuit. The arrow 
indicates the flowing direction 
of the fluids. P, T and V are, 
respectively, the positions of the 
pressure transducers, thermo-
couples and electrodes

Fig. 2   Test section details when 
heated length L

h
 = 100 mm. 

The positions of each thermo-
couple (T) are indicated, and 
millimeter-long dimensions are 
indicated above each sector. T0 
and T7 indicate, respectively, 
subcooling and saturation 
temperature. The flow direction 
is indicated from left to right. 
Electrode positions ( −,+ ) are 
also indicated
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Coriolis meter and the internal area of the tube cross section, 
Aint = � ⋅ d2∕4 , as shown in Eq. 1.

The vapor quality at the preheater or test section inlet ( xin ), 
as well as at the test section outlet ( xout ), is determined by 
an energy balance, Eq. 2:

where hlv , hin and hl are, respectively, enthalpies of vaporiza-
tion, inlet and saturated liquid. The saturated liquid at the 
respective temperature position (z) can reasonably approxi-
mate each enthalpy.

The critical heat flux (CHF) is the ratio between the elec-
trical power applied to the test section ( Qts ) and the inner 
surface area of the tube, considering only the heated region, 
Eq. 3:

Electrical power on the test section is directly calculated by 
the product of voltage (V) and electrical current (i) provided 
by the DC power sources, Qts = V ⋅ i . For calculation pur-
poses, it is considered that the heat flux is uniform along the 
tube and that heat losses to the environment in the heated 
region of the tube are minimum.

2.3 � Experimental procedure

Initially, the refrigerant in the tank is heated by exchanging 
heat with water circulating in an external hose attached to 
the tank surface. The water exchanges heat with a thermo-
static bath, allowing subsequent cooling to collect fluid from 
the experimental apparatus. In this way, the fluid pressure 
(P) in the main circuit is established from the pressure of the 
refrigerant in the tank, which is in a saturated state. Next, the 
mass flow rate ( ṁ ) is imposed through the frequency inverter 

(1)G =
4 ⋅ ṁ

𝜋 ⋅ d2

(2)x(z) =
1

hlv(z)
⋅

[
Qts(z) + Qph

G ⋅ Aint

+ hin − hl(z)

]

(3)CHF =

Qts

� ⋅ d ⋅ Lh

acting on the pump. Thus, the subcooling temperature ( Tsub ) 
of the fluid at the inlet of the preheater is adjusted through 
the flow of water in the heat exchanger located upstream of 
this section. Afterward, electrical power is applied, whether 
to the preheater ( Qph ) in order to obtain the desired vapor 
quality at the test section inlet ( xin ) or direct to the test sec-
tion ( Qts ). The heat flux imposed on the preheater ( qph ) or 
in the test section ( qts ) is calculated in real-time through 
the LabVIEW program, allowing the adjustment of the test 
conditions. In this way, we can easily adjust the saturation 
temperature ( Tsat ), mass velocity (G), heat flux (q) and vapor 
quality (x). Experimental data are recorded after verification 
of steady state, characterized by fluctuations in temperature 
measurements in the test section lower than the uncertainty 
of its measurements.

To measure the CHF, the power applied in the test sec-
tion is increased in small steps. An effort was made to keep 
the remaining parameters under control. The CHF was 
defined when the wall temperature, measured by any of the 
thermocouples on the test section, reached 45 K of super-
heat. Usually, the thermocouple at the end of the test sec-
tion (T6) was the first to reach this level. To illustrate the 
procedure, a curve of wall superheat ( ΔTsup = T(z) − Tsat 
where T(z) = T6 ) versus heat flux (q) during convective 
boiling, with a mass velocity of 3000 kg/m2 s is shown in 
Fig. 4. In lower heat flux levels 0 ≤ q ≤ 75 kW/m2 , when 
the wall superheat is not high enough, R134a is in a single-
phase liquid state. In this stage, a linear trend exists from 0 
≤ ΔTsup ≤ 12 K. After that, the onset of boiling promotes a 
slight decrease in the wall superheat, and a faster superheat 
of the surface follows with small increments of the heat flux. 
Before CHF occurrence, the wall superheat is smaller than 
25 K. Above q = 750 kW/m2 , a slight increase in heat flux 
causes a drastic increase in wall superheat. The superheat 
of 45 K resulted in a critical heat flux q = CHF = 767 kW/
m2 . After that, the system rapidly deactivates the DC power 
source.

For the experimental campaign involving critical heat 
flux, the following experimental parameters were tested: 
tube manufacturing type, inner diameter (d), heated length 

Fig. 3   Test section details when 
heated length L

h
 = 46 mm. 

T0 to T7 are thermocouples 
positions on the preheater and 
test sections. The flow direction 
is indicated from left to right. 
Electrode positions ( −,++ ) are 
also indicated. Further details 
are indicated until Pin and Pout , 
which are, respectively, the inlet 
and outlet absolute pressure 
transducer positions
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( Lh ), mass velocity (G), saturation temperature ( Tsat ) and 
inlet vapor quality ( xin ). Table  2 presents the range of these 
test conditions, along with the calculated outlet vapor quality 
( xout ) and critical heat flux (CHF).

2.4 � Experimental uncertainties and validation 
of the experimental apparatus

Considering the need to ensure the quality of measurements, 
thus validating the results presented in this work, the uncer-
tainties of the measured and estimated parameters are shown 
in Table 3. Uncertainty of the measuring instruments was 
used according to the technical specifications and calibration 
certificates of each equipment. In this study, the uncertainty 
of the temperature measurement was determined according 
to the calculation procedure proposed by Abernathy et al. 
[37]. The equations used to determine the uncertainty of 
each variable, following Moffat [38], are provided in the 
supplementary material (Sect. 1).

To ensure the accuracy of the vapor quality estimation 
and to assess the effective heat transfer rate for the fluid, a 
liquid phase energy balance ( ΔE∕E ) was performed based 
on Eq. 4:

This equation represents the increase in energy (E) due to the 
enthalpy difference ( hout − hin ) in response to the introduced 
heat Qph and Qts . Figure 5 shows Eq. 4 with our experimental 
results against the Reynolds number (Re):

Most points are between ± 5% of heat losses. Even though 
higher losses occurred for the tube with a 1.0 mm inside 
diameter and when using a preheater. For convective flow 
boiling experiments with high values of Reynolds number 
(Re), as in the case of the CHF tests, the internal heat trans-
fer is much higher than the heat transfer in single-phase flow, 
lowering the heat losses to the environment.

3 � Results

The calculated CHF and corresponding experimental con-
ditions for each test are conveniently shown in Tab. S1 of 
the supplementary material (See Sect. 4). A total of 160 
data points were acquired, with tubes of heating lengths Lh 
= 46.0 mm and 100 mm, inside diameters d = 1.0 mm and 
1.1 mm. The main parameter we focused on was the mass 
velocity (G) due to its important effect on increasing the 
critical heat flux. Other parameters that have an effect on the 
flow boiling and critical heat flux were also included, such as 
saturation temperature ( Tsat ), inlet subcooling ( ΔTsub ), pres-
sure drop in the valve that precedes the test section ( ΔPvalv ) 
together with inlet ( xin ) and outlet vapor quality ( xout ). 
Except for points 99 to 151, where the preheating section 

(4)
(
ΔE

E

)
=

[(
�d2

4

)
G(hout − hin)

]
− (Qph + Qts)

Qph + Qts

⋅ 100

(5)Re =
G ⋅ d

�

Fig. 4   Flow boiling curve in a microchannel with inside diameter d = 
1.1 mm, representing the heat flux (q) against wall superheat ( ΔTsup ). 
The working fluid is R134a and mass velocity G = 3000 kg/m2  s. 
Other operational parameters are constant as Tsat = 23  ◦ C, ΔTsub = 
6 K and L

h
 = 46 mm

Table 2   Range of experimental parameters employed in this study considering two test sections with d = 1.0 and 1.1 mm. The calculated values 
of x

out
 and CHF are also indicated. R134a is the working fluid

d (mm) L
h
 (mm) G (kg/m2s) T

sat
 ( ◦C) x

in
 (-) x

out
 (-) CHF (kW/m2)

1.0 100 6000–10000 32–36 −0.22 to −0.14 −0.05 to 0.07 515–652
1.1 100 3000–15000 27–39 −0.52 to −0.05 −0.31 to 0.41 136–1800

46 3000–26426 25–33 −0.41 to 0.07 −0.32 to 0.23 613–2212

Table 3   Uncertainty of measured parameters

Parameter Uncertainty Parameter Uncertainty

d 20 μm P 0.5 kPa
Lh 1.0 mm Qts , Qph 1%
G 2% T 0.15 ◦C
CHF < 6% x < 10%
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with length Lph = 49.5 mm was used, all other tests were 
performed with Lph = 0. Notably, at line 160 with a mass 
velocity of G = 26426 kg/m2 s, the CHF reached 2212.00 
kW/m2 , representing the highest experimental data for flow 
boiling of R134a in a single smooth microchannel, to the 
best of the author’s knowledge.

Based on the data in Tab S1, in the next section, we pre-
sent the relevance of the physical variables, evaluated with 
our experimental apparatus, when applying critical heat flux 
with high values of mass velocity (G) with R134a in a sin-
gle microchannel. Some parametric effects will be analyzed, 
and predictive methods will be tested. In some analyses, 
we normalize the data based on the dimensionless numbers 
that have critical heat flux (CHF) or mass velocity (G) in 
its terms. They are, respectively, boiling number (Bo) and 
Weber number ( Wed ), as shown, respectively, in Eqs. 6 and 
(7).

In our experiments, the mass velocity ranges from G = 3000 
to 26420 kg/m2 s and the CHF from 158.21 to 2212.00 kW/
m2 , leading, respectively, to We = 1063 to 97633 and Bo = 
0.000315 to 0.0004841.

3.1 � Tube effect

One of the objectives of this study was the evaluation of 
the effect of the two types of AISI 304 stainless-steel tubes 
(1.0 mm welded tube and 1.1 mm seamless tube) in the CHF. 
Since the seam can change the local surface characteristics 
of the tube, it can be inferred that the seam could affect the 
CHF. Since both the welded and the seamless tubes have 
slightly different internal diameters, a direct comparison of 
their CHF values may give incorrect conclusions. To address 

(6)Bo =
CHF

G ⋅ hlv

(7)Wed = G2
⋅

d

� ⋅ �l

this issue, the CHF results ( CHFexp ) for both tubes were 
compared against the CHF correlation ( CHFthe ) from Wojtan 
and Thome [26] in Fig. 6.

The dimensionless number � = 1 − CHFexp∕CHFthe is 
plotted against the mass velocity (G). One can observe that 
� is between the ± 10% error range in both tubes. When con-
sidering the welded tube (d = 1.0 mm), there is a mean abso-
lute error (MAE) of 8.14% about Wojtan and Thome [26] 
CHF correlation while for the seamless tube an MAE of 
7.16%. When analyzing the CHF behavior in AISI 304 
stainless-steel tubes, it is evident that a seam did not seem 
to impact the CHF for the tested tubes substantially. Under 
similar conditions, both tubes exhibited similar CHF, indi-
cating a notable stability in CHF values. This consistency 
suggests that, for the evaluated diameters and materials, the 
presence of a seam in the welded tube did not significantly 
affect the critical heat flux compared to the seamless tube. 

Fig. 5   Single-phase energy 
balance ( ΔE∕E ) calculated with 
Eq. 4 against Reynolds number 
(Re) for R134a. Dashed lines 
represent the error band of ± 5. 
Different symbols represent the 
distinct configurations of the 
test section

Fig. 6   The dimensionless number � = 1 − CHFexp∕CHFthe is plot-
ted against the mass velocity (G) for two types of tubes (welded and 
seamless with d = 1.0 mm and 1.1 mm, respectively)
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Therefore, we continue our analysis considering only the 
seamless tube with an inside diameter of 1.1 mm.

3.2 � Needle‑valve effect

Previous works of one of the authors of this study have 
shown that the pressure drop on the valve ( ΔPvalv ), which 
precedes the test section, has a significant effect on the criti-
cal heat flux [11, 39]. Evidence suggests that carefully set-
ting the pressure drop on that valve ( ΔPvalv ) can lead to a 
reduction of oscillations and reversible flow [11]. The rever-
sal flow is caused by forces originating from bubble nuclea-
tion and its growth, which are sources of flow instabilities in 
the microchannels. Tibiriçá and Ribatski [39] show the time 
sequence on the position of the onset of nucleate boiling dur-
ing a heat flux step increment with a low mass velocity of 
G = 200 kg/m2 s where it is possible to see the reversal flow 
which can be prevented with a high-pressure drop.

Looking for an ideal scenario that can lead to the highest 
critical heat flux and a pressure drop that does not damage 
the experimental setup, we plot in Fig.  7a the effect of clos-
ing the needle-valve ( nph ), located upstream of the preheater, 
for different bypass needle-valve ( nBP ) adjustments on the 
CHF. In this experiment, the mass velocity is constant in 
G ≈ 4000 kg/m2 s. In the x-axis, the value of nph = 0 (zero) 
represents the valve completely closed, and nph = 50% means 
the valve is half opened. The pressure drop curve ( ΔPvalv ) 
illustrated in Fig. 7b was obtained through the difference 
between readings of the absolute pressure transducers at the 
inlet of the test section and the pump outlet (see Fig. 1).

Tests were performed by first setting the bypass (BP) 
valve opening in nBP = 25, 12.5, 6.25% and also completely 
closed, or nBP = 0% of the opening. We measure the CHF 
and the inlet valve pressure drop in each BP opening for 

different values of preheater inlet valve turns. According to 
Fig. 7a, by decreasing the preheater valve opening nph from 
50 to 3.125%, the CHF increases more than 100% for any 
bypass valve opening ( nBP ). As observed by the curve, the 
CHF in function of the preheater valve opening nph follows 
a trend defined by 175, 294.98 ⋅ n−0.31

ph
 . The increase in the 

CHF is followed by an increase in the pressure drop in the 
valve ΔPvalv from approximately 100 to 500 kPa. Also, when 
opening the preheater valve nph by more than a quarter of a 
turn (25%), the CHF does not vary considerably regardless 
of the bypass valve nBP . For all preheater valve opening val-
ues, there is an almost imperceptible difference when using 
the completely closed bypass valve about the 6.25% opening 
of the bypass valve. When bypass valve opening nBP > 
6.25%, the CHF has a considerable influence. This can be 
related to the flow stability caused by the specific configura-
tion of the pump rotation speed and curve, which the bypass 
affects. A logarithm curve relating the pressure drop in the 
valve ΔPvalv with the Bond number is shown in Fig. 7b, 
which is given by Eq. 8:

where ΔP�

valv
 is the normalized pressure drop with the sur-

face tension.
In the following sections, we evaluate some parametric 

effects with CHF data obtained with the configuration of BP 
open in nBP = 6.25% and preheater inlet valve turn between 
nph = 4 to 12.5%. These opening valve values were used to 
ensure greater stability for the flow and allowed the measure-
ment of the highest CHF.

(8)Bo = 10−8 ⋅ (1.66 ⋅ ln(ΔP�

valv
) − 9.97)

Fig. 7   a Illustration of the 
preheater inlet ( nph ) and bypass 
( n

BP
 ) valves effect on the CHF. 

Four datasets are included for 
different bypass (BP) valve 
opening levels. b Bond number 
(Bo) is plotted against the 
normalized pressure drop on the 
valve, ΔP�

valv
= d ⋅ ΔPvalv∕(2�)
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3.3 � Subcooling effect

Generally, the CHF increases with fluid subcooling at the 
channel inlet. By increasing the liquid subcooling, consider-
able power input to the fluid is necessary to achieve the criti-
cal vapor quality and, consequently, the corresponding CHF.

Figure 8 illustrates the effect of the inlet vapor quality on 
the CHF. To isolate the inlet vapor quality effect, the com-
parison is performed based on the critical boiling number 
(Bo) as a function of the Weber number ( Wed ), as shown, 
respectively, in Eqs. 6 and 7. We consider experimental 
data obtained for the same length-to-diameter ratio ( Lh∕d 
= 41.81). According to the figure, the lower inlet vapor 
quality ( − 8 to −1.8%) gives higher critical boiling numbers 
and consequently higher CHF than the higher vapor quality. 

Considering experimental values in which the relation �l/�
v is practically constant, it can be noticed that as the inlet 
vapor quality decreases as seen in Fig. 8, the boiling number 
increases because the fluid is more subcooled and more heat 
is needed to achieve the same critical vapor quality.

The CHF substantially depends on subcooling for high 
flow rates, unlike for low flow rates. This is because the 
critical vapor quality for high flow rates is very low, or even 
negative, while for low flow rate situations, the CHF occurs 
for elevated vapor quality ( xout > 50%) [27]. The decrease in 
Bo with Wed is related to the decrease in critical vapor qual-
ity as fluid velocity rises. This phenomenon will be explored 
further in the following section.

3.4 � Length effect

Reducing the heated length has an effect similar to increas-
ing the subcooling at the inlet of the channel. In Fig. 9a we 
plot the Bond number (Bo) and Weber number ( We ) for two 
heated lengths, Lh = 46 and 100 mm. It is observed that both 
data fit the curves represented, respectively, as 0.0045 We−0.2

d
 

and 0.0022 We−0.15
d

 . Keeping the degree of subcooling con-
stant and reducing the heated length, the CHF increases lin-
early with the mass velocity G, as shown in Fig. 9b.

This effect results from reducing the heat transfer area, 
and thus, a higher heat flux is necessary to achieve the same 
critical vapor quality or outlet enthalpy. The dimensionless 
energy conservation equation Eq. 9 shows that a reduced 
heated length would imply an inversely proportional increase 
of the CHF if the outlet vapor quality remains constant. 
As discussed in Sect. 3.5, for the mass velocity effect, the 
critical vapor quality ( xcrit ) is not constant as mass velocity 
changes. Figure 9 shows that for the same tube with 1.1 mm 
inside diameter and experimental conditions, changing only 
the heated length from 100 to 46.0 mm, the CHF increased 

Fig. 8   Relationship between the Bond (Bo) and Weber ( We
d
 ) num-

bers. The Bond number decreases with the inlet vapor quality ( xin ) 
increment upstream of the test section

Fig. 9   a The Bond number (Bo) 
is plotted against the Weber 
number ( We

d
 ). The symbols 

represent the two different 
lengths of heated sections ( L

h
 ). 

b The experimentally measured 
critical heat flux ( CHFexp ) cor-
responding to all evaluated mass 
velocities (G) in the experi-
ments
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in 45.65%. These results show that the critical vapor quality 
reduces with shorter tube lengths, as noted in previous stud-
ies [11]. The reduction in the critical vapor quality can be 
explained by more intense heterogeneous boiling at the tube 
wall. A higher heat flux increases the evaporation forces, and 
momentum changes perpendicular to the wall, reducing the 
liquid contact with the wall.

3.5 � Mass velocity effect

Figure 9a and b also illustrates the effect of mass velocity on 
the CHF. It is essential to observe that the increase of CHF 
with mass velocity, for the mass flow rates here evaluated, 
occurs regardless of fluctuations in the degree of subcooling, 
saturation temperature and heated length. By increasing the 
mass velocity, we obtain the maximum CHF achieved in this 
work (2.212 MW/m2 ), which is the highest CHF for uniform 
heating in a single tube ever reported in the literature for 
R134a, see Table 1.

The linear trend, which defines the increase of CHF 
with the mass velocity in Fig. 9b, is defined by a slope of 
≈ 65G . This slope can change depending on the inlet sub-
cooling. To illustrate that, in Fig. 10, we use a preheater 
section to change the inlet vapor quality. The experiments 
are done in lower values of mass velocity (ranging from 
3300 to 6000 kg/m2s). With that, we note that the slope 
of the CHF versus G curve changes from G = 4000 kg/
m2 s. This indicates a change in the mechanism responsi-
ble for the CHF, which is initially related to the dryout of 
the wall due to liquid absence. For high heat flux, related 

(9)
CHF

G ⋅ xcrit ⋅ hlv
=

1

4
⋅

(
d

Lh

)

to higher flow rates and reduced heated lengths, bubbles 
nucleate inside liquid film during annular flow [39]. With 
the increase in nucleation intensity and the possibility 
of the wall dryout, an inverted annular flow condition is 
achieved, i.e., the liquid flows in the central region with 
vapor onto the surface.

The presence of subcooled CHF ( xout ≤ 0) mechanism 
in high flow rates is illustrated in Fig. 11. The data show 
that the outlet vapor quality xout , or critical vapor quality 
decreases with the Wed in a logarithm curve, Eq. 10:

High mass velocity flow in a microchannel with inlet sub-
cooled refrigerant resulted in subcooled boiling due to the 
decrease of the outlet vapor quality and higher CHF values. 
Mudawar and Bowers [10] illustrate the phenomenon for low 
and high mass velocity flows characterized by drastically 
different flow patterns and unique CHF trigger mechanisms. 
The increment in mass velocities increases the subcooled 
mechanism in the CHF. Additionally, higher fluid velocities 
also lead to an increase in the entrainment effect [40].

The experimental data presented in Tab. S1 and ana-
lyzed in this section are subsequently utilized to test vari-
ous correlations. It is worth noting that these correlations 
are commonly evaluated under low-velocity conditions [41]. 
However, our dataset with the halogenated fluid R134a, 
characterized by high mass velocity, proves to be of great 
importance in testing the limits of these correlations.

3.6 � Evaluation of prediction methods

This section compares CHF prediction methods from the 
literature to the experimental results obtained in this study. 

(10)xout = −0.092ln(Wed∕1000) + 0.80

Fig. 10   Effect of mass velocity on CHF in different levels of subcool-
ing. In this scenario L

h
 = 46.0 mm and Lph = 49.5 mm

Fig. 11   Effect of mass velocity on outlet vapor quality. The Weber 
number ( We

d
 ) is used to represent the mass velocity
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The methods are evaluated according to the mean absolute 
error (MAE), Eq. 11, and the data portion with deviation 
from the experimental results below ± 30%.

where N is the number of points, CHFthe is the theoretical 
value applied in the experimental condition i and CHFexp is 
the experimental CHF related to this condition.

Table 4 presents the mathematical formulation of the 
CHF prediction methods as CHFthe . The results of the com-
parisons considering all the experimental data are indicated 

(11)MAE =
1

N

N∑

1

|CHFthei − CHFexpi |
CHFexpi

⋅ 100

Table 4   CHF prediction 
methods from literature

Author(s) Correlation

Katto and Ohno [42] CHF = qco
(
1 − Kxin

)

where qco,K = f

[
�v

�l
,
��l

G2Lh
,
Lh

d

]
(12)

Shah [43] CHF

Ghlv
= 0.124

(
Lh

d

)0.89(
104

Y

)n(
1 − x in

)

where Y = PeFe0.4
(
�L

h
∕�v

)0.6
,

Pe = GdCpl∕kl, FE = 1.54 − 0.032

(
Lh

d

)

(13)

Hall and Mudawar [44]
CHF

Ghlv
=

C1WeC2

(
�l∕�v

)C3

[
1 − C4

(
�l∕�v

)C5xin

]

1 + 4C1C4WeC2

(
�l

�v

)C3+C5
(

Lh

d

)

where C1 = 0.0722, C2 = −0.312,

C3 = −0.644, C4 = 0.900, C5 = 0.724

(14)

Wojtan and Thome [26] CHF

Ghlv
= 0.437

(
�v

�l

)0.073

We−0.24
(

Lh

d

)
−0.72 (15)

Zhang et al. [45] CHF

Ghlv
= 0.0352

[
We + 0.0119

(
Lh∕d

)2.31(
�v∕�l

)0.361]−0.295

×

(
Lh∕d

)
−0.311

[
2.05

(
�v∕�l

)0.170
− xin

]

(16)

Tibiriçá [46]
CHF

Ghlv
= 0.02843

(
G2d

��l
+ 0.0119

(
L
h

d

)2.138(
�v

�1

)0.529
)

−0.295

×

(
L
h

d

)
−0.311

(
2.05

(
�v

�1

)0.17

− xin

)

(17)

Wu et al. [47] CHF

Ghlv
= 0.62

(
Lh

d

)
−1.19

x0.817
out

(18)

Mikielewicz et al. [29] CHF

Ghlv
= 0.62

(
�v

�l

)
−0.02

(We)−0.05
(

Lh

d

)
−1.17 (19)

Anwar et al. [30] CHF

Ghlv
= 0.27

(
d

Lh

)
(20)

Shibahara et al. [48] CHF

Ghlv
= 0.149

(
�l

�v

)
−0.47

D∗−0.1We−0.3

×

(
Lh

d

)
−0.1

Sp0.14, Sp =

�lcplΔTsub,o

�vhlv

(21)

Table 5   Evaluation of the CHF prediction methods

Author(s) MAE (%) � (±30%)

Katto and Ohno [42] 49.25 39.04
Shah [43] 35.99 42.94
Hall and Mudawar [44] 42.48 29.95
Wojtan and Thome [26] 41.03 44.92
Zhang et al. [45] 53.03 18.71
Tibiriçá [46] 30.81 84.26
Wu et al. [47] 64.69 42.94
Mikielewicz et al. [29] 447.71 0
Anwar et al. [30] 590.56 0
Shibahara et al. [48] 153.37 0.59
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Fig. 12   Comparison between 
CHF prediction methods from 
the literature and the experi-
mental data of this work. The 
blue symbol indicates data for 
d = 1.0 mm and L

h
 = 100 mm, 

while red and black symbols 
indicate d = 1.1 mm for L

h
 = 

100 mm and 46.0 mm, respec-
tively. The dashed line in each 
graph represents the ± 30% 
error band
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in Table 5. At the same time, Fig. 12 shows graphically the 
dispersion of the experimental data with the correlations.

Considering the values of Table 5, five correlations had 
MAE lower than 50%, [26, 43, 44, 46, 49], but only the 
correlation of Tibiriçá [46] had more than 70% of the data 
within the ± 30% band. The correlations [26, 43, 49] are 
widely used for predicting critical heat flux, especially for 
single channel configuration, as they were developed from a 
large fluid database, conventional channels and under wide 
operating conditions. Even though the correlation of Hall 
and Mudawar [44] is mostly indicated for water, it was vali-
dated with data covering a wide range of conditions to the 
critical point and mass velocity from 1500 to 134000 kg/m2s.

Some correlations considerably overpredicted the CHF 
values [29, 30, 48]. Despite the fact the correlations of 
Anwar et al. [30] and Mikielewicz et al. [29] considered 
R134a and had diameters and heated microchannel lengths 
close to the used in this study, the authors used lower mass 
flow rates and saturated CHF. Shibahara et al. [48] also had 
similar geometry, high flow rate values and subcooled CHF 
but indicated the utilization only for water. The correlations 
evaluation at the high mass flow conditions of this study 
presented results that considerably overestimate the CHF, 
showing that there are important effects to be incorporated in 
the models and correlations for halogenated fluids and high 
mass velocities. At high mass velocities inside microchan-
nels, heat fluxes are much more intense, leading to a strong 
bubble nucleation process in a confined environment. This 
intense confined bubble growth promotes forces that develop 
an inverted annular flow, where liquid phase flows in the 
core of the tube surrounded by the vapor phase. Addition-
ally, backflow forces arise, which can trigger thermo-hydrau-
lic instabilities, changing the CHF mechanism compared to 
lower mass flow velocities.

Based on the performance of previous correlations, a new 
correlation is proposed in this work by adapting the correla-
tion of Zhang et al.[45]. The new correlation is developed 
with the experimental database from Tibiriçá et al.[41] in 
addition to the present study, making it more general. The 
new coefficients were adjusted and are shown in Eq. 22. The 
correlation of Zhang et al.[45] was limited to water, while 
this updated version includes results for the fluids R134a, 
R12, R113, R123, R236fa, R245fa, R1234ze(E), nitrogen 
and water for tube diameters from 0.24 to 6.92 mm. The 
results are shown in Fig. 13, where the experimental data of 
this work are well predicted. The MAE for the new dataset 
is 11.6% ( � (± 30%) = 94.6%), and for the entire database 
(Tibiriçá et al.[41] including those from the current study), 
it is 15.7% ( � (± 30%) = 80.6%).

4 � Conclusions

New critical heat flux data at high mass velocity for R134a 
in single circular microchannels were obtained and com-
pared with predictive methods. The analysis has revealed 
that:

•	 Based on the literature review, the highest value of CHF 
for R134a in microchannel was achieved ( qchf = 2.212 
MW/m2 ) for a mass velocity of 26426 kg/m2 s, an internal 
diameter of 1.1 mm and heated length of 46 mm.

•	 By increasing the pressure drop of the needled valve 
installed upstream of the test section from approximately 
100 to 500 kPa, the CHF increases by 100%. This effect 
is related to the reduction of instabilities caused by the 
strong bubble nucleation process inside microchannels 
at high heat fluxes.

•	 The experimental CHF trends agree with the literature, 
i.e., increases with higher fluid subcooling at the channel 
inlet, reduced heated length and increased mass veloc-
ity for the tubes and flow rates evaluated. The CHF is 
strongly dependent on fluid inlet subcooling at high mass 
velocities since the CHF occurs mainly at subcooled con-
ditions or saturated conditions with low vapor quality. 
This differs from what was observed at low mass veloc-

(22)

CHFthe

Ghlv

= 0.0284

(
We + 0.002874

(
Lh

d

)1.897(
�v

�l

)0.0187)−0.277

×

(
Lh

d

)
−0.299(

1.0683

(
�v

�l

)0.08279

− xin

)

Fig. 13   Comparison between Eq.  22 and the experimental data of 
this work. The blue symbol indicates data for d = 1.0 mm and L

h
 = 

100 mm, while red and black symbols indicate d = 1.1 mm for L
h
 = 

100  mm and 46.0  mm, respectively. The dashed line in each graph 
represents the ± 30% error band
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ity, where the CHF has a much smaller dependency on 
the inlet subcooling [50].

•	 A new correlation is developed, achieving a prediction 
error of 11.6%.
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