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The subcooled flow boiling heat transfer characteristics of a kerosene kind hydrocarbon fuel were inves-
tigated in an electrically heated horizontal tube with an inner diameter of 1.0 mm, in the range of heat
flux: 20–1500 kW/m2, fluid temperature: 25–400 �C, mass flux: 1260–2160 kg/m2 s, and pressure:
0.25–2.5 MPa. It was proposed that nucleate boiling heat transfer mechanism is dominant, as the heat
transfer performance is dependent on heat flux imposed on the channel, rather than the fuel flow rate.
It was found that the wall temperatures along the test section kept constant during the fully developed
subcooled boiling (FDSB) of the non-azeotropic hydrocarbon fuel. After the onset of nucleate boiling, the
temperature differences between inner wall and bulk fluid begin to decrease with the increase of heat
flux. Experimental results show that the complicated boiling heat transfer behavior of hydrocarbon fuel
is profoundly affected by the pressure and heat flux, especially by fuel subcooling. A correlation of heat
transfer coefficients varying with heat fluxes and fuel subcooling was curve fitted. Excellent agreement is
obtained between the predicted values and the experimental data.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The heat transfer characteristics in micro- and mini-channel
have been the focus of intense research activities in the past dec-
ades due to the development of biology technology, fuel cell, elec-
tronic equipment cooling, and aviation applications. Previous
investigations were mostly concentrated on the water and refriger-
ants [1–22]. In this paper, a kerosene kind hydrocarbon fuel was
investigated. It is very important to research on the heat transfer
characteristics of hydrocarbon fuel in the field of thermal manage-
ment of the aerospace vehicles [23–28].

Endothermal hydrocarbon fuel is used as a coolant in the regen-
erative cooled scramjet engines [23], where the cooling structure is
made up of mini-channels. Investigation on heat transfer charac-
teristics of hydrocarbon fuel in mini-channels is basic for the de-
sign of cooling structure. The high heat flux encountered (about
1 MW/m2) results that boiling heat transfer inevitably takes place.
Heat transfer processes with boiling are one of the most complex
transport phenomena in the field of heat and mass transfer [1].
So many complexities [29,30] are included in these processes, such
as nonlinearity, instabilities, transition to turbulence, and two
phase phenomena resulting from nucleation, such as the growth
and motion of the bubbles along the surface of the heater, and
the complex dynamic and kinetic interactions between the two
ll rights reserved.
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phases of the fluid, and between the two phases and the solid sur-
face of the heater. The various involved parameters are so complex
that the real physics of the process is to a great extent not well
understood as yet [1].

Flow boiling heat transfer is characterized by drastically differ-
ent flow regimes for different mass fluxes. Two different flow re-
gimes [2] are described for the low and high mass velocity
separately. Subcooled film boiling, is a kind of departure from
nucleate boiling (DNB), would occur more at high mass velocity
and short tube.

Previous studies [2–4] showed that very high CHF could be at-
tained with subcooled flow boiling of water at high mass velocities
in small diameter tubes. Mudawar and Bowers [2] reported that
the subcooled film boiling could occur instead of the dryout dete-
rioration at higher mass flux, higher entrance subcooling, higher
heat flux and lower L/D in tubes with D = 0.33–2.67 mm.

The dominant heat transfer mechanism inside a micro- or mini-
channel remains an open question. A summary of the previous rel-
evant studies had been achieved by Lee and Mudawar [4]. For the
nucleate boiling, the local heat transfer coefficient is dependent on
heat flux, but not mass flux, density or quality [5–7]. For the film
evaporation [8–11], the heat transfer coefficient is a function of
mass flux [30]. Pressure is also an important parameter in boiling
heat transfer. A number of literatures [7,9,12,13] reported that
the heat transfer for nucleate boiling was enhanced with pressure
increasing, but opposite results [10] also had been attained that the
pressure had little or negative effect to the boiling heat transfer.
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Nomenclature

D diameter (m)
L length (m)
T temperature (�C)
P pressure (MPa)
U voltage (V)
I electricity current (A)
G mass flux (kg/m2 s)
q heat flux (kW/m2)
m mass flow rate (kg/s)
h heat transfer coefficient (kW/m2 �C)
Qm heat sink (kJ/kg)
k thermal conductivity (W/m �C)
l viscosity (Pa s)
Li the distance of the thermocouple i away from the front

electrode (m)

DT temperature difference (�C)
DTsat wall superheat, DTsat = Tw � Tsat (�C)
DTsub liquid subcooling, DTsub = Tsat � Tb (�C)
g heat efficiency
Re Reynolds number, Re = GD/l

Subscripts
w wall
b bulk
loc local
in inside of channel
out outside of channel
sat saturation
sub subcooling

Table 1
Special features of present study.

Features Characteristics

Channel A single circular tube with inner diameter of 1.0 mm
Heat flux 20–1500 kW/m2

Heating mode Electrically heated
Mass flux 1260, 1680 and 2100 kg/m2 s
Pressure 0.25–3.0 MPa
Fluid temperature 25.0–400.0 �C
Working fluid A kerosene kind hydrocarbon fuel

Fig. 1. Schematic figure of experimental system. 1. Fuel tank. 2. Triplex plunger
pump. 3. Expansion joint. 4. Filter. 5. Cooling section. 6. Valve. 7, 8 Swagelok valve.
9. Mass flow rate density. 10. Electricity insulating joint. 11. Test tube. 12. Pressure
transducer. 13. Differential pressure transducer. 14. K-type sheathed thermocouple.
15, 16. High temperature valve. 17. AC current transformer. 18. Power supply. 19,
20. Cooling structure. 21. Water cooler. 22. Liquid sample collection. 23. Gas sample
collection. 24. Fuel exit.

Fig. 2. Schematic figure of test section.
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The boiling mechanism in this paper might be much different
and more complicated than the studies reported before, as the
working fluid used here was an organic mixture without azeotro-
pic behavior. It is well known that the boiling temperature keeps
constant for an azeotropic mixture same as a pure substance, but
increases for a non-azeotropic mixture at a given pressure.

The subject of this paper was to investigate the heat transfer
processes of a hydrocarbon fuel passing through a uniformly
heated mini-channel. Table 1 lists the special features of the pres-
ent study. It is a primary goal of the paper to develop a fundamen-
tal understanding of the flow boiling heat transfer for a non-
azeotropic mixture. More attentions were paid to the correlations
of heat transfer coefficient with heat flux, fluid temperature, mass
flux and pressure. Comparisons of the heat transfer coefficient with
the existing correlations were conducted. A new correlation was
developed for the heat transfer coefficient with fuel subcooling,
which is an important factor in the subcooled flow boiling of
hydrocarbon fuel.
2. Experimental setup and hydrocarbon fuel

Fig. 1 is a schematic figure of the experimental system. Hydro-
carbon fuel was driven by a triplex plunger pump to flow through
the test system. The mass flow rate of hydrocarbon fuel was mea-
sured at the inlet by a Coriolis mass flow meter 9. The pressure was
measured at the outlet of test tube by Rosemount pressure trans-
ducer 12. The mass flow and pressure of the test system were reg-
ulated precisely by a series of Swagelok needle valves (7,8,15,16)
respectively.

An electrically heated GH3128 high temperature nickel alloy
tube (heated length, 245 mm; inner diameter, 1.0 mm; wall thick-
ness, 0.5 mm) was used as test section, as shown in Fig. 2. The aver-
age roughness value of tube surface (Ra) was 0.821 lm, measured
by Roughness Measuring Instrument TR300. There is a tube length
of 40 mm not heated at each end of the tube to avoid the flow en-
trance effect and stabilize the fluid flow.

In order to measure the local outside wall temperature, 24 K-
type thermocouples (TC) were spot welded on the outside surface
of the horizontal tube with a 10 mm uniform space between each
other. The fluid temperature was measured in the inlet and outlet
of the test tube with K-type sheathed thermocouple of 1.0 mm out-
side diameter. The test tube was covered with thermal insulation
fiber to avoid heat losses, and also to guarantee the accuracy of
the wall temperature measurement.
2.1. Properties of hydrocarbon fuel tested

The hydrocarbon fuel studied is a kind of kerosene, which is
made up of a blend of hydrocarbons, with cycloalkanes
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30.50 wt.%, alkanes 20.06 wt.% and aromatics 49.42 wt.%. The aver-
age molecular formula is C11.9H23.4. Fuel density is 838.0 kg/m3 at
the condition of 25 �C and atmosphere pressure. The Engler distil-
lation curve of the fuel was measured with the onset of distillation
at 196.0 �C, and 10 wt.% distillated at 206.0 �C, 90 wt.% at 243.0 �C,
and 100% at 258.0 �C at atmosphere pressure.

The thermal physical properties of hydrocarbon fuel are mostly
referred from Hu [24], which include the temperature dependent
viscosity, density and saturation pressure. The fuel’s critical pres-
sure and critical temperature are about 2.5 MPa and 400 �C respec-
tively which are consistent with the critical properties of general
kerosene hydrocarbons in the previous review by Edwards and
Zabarnick [25].

The hydrocarbon fuel after tested was analyzed by GC, and it
was found that chemical reaction will not take place until the fluid
temperature achieved approximately 500 �C at the test condition.
As a result, that the heat transfer behaviors companioned with
chemical reaction are not included in this paper.

3. Data reduction

The local heat transfer coefficient at each portion of the test sec-
tion containing a thermocouple (TC) was calculated.

The local heat transfer coefficient hloc is given as

hloc ¼ qloc=ðTw;in � TbÞ ð1Þ

The local heat flux qloc was calculated as follows:

qloc ¼ UIg=pDinL ð2Þ

A heat efficiency correlation of g with Tw,out was measured by
the heat balance method. The Joule heat generated from the elec-
tricity power was balanced with the heat loss to the ambience
when no working fluid was employed in the tube.

Heat flux density imposed is nearly uniform along the electri-
cally heated tube. Because the heat loss differs along the tube
due to the different wall temperature, the heat flux absorbed by
the fluid along the tube would always be more or less different
from each other. However, the statistical discrepancy along the
tube is less than 5.0% of the total heat flux.

The local fluid temperature Tb at each TC point was calculated
from the corresponding heat sink of hydrocarbon fuel. A third or-
der polynomial function of heat sink Qm with Tb is shown in Eq.
(4), which was fitted from the experimental data with fuel temper-
ature ranging from 50.0 �C to 300.0 �C. The local heat sink was de-
rived by Eq. (4)

Q m ¼ 0:8þ 1:0Tb þ 4:9� 10�3T2
b � 4:3� 10�6T3

b ð3Þ

Q m ¼
UIg

1000m
Li

L
ð4Þ

The coolant side wall temperature at each thermocouple posi-
tion was determined by deducting the calculated temperature drop
through the wall, seen in Eq. (5) referred from [14]

Tw;in ¼ Tw;out �
Din

2
qloc

kloc

D2
out

D2
out � D2

in

ln
Dout

Din
� 1

2

" #
ð5Þ
Table 2
Uncertainties of experimental measurement.

Parameters Uncertainty

Temperature, T (�C) ±1.0
Pressure, P (MPa) ±0.04
Mass flux, G (%) ±1.2
Heat flux, q (%) ±2.1
Heat transfer coefficient, h (%) ±4.1
All the experimental Uncertainties were evaluated in Table 2.
Uncertainty of the heat transfer coefficient was 4.1%.

4. Results and discussion

The high subcooled liquid fuel with temperature of about 25 �C
entered the test channel with mass fluxes of about 1260, 1680 or
2100 kg/m2 s. The outlet fluid temperatures ranged from 25 �C to
about 400 �C, which were achieved by different heat fluxes im-
posed on the test tube. Pressure at the outlet was fixed at a given
value from atmosphere pressure to 3.0 MPa. As a result, the heat
transfer performance with different pressures, mass fluxes, fluid
temperatures and heat fluxes could be attained.

4.1. The interesting wall temperature

Boiling heat transfer capitalizes on latent heat exchange, which
both increases the convective heat transfer coefficient during the
fluid flow and helps maintain a more uniform device surface tem-
perature, dictated mostly by the coolant’s saturation temperature
for the pure substances like water or the azeotropic mixtures like
refrigerant. The almost uniform wall temperature increases with
the heat flux increasing [5,11,14].

4.1.1. The wall temperature at different heat fluxes and fuel mass flow
rates

In the paper, an interesting and significant phenomenon noticed
is that the wall temperatures keep constant along the channel dur-
ing the subcooled flow boiling of the non-azeotropic hydrocarbon
fuel, which was similar to the boiling of pure compounds and the
azeotropic ones [7] with a constant boiling temperature at a con-
stant pressure, but the boiling temperature of hydrocarbon fuel in-
creases with quality distillated.

Fig. 3 shows the variation of local inner wall temperatures with
fluid temperatures for different heat fluxes, in which a curve at a
constant heat flux represents a wall temperature profile along
the whole test channel with 24 TC points. The outlet fuel temper-
ature described by the last point of each curve is dependent on the
heat flux imposed on the test channel due to the same L/D of 245
and the same mass flux of 1680 kg/m2 s.

The wall temperature profiles can be obviously separated to
three parts according to the almost non-change wall temperature
value of about 320.0 �C along the test channel. Simply the three
parts are below, nearly equal to and above the constant tempera-
ture value of 320.0 �C respectively. The wall temperatures at the
1st TC point when different heat fluxes imposed at a given mass
Fig. 3. The coolant side wall temperatures with local bulk fluid temperatures for
different heat fluxes.



Fig. 4. Different heat transfer modes changes as heat flux increased. (a) Boiling
curve at the first TC point of test tube near the inlet. (b) Temperature difference
between surface and fuel vs. fuel subcooling.

Fig. 5. Pressure effect on the inner wall temperature.
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flow rate and inlet subcooling (Tb,in = 25 �C) are individually de-
scribed in Fig. 4(a) to demonstrate the heat transfer mode
experienced.

Two key temperatures play significant roles here, the saturation
temperature Tsat and the fully developed subcooled boiling (FDSB)
wall temperature TFDSB, about 291.0 �C and 320.0 �C respectively at
0.5 MPa. As the heat flux increases the heat transfer mode passes
through the single phase non-boiling, the partial subcooled boiling,
and the fully developed subcooled nucleate boiling.

At fuel temperature below saturation, the wall temperature in-
creases with heat flux according to the single phase relationships
[29]. The Dittus-Boelter relation was rewritten to predict the heat
flux of forced convection [15], shown in Eq. (6). Good agreement
was achieved between the experiment data and predicted ones,
shown in Fig. 4(a). When the wall temperature becomes larger than
the saturation temperature, the nucleation commences, and the
partial boiling occurs until the wall temperature approached to
about 320.0 �C, and then the fully developed nucleation boiling took
it place, in which case the wall temperature becomes independent
of bulk fuel temperature, seen in Fig. 3. The heat transfer mode at all
TC points can be illustrated in Fig. 4(b). The diagonal of equality
between (Tw � Tb) divided the boiling and non-boiling region.

qcal ¼ 0:023Re0:8
b Pr0:4

b kðTw � TbÞ=Din ð6Þ

When the wall temperature deviated from the FDSB region to
rise quickly, the heat transfer deterioration happened. It was sup-
posed that film boiling happened, as the fuel temperatures at
points of deterioration were still less or much less than the satura-
tion temperature of fuel at the test pressure.
4.1.2. The wall temperature at different pressures
Pressure would always play a significant role when evaporation

or boiling occurs as a result of the performance of phase change
[5,7,12,13]. It was found that the uniform wall temperatures of
FDSB along the channel are profoundly affected by the different
outlet pressures. Fig. 5 shows the variation of the inner wall tem-
peratures with local fluid temperatures for different pressures at
q = 640 kW/m2 and G = 1680 kg/m2 s.

The wall temperatures were almost uniform along the whole
channel at pressures from 0.25 MPa to 0.49 MPa, which demon-
strated that the FDSB occurred in the whole channel length. As
the pressure increased to above 0.8 MPa, the heat transfer mode
was partially pushed back to the single phase non-boiling region,
as the wall temperature at the entrance of channel departed from
the Tw,FDSB to be values even lower than the Tsat. It was indicated
that the subcooled boiling was suppressed by the increased pres-
sure at the entrance, and a larger heat flux was needed to motivate
it.

As the pressure increased to 1.13 MPa, the wall temperature at
the outlet of the channel also departed from the FDSB region,
which was also noticed in Fig. 3 at heat fluxes from 334 to
525 kW/m2 at 0.5 MPa. However, the mechanism contributed to
the departure near tube outlet was somewhat different from the
single phase liquid flow at the entrance. In addition to saturation
temperature increases due to the pressure increase, the flow tran-
sition to turbulent is another reason for it. A detail explanation will
be performed in the following part.

The function of fuel saturation temperature Tsat with saturation
pressures Psat is shown in Eq. (7). It found that the averaged FDSB
wall temperature Tw profile deeply correlated with the saturation
temperature.

Psat ¼ 0:012� 1:082� 10�3Tsat þ 1:792� 10�5T2
sat

� 9:843� 10�8T3
sat þ 2:461� 10�10T4

sat ð7Þ

A correlation of the Tw of FDSB with pressures fitted by a third
stage polynomial is shown in Eq. (8), and the heat transfer coeffi-
cient of FDSB can be calculated by the Eq. (9). The local pressures
were considered as the pressures measured at the channel outlet.
Because the pressure drops of hydrocarbon fuel were less than
20.0 kPa at all test conditions. So the difference of local pressures
along the test tube, which were much less than outlet pressure,
could be neglected. A comparison of the measured heat transfer
coefficient hexp with the calculated values hcal was conducted at
pressures from 0.25 MPa to 2.5 MPa. It resulted that deviations of
all the 123 points at FDSB region were in 5.0%.



Fig. 7. (a) Boiling curve with heat fluxes vs. wall superheat DTsat for all the
measured data with DTsat > 0. (b) Comparision of the measured data with the one
predicted by Jens and Lottes [16].
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Tw;FDSB ¼ a0 þ a1P þ a2P2 þ a3P3

a0 ¼ 229:44; a1 ¼ 208:22; a2 ¼ �91:49; a3 ¼ 17:06
ð8Þ

hFDSB ¼ q=ðTw;FDSB � TbÞ ð9Þ

As the wall temperature analyzed above, it concluded that lar-
ger heat flux and lower pressure were more beneficial to motivate
the FDSB in the tube to produce an almost uniform wall tempera-
ture profile.

4.2. Fluid flow regimes and heat transfer mechanisms

Variation of local heat transfer coefficients, wall temperatures
and bulk fluid temperatures with heat fluxes at the last TC point
near the outlet are shown in Fig. 6 at P = 0.5 MPa, G = 1260 kg/
m2 s. Once the FDSB occurred, the wall temperature almost hardly
changed with heat fluxes until the heat transfer deterioration hap-
pened, and then the wall temperature quickly rising up to 600.6 �C
from 327.6 �C. A correlation of the superheated temperatures DTsat

(DTsat = Tw � Tsat) hardly increasing with heat fluxes is shown in
Fig. 7(a). As mentioned above that the superheat temperatures
DTsat > 0 represented the nucleation commencing and the onset
of partial boiling. Comparison of the measured data with correla-
tions from Jens and Lottes [16] (shown in Eq. (10)) and Thom
et al. [14] (shown in Eq. (11)) were presented. It indicated that
the deviation between the experimental data and the predicted
ones from Jens and Lottes mostly did not exceed 25.0%, shown in
Fig. 7(b).

DTsat ¼ 25q0:25expðp=62Þ; p-bar; q-MW=m2 ð10Þ

DTsat ¼ 22:65q0:5expðp=87Þ; p-bar; q-MW=m2 ð11Þ

The equation of incipient boiling curve given by Bergles and
Rohsenow [17] (shown in (12)) is also shown in Fig. 7. All the
experimental data was at the right side of the predictive curve

ðDTsatÞONB ¼ 0:556
q

1082P1:156

� �0:436P0:0234

; q-W=m2; P-bar

ð12Þ

Kandlikar [20] reported that three heat transfer regions in the
subcooled boiling had been identified by earlier investigators as
partial boiling, fully developed boiling (FDB), significant void flow
(SVF) region. Once the wall temperature exceeds the saturation
temperature, boiling can be initiated. When the single-phase liquid
convective heat transfer become insignificant, the FDB is estab-
lished. Subsequently, the mean wall temperature keeps almost
constant in the FDB region.
Fig. 6. Local heat transfer coefficients, wall temperatures and bulk fluid temper-
atures with heat fluxes at the last TC point near the outlet.
Results indicated that subcooled nucleation boiling occurred for
several reasons. That the wall temperature departs from the single-
phase liquid line L1 to increase faster shown in Fig. 4 means the on-
set of nucleation, which was also indicated by the wall tempera-
ture equaling to the fuel saturation temperature at the departure
point. That the uniform wall temperature was independent of mass
flux and bulk fluid temperature (a reflection of fuel subcooling) and
only a function of pressure, demonstrated that the fully developed
subcooled nucleation boiling occurred.

It was noticed that the uniform heat flux and uniform wall tem-
perature happened simultaneously at the boiling condition. So the
heat transfer coefficient is simply inverse proportion to the bulk
fluid temperature according to the Newton cooling formula, see
in Eqs. (1) and (9). The only thing was to ensure the FDSB occurring
and the values of pressure in the test tube on which the FDSB wall
temperature was dependent.

Actually the wall temperature of FDSB was strongly dependent
on the saturation temperature at respective pressure as be shown
in Fig. 9(b).

The flow regimes in the test channel are very clear now accord-
ing to the analysis above. It can be obviously seen in Fig. 4 that all
the fuel temperatures were less than the saturation temperature at
FDSB region. The heat transfer mode was separated from FDSB at
the high heat flux region, where the subcooled film boiling deteri-
oration happened, and the film boiling would gradually move to
the foreside of test tube with higher fuel subcooling due to the
increasing heat flux imposed, seen in Fig. 3.
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4.3. Effect of pressure on heat transfer performance

As analyzed above, pressure is the most crucial parameter in the
process of FDSB. And it is the parameter the wall temperature of
FDSB mainly depending on.

Fig. 8(a) shows the heat transfer performance at G = 1680 kg/m2 s
for different test pressures, in which both single-phase liquid flow
and two-phase boiling heat transfer are included. The heat transfer
coefficients were nearly the same at different pressures at
q < 170 kW/m2, which was as a result of the average temperature
differential between the inner wall and fluid temperature almost
independent of pressure.

The unique characteristic of the different heat transfer modes
were clearly described by the trend of heat flux with temperature
difference Tw � Tb. That the temperature difference Tw � Tb in-
creased with heat flux represented the single-phase liquid flow re-
gion. The subcooled boiling commenced when the temperature
difference began to decrease with heat flux increasing.

The averaged superheat and uncertainties at FDSB region with
different pressures are shown in Fig. 8(b). The heat transfer perfor-
mance was compared with relation of Jens and Lottes [16]. The
superheat needed to motivate boiling increased with pressure
increasing. It indicated that the subcooled boiling was suppressed
by the increasing pressure.

An attempt was tried to get the mechanism of pressure on the
boiling heat transfer. Fig. 9(a) shows the heat transfer coefficients
with bulk fuel temperatures for different test pressures at FDSB re-
gion. The heat transfer coefficient was strongly correlated with the
fuel subcooling DTsub, shown in Fig. 9(b). A beautiful curve was fit-
Fig. 8. Heat transfer performance at G = 1680 kg/m2 s for different test pressures.
(a) Boiling curve of local heat flux with temperature difference Tw � Tb at the last TC
point. (b) Comparison of the experimental superheat with others’ correlation.

Fig. 9. Heat transfer coefficients with (a) bulk fuel temperatures and (b) fuel
subcooling DTsub for different test pressures at FDSB region.
ted as Eq. (13), and the deviations of all the 123 data with the pre-
diction values by the fitted equation are in 7.0%.

h ¼ 235:7DT�0:836
sub

0:25 MPa < P < 2:5 MPa; 50 �C < DTsub < 370 �C ð13Þ

By considering the fuel subcooling DTsub as horizontal ordinate,
the heat transfer coefficients were immerged into one curve at dif-
ferent pressures. It strongly indicates that the fuel subcooling is the
key effect of heat transfer. At the same fuel temperature, the satu-
ration temperature Tsat increases with pressure increasing, and the
fuel subcooling increases. The heat transfer coefficient decreases
with fuel subcooling increasing. As a result, the nucleation is sup-
pressed by pressure increase.

The analysis of pressure effect on subcooled boiling here is much
different from the previous literatures [9,12]. It reported that the
heat transfer strengthened at higher pressure for saturated nucleate
boiling, which was based on the same quality of working fluid.

A number of literatures [1,4,7,12,14,18] have reported the strong
correlation between liquid subcooling and the boiling heat transfer
performance. In general, the heat transfer is enhanced by liquid
subcooling decreasing. Bao et al. [7] reported that the heat transfer
coefficient decreased with pressure increasing at the same location
of test channel with the same heat flux and mass flux at subcooled
boiling condition. The nucleation of subcooled fluid with the same
temperature was suppressed at higher pressure, which caused the
heat transfer coefficient reduced at the same fluid temperature.

The boiling heat transfer was always described by the superheat
in others’ work. Moreover, the subcooling was used to character



Z. Liu et al. / International Journal of Heat and Mass Transfer 55 (2012) 4987–4995 4993
the heat transfer of hydrocarbon fuel in this paper. A strong corre-
lation was found between the heat transfer and the fuel
subcooling.

4.4. Heat transfer coefficients at different mass fluxes, heat fluxes, and
bulk fuel temperatures

Fig. 10 shows the variation of local heat transfer coefficients
with local bulk fluid temperatures at FDSB region for different
mass fluxes and heat fluxes. It can be obviously seen that the pro-
files are divided into three groups according to the three given heat
flux series. In every group the mass fluxes of 1260, 1680 and
2100 kg/m2 s are covered. Results indicated that the local heat
transfer coefficients were independent of mass fluxes at the heat
flux from 644 to 1050 kW/m2 under nucleate boiling condition.
The heat transfer coefficient increased with fluid temperature
increasing as a result of the fuel subcooling decreased.

A correlation of heat transfer coefficients with heat fluxes at
FDSB region was fitted in Fig. 11(b), with the original data covering
a wide range of heat transfer coefficients from 1.0 to 11.0 kW/
m2 �C at a given heat flux, shown in Fig. 11(a). The fitted correlation
is shown by Eq. (14)

h ¼ 0:33DT�0:836
sub ðqþ 37:3Þ ð14Þ

Comparison of the measured heat transfer coefficients with the
predicted values from Eq. (14) is shown in Fig. 12. Deviations of al-
most all points are in 10.0% at all the operation conditions, and the
Fig. 10. Comparison of local heat transfer coefficients with local bulk fluid
temperatures Tb at different heat fluxes and velocities. (a) Low Tb region. (b) High
Tb region.

Fig. 11. Local heat transfer coefficients with heat fluxes at FDSB region. (a) The
original data. (b) The deduced data and the curve fitted.
RMS error is 3.9%. Earlier investigates [1,14,18,19] also reported
that the heat transfer of nucleate boiling increased with heat flux
increasing, but which were not so obviously occurred in our
experiments.

4.5. A valuable problem to solve

As mentioned above, the wall temperature deviated from the
FDSB region at the conditions with low heat fluxes or high pres-
Fig. 12. Comparison of the measured heat transfer coefficients with the predicted
values by the fitted curve at all the operation conditions.
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sures see in Figs. 3 and 5. At the FDSB condition, the heat transfer
near the outlet would experience a process including three stages
according to the increasing heat fluxes imposed. First, the wall
temperature decreased to below the constant temperature of FDSB
at low heat fluxes. And then with heat flux increasing the wall tem-
perature increased to be equal to the constant wall temperature. At
last, the wall temperature rose up quickly at high heat flux condi-
tions due to heat transfer deterioration. It indicated that at the first
stage higher heat flux or less pressure was necessary to approach
the FDSB region.

The heat transfer coefficients with Re for G = 1680 kg/m2 s at the
conditions of the first stage are shown in Fig. 13. Supposing that
the FDSB occurred in the whole tube length, the suppositional hloc

is also shown as the hollow patterns. The actual hloc near the outlet
of the tube begin to deviate from the FDSB region to increase faster
at Re � 2600 and q = 334 kW/m2. With heat flux increasing the Re
of deviation points increased.

Experiment measurement attained that the flow pattern trans-
ited to turbulence at Re � 2500, and the laminar flow happened at
Re < 1600 in the 1 mm inner diameter tube with the hydrocarbon
fuel. The hydrocarbon fuel passed through laminar flow, transition
flow and turbulence flow with fuel temperature increasing from
inlet temperature of 25 �C to above 150 �C in the tube.

Fluid flow transition to turbulence occurred when fluid temper-
ature was 88 �C at G = 1680 kg/m2 s, 114 �C at G = 1260 kg/m2 s.
The transition points were also consistent with the wall tempera-
ture deviation points near the outlet of the tube in Fig. 3. As the
flow pattern transited to turbulence, the effect of forced convection
fluid velocity and Reynolds number became important. It was
found that larger velocity leading to much more wall temperature
decreasing from the FDSB region. As Reynolds number increases up
to turbulence value, the curves of heat transfer coefficients with
various heat fluxes are merged into one curve in Fig. 13. It indi-
cated that turbulence became vigorous, and the effect of heat flux
disappeared. As our knowledge it has not been reported in previ-
ous literature, which is the inverse process of nucleation with
curves of heat transfer for different fluid velocities merging into
one curve dependent on heat flux, see in literatures [19,20].

The fluid can be divided into two parts due to the large temper-
ature gradient in the test tube. One part is the bulk fluid which is
the single phase liquid flow at the center axis of the tube, and
the other part is the fluid near the inner surface of the tube with
bubble flow.

The heat transfer behavior is the co-action of the single phase
liquid flow at the central part and the nucleate boiling surrounding
it. The heat transfer is enhanced when the bulk fluid flow transfers
Fig. 13. The heat transfer coefficients with Re at the boiling conditions wherein the
wall temperature deviates the FDSB region near the outlet of test tube.
to turbulence. It is shown that the wall temperature departed from
the FDSB region to a value below the saturation temperature near
the outlet of the tube, the nucleation was fully suppressed by the
heat transfer enhancement as a result of the turbulence, seen much
clearly in Fig. 3. When the heat transfer mode is turbulence dom-
inant, the heat transfer coefficient will linearly increasing with
Re, see in Fig. 13. However, the effect of turbulence will decrease
due to the enhanced nucleation with the heat flux increasing.
5. Summary

The subcooled flow boiling and heat transfer behavior in a uni-
formly heated mini-channel with an inner diameter of 1.0 mm
were investigated using a kerosene kind hydrocarbon fuel as work-
ing fluid. The major findings are summarized as follows.

(1) The nucleate boiling heat transfer was dominant during sub-
cooled flow boiling of the non-azeotropic hydrocarbon fuel,
and it was enhanced with heat flux increasing and indepen-
dent of the mass flow rate.

(2) During the fully developed subcooled boiling (FDSB), the
wall temperature kept almost constant along the channel,
and was independent of bulk fluid temperature and fuel flow
rate. However, it was profoundly affected by the pressure in
the channel. Adding heat flux would slowly increase the wall
temperature of FDSB.

(3) The fuel subcooling was found affecting the heat transfer of
hydrocarbon fuel strongly. The boiling heat transfer at same
fluid temperature was suppressed due to the increase of
subcooling as pressure increasing. Higher heat transfer coef-
ficient was attained at higher fuel temperature owing to the
fuel subcooling decrease. In order to predict the heat transfer
coefficients at FDSB region for different pressures, heat
fluxes, and fluid temperatures, a correlation of heat transfer
coefficient h with fuel subcooling DTsub and heat flux q was
curve fitted. Excellent agreement was obtained between the
predicted data and the experimental data.

(4) The hydrocarbon fuel experiences an evolution from laminar
flow, transition flow to turbulence flow as fuel temperature
increasing in the channel. A combined action of the forced
convective flow and the nucleation was observed. The flow
transition to turbulence would enhance the heat transfer
performance, as a result, the nucleation was suppressed
and the wall temperature decreased. Higher heat flux and
lower pressure were expected to facilitate the heat transfer
mode to approach the FDSB region.

Further investigations are necessary to determine the boundary
of the FDSB region. It will be a much more interesting thing to dis-
cover the difference heat transfer mechanism of hydrocarbon fuel
at high subcooled, low subcooled and saturated boiling. To our
knowledge, few investigations were reported related to the FDSB
of a mixture including multi-components with a wide range of
boiling temperatures in previous literatures. It is significant to un-
cover the mechanism of the flow boiling of non-azeotropy
mixtures.
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