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ABSTRACT

The critical heat flux (CHF) for flow boiling of cyclohexane was experimentally investigated in electrically
heated minichannels with inside diameters of (1 and 2) mm, and heated lengths of (360 and 710) mm at
mass velocities ranging from (318 to 1274) kg/m? s, heat fluxes from (50 to 1000) kW/m?, and pressures
of (1.0, 2.0, 3.0) MPa. Cyclohexane entered the test channel at ambient temperature of about 20 °C, equiv-
alent to high subcooling of (162.1, 206.4 and 236.3) °C at (1.0, 2.0 and 3.0) MPa respectively. The critical
vapor qualities ranged from —1.35 to 0.83. Results indicated that CHF of cyclohexane increased with
increasing mass velocity and decreasing heated length. Reducing channel diameter at the same length-
to-diameter ratio was proved to have no effects on CHF values of cyclohexane at the evaluated conditions.
CHF mildly increased with an increase in pressure at higher mass velocities, but critical vapor quality
always decreased with the increasing pressure. Experimental CHF data were compared with the Katto-
Ohno (1984) correlation and Shah (1987) correlation. Good agreements were achieved between the
experimental data and those predicted with most deviations not exceeding 30%. A corrected Katto—-Ohno
CHEF correlation is developed to fit the current experimental data. Excellent agreement was obtained with
all the deviations (whatever of saturation CHF or subcooled CHF) in the range of +10% with RMS error of

5.35%.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

The mini/micro channels are becoming widely used as heat
sinks in thermal management system [1] such as aerospace flight
[2], electrical cooling devices [3,4], and refrigeration systems
[5,6] in the recent decades. The space and/or weight constraints
in the small scale devices make the cooling channel much tinier,
and also the small passages may provide a high performance.
The flow boiling heat transfer processes are usually used in the
high heat flux removal applications. Therefore the CHF prediction
is of vital importance for the safe operation of heat dissipation
applications.

CHF has been widely researched since the period of 1940 [7].
But there is considerable confusion about its trigger mechanism,
experimental detection and prediction. Though a vast number of
CHF data and empirical correlations are available in literatures,
two phase designers are often confronted with great difficulty pre-
dicting CHF with acceptable accuracy. The primary reason [7] is the
special case of flow boiling in tubes, including special fluids, flow
geometries and operating conditions.
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Flow boiling heat transfer deterioration at CHF condition always
appears as a sudden increase of the surface temperature and
appreciable reduction in local heat transfer coefficient resulting
from inadequate liquid access to the wall, which may bring a
severe danger or even destroy the cooled devices. CHF always
occurs at channel outlet. As heat flux continues to increase after
the occurrence of CHF, the heat transfer deterioration shifts for-
ward to the front of the channel. According to the different channel
heated lengths, channel diameters, inlet subcoolings, mass veloci-
ties and pressures, CHF can occur at different vapor qualities.
Depending on the quality greater than zero or not, CHF can be clas-
sified as saturated CHF or subcooled CHF.

The typical dryout type CHF was seen in the high-quality
saturated region when the two-phase flow pattern is completely
annular. The annular flow patterns in the visualization study of
Kosar and Peles [4] and Kosar et al. [8] indicated that dryout is
the saturated CHF mechanism in micro/mini-channels. It is impor-
tant to accurately predict CHF in saturated conditions in small
diameter channels. Katto [9] developed a generalized dimension-
less correlation of saturated CHF for any arbitrary fluid, mass
velocity, tube diameter and length, and the inlet subcooling.
An improved version of the correlation by Katto and Ohno [5]
was published and based on the division of CHF regime by
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Nomenclature

boiling number, q/(Ghy,) (—)

inside channel diameter (m)

mass velocity of liquid plus vapor (kg/m? s)
enthalpy (J/kg)

electricity current (A)

heated length (m)

mass flow rate (g/s)

pressure (MPa)

local heat flux (W/m?)

total power applied to the test section (W)
temperature (°C)

voltage (V)

vapor quality (—)

X CHORTETTTSTOU®E

Greek symbols

P density (kg/m?)
g surface tension (N/m)
Subscripts

c critical

exp experimental

l liquid

v liquid-vapor
pre predicted

s saturation

% vapor

w wall

pv/pr =0.15 in order to discriminate the high pressure regime from
others. Qu and Mudawar [3] found that this correlation is fairly
accurate at predicting saturated CHF in single circular minichan-
nels. Shah [10] proposed a new version of his previous correlation
to predict CHF during upflow in uniformly heated vertical tubes
under saturated and subcooled conditions. Even more accuracy
was found of this method by shah when comparing with Katto
and Ohno correlation. There are also some other famous correla-
tions reported by Qu and Mudawar [3], Wojtan [11], and Zhang
[12].

Parametric effects on CHF in mini/micro channel were studied
in many experiments in the past decade. CHF will be mainly influ-
enced by mass velocity, heated length, saturation temperature,
channel diameter, inlet liquid subcooling and fluid thermal proper-
ties. It was generally found that CHF decreased with an increase in
heated length in the microchannel [11,13,14], and the length-to-
diameter ratio was always involved in the CHF predicted correla-
tions. Bigger CHF always was found at higher mass velocity
[3,4,13]. To our knowledge, no literatures reported opposite effects
of mass velocity on CHF.

The diameter and pressure effects on CHF are much more com-
plex. Tanase and Groeneveld [15] proposed a diameter correction
correlation to equivalently derive CHF in different diameter chan-
nels from a given CHF value in a certain diameter channel, which
was widely used to establish a CHF lookup table [16]. But the con-
stant term in the diameter correction correlation was reported dif-
ferent in literatures [15]. Some recent literatures of Thome [6,17]
reported that the diameter had no significant effects on CHF of
R134a and R236fa until the mass velocity went up to 500 kg/m?s.

It seems that pressure effect on CHF in mini/microchannel is in
some degree dependent on the working fluid. For water, Roday and
Jensen [13] reported that CHF increases with an increase in pres-
sure for a constant inlet subcooling. Wojtan [11] reported no sig-
nificant differences in CHF for both saturation temperature of
30°C and 35 °C of R134a at mass velocity lower than 1000 kg/
m? s, but for higher mass velocity CHF increased with saturation
temperature (increase in pressure). Thome [6,17] reported differ-
ent results that CHF of R134a, R236fa and R245fa decreased with
increasing saturation temperature at higher mass velocities. Kosar
[4] reported that increasing pressure leaded to an increase in CHF
values of R123 up to a certain pressure, beyond which CHF
declined.

Effect of inlet subcooling was investigated. In terms of refriger-
ates many literatures concentrated on, wide range of liquid inlet
subcooling are often not investigated because large subcoolings
are usually not easy to acquire while saturation temperature is
only tens centigrade above ambient temperature. These limited

experimental data showed that CHF did not change significantly
for the limited subcoolings. Wojtan et al. [11] shows no significant
influences of inlet subcooling ranging from 4.5 to 12 °C on CHF for
R134a while Ty - 35 °C. Qu and Mudawar [3] investigated CHF of a
water-cooled microchannel heat sinks at inlet temperature of 30 °C
and 60 °C at an outlet pressure of 1.13 bar. As CHF was approached,
flow instabilities induced vapor backflow which significantly
altered the coolant temperature at the channel inlets, resulting in
a CHF virtually independent of inlet temperature.

Before the use of minichannels under flow boiling condition, it
is essential to understand the CHF mechanism and predict CHF
accurately. In this study a series of experimental CHF tests for sin-
gle, uniformly heated minichannels with (1 and 2) mm ID have
been undertaken using cyclohexane as working fluid. The main
objectives of this work are (a) to determine the influence of mass
velocity, heated length, channel diameter, pressure, and inlet sub-
cooling on CHF of cyclohexane in single minichannels; (b) to
develop suitable CHF correlation for cyclohexane. The results of
this paper will offer valuable information for the thermal design
of cooling structures which refers to the CHF of hydrocarbons in
minichannels.

2. Experiments
2.1. Experimental setup

The flow boiling CHF of cyclohexane was experimentally inves-
tigated in nickel alloy GH3128 [18] (Chinese standard) electrically
heated horizontal minichannels (heated length L,: 360 mm,
710 mm; inside diameter D: 1.0 mm, 2.0 mm; wall thickness:
0.5 mm) which can work well at temperature up to 1000 °C. There-
fore the test channel would not be damaged by CHF, which pro-
vided the possibility to investigate CHF behavior by continuing to
increase heat flux after the occurrence of CHF. The average rough-
ness (Ra) of the test channel inner surface was measured as 0.8 pum
by 3D measuring Laser Microscope Olympus LEXT OLS4000. The
purity of cyclohexane used is larger than 99.5% in mass fraction.
The schematic diagram of the experimental apparatus is shown
in Fig. 1. The experimental facilities and the test section were
described in detail by our previous reports [19-21].

The fluid inlet and outlet temperature of the test channel were
measured by type K sheathed thermocouples with outside diame-
ter of 1.0 mm, which were immerged into the flow passage. Some
15 thermocouples (TC) of type K with outside diameter of 0.2 mm
were spot-welded on bottom surface of the channel with intervals
of 25 mm to measure the outside wall temperature, from which
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the inside wall temperatures were derived. The test channels were
wrapped by thermal insulation cotton to reduce heat losses.

The cyclohexane flow was provided precisely by a constant vol-
ume pump (Elite P500 from China) with flow stability of +0.5%. A
Coriolis mass flow meter before the test channel was used to mea-
sure the real time mass flow rate. The outlet pressure and pressure
drop across the test section were measured by Rosemont 3051
transducers. All measured data were collected by Isolated Mea-
surement Pods 3595 (IMP3595) data acquisition system.

2.2. Data reduction and experimental validation

All the heat flux referred in this paper is local heat flux obtained
by the Eq. (1), in which the heat efficiency # as a function of the
channel outside wall temperature was measured by the heat bal-
ance method. The Joule heat generated in the channel was bal-
anced with the heat loss to the ambience while no working fluid
was employed.

q = Uly/nDL (1)

The nearly uniform heat fluxes along the test channel would be
a little different, because that the heat losses differed at different
wall temperatures. But the discrepancy was less than 5.0% at a
wide range of temperatures from ambient to 800 °C.

The local fluid enthalpy at the ith TC points h; was obtained by
the Eq. (2), where hiyer denotes the enthalpy of the inlet liquid
cyclohexane, and L; denotes the distance of the ith TC away from
the entrance of the test channel. The local vapor quality was calcu-
lated from the local fluid enthalpy. All the thermal properties of
cyclohexane are referred from the NIST REFPROP program.

h; = 1000% %—i— Rintet (2)
The inside wall temperature at each TC point was determined by
deducting the calculated temperature drop through the wall, the
equation of which was referred from [22].

In this paper, at each operation condition of a given mass flow
rate, pressure, channel length and diameter, the heating power
was controlled to increase step by step from g = 0 until the working
fluid were completely vaporized (vapor quality larger than 1). The
channel outlet fluid was controlled to increase from ambient tem-
perature to superheating. During this process, the experiments
achieved steady states at all steps amongst which there was one
step the CHF occurred. The experimental data were collected at
every plateau while the outlet fluid experienced single phase liquid
flow, liquid-vapor two phase flow and single phase vapor flow. The
accuracy of the estimated vapor quality was assured by both the
single phase liquid and single phase vapor flow experiments. A
new test channel was used for each operation condition. Repeated
experiments were conducted at each operation condition by
changing the test channel. Good repeatability was confirmed that

Table 1
Uncertainties of the main parameters.

Parameters Uncertainties (%)
Heat flux q +2.2
Mass velocity G +3.0
Fluid enthalpy h +1.3
Vapor quality x +4.0
Critical heat flux g, +7.2
Critical vapor quality x. +9.2

all the repeated experiment results fell in the range of the standard
uncertainties.

The expanded standard uncertainties of the measured and
derived data were listed in Table 1. All the uncertainties were esti-
mated in 95% confidence level by using a coverage factor of 2. The
standard uncertainties of the thermocouples are +0.2 °C at temper-
ature T<200°C, +0.5°C at 200°C<T<500°C, and #1.0°Cat
500 °C < T< 800 °C. The discontinuous heat flux increase during
the experiment introduced additional uncertainties of +5.0% for
the critical heat flux and critical vapor quality, which have been
considered in the Table 1.

3. Results and discussions

In this paper CHF of cyclohexane was investigated in the uni-
formly heated minichannel at mass velocity ranging from (318 to
2547) kg/m? s, heat flux from (50 to 1000) kW/m?, reduced pres-
sure of approximately (0.25, 0.5 and 0.75). The highly subcooled
cyclohexane entered the test channel at ambient temperature of
about 20 °C, equivalent to high subcooling of (162.1, 206.4 and
236.3)°C at (1.0, 2.0 and 3.0) MPa respectively.

3.1. Flow boiling heat transfer deterioration and CHF of cyclohexane

Fig. 2 shows the wall temperature profiles along the heated
channel at different heat fluxes. Heat transfer deterioration
(HTD') was clearly indicated as the appreciated temperature rise
(ATR?) along the channel in Fig. 2(a) or with the increasing heat flux
in Fig. 2(b). Before ATR the wall temperature slightly above the fluid
saturation temperature kept nearly constant along the test channel
and hardly increased with the increasing heat flux, which are the
characteristics of nucleate boiling. The convective heat transfer
enhanced by flow boiling appears in such a way that the tempera-
tures at the tube interior surface remain approximately constant
up to the boiling crisis. And as long as the heating surface is wetted,
the wall temperatures are only insignificantly higher than the fluid
saturation temperature T;-182.07 °C at P=1 MPa.

The onset of CHF is characterized by a drastic increase in wall
temperature, and the convective flow deviated from nucleation
boiling to dryout in the saturation boiling or burnout in the sub-
cooled boiling. Dryout is indicated as the saturated CHF mecha-
nism [4], and burnout (or film boiling, DNB) is the mechanism of
subcooled CHF. CHF always occurs at channel outlet. As shown in
Fig. 2, wall temperature TC15 at the channel outlet started deviat-
ing the boiling region and increased appreciably at heat flux
q =429 kW/m?, where the maximum heat flux to maintain the wall
temperature at nucleation boiling condition is marked as CHF.

Dedicated to the high temperature performance of GH3128
minichannel used, the test channels were not destroyed by CHF
in all the operations. By continuing to increase the heat flux after
the occurrence of CHF, the behaviors of HTD initiated from CHF
were reported. At post-CHF regime [23] the heating surface is

! HTD: Heat transfer deterioration.
2 ATR: appreciated temperature rise.
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Fig. 2. Profiles of wall temperature (a) along the heated channel

not wetted, and the heat from the channel wall is transferred
directly to the gas phase. Due to the lower heat transfer coefficient
of gas phase, heat transfer in this regime is considerably reduced.
Therefore significantly higher wall temperatures are expected than
with a wetted channel wall.

As heat flux continued to increase, ATR (onset of heat transfer
deterioration) shifted toward the front TC points on the channel.
Meanwhile, higher wall temperatures are shown in the front of
the channel after the onset of CHF. The temperature rise is less
than 100°C at q =429 kW/m?, but increases to over 450 °C at
q =971 kW/m?. Heat transfer deterioration along the channel is
as a result of the unwetted channel wall, which is called post-Dry-
out regime. The quality at the dryout location profoundly affects
the level of post-Dryout wall temperatures. If the dryout occurs
at low qualities, higher wall temperatures must be expected than
if the channel dries out at high qualities. One reason for this is that
the average flow velocity rises with increasing quality, thus
enhancing the cooling performance at the channel interior surface.
And another reason here is the higher heat flux imposed while dry-
out occurs at lower quality or lower bulk fluid temperature region.

3.2. Method of detecting dryout condition along the heated channel

As heat flux continued to increase after the occurrence of CHF
(the first case of dryout), dryout shifted toward the front TC points
on the channel. Dryout conditions along the heated channel are
investigated to aid CHF research. There are different methods for
CHF detection and measurement. Following are the popular meth-
ods [7]: (a) first measureable degradation in flow boiling heat
transfer, indicated by a slope change of the upper portion of the

60or P=1MPa; G=637kg/m’s; D=2mm
550 ;TS T6 7 —— Post-Dryout
- === Pre-Dryout
"g S00p JELL RN vCY
Z asof TP TG
> ' T10
L L LTI
é 400 |- AT
= 350 | o TI2 TI3
S . e
= 00k ~< AT s
250 :
200 k e g | N ,
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Fluid enthalpy#, kl/kg

Fig. 3. Detection of local dryout condition in the map of fluid states presented by
heat flux vs. enthalpy.
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at different heat fluxes and (b) with heat flux for different TC points.

nucleate boiling curve; (b) rise in heated wall temperature above
a fixed level indicated by the experimenter; (c) appreciable tem-
perature rise of any portion of the heated wall; (d) increasing heat
flux until the wall temperature escalates uncontrollably.

In this study there are always 15 thermocouples distributed
along the test channel. ATR at each TC was recognized as the char-
acteristic of dryout at the location. Fig. 3 shows the detection of
dryout condition, in which the corresponding heat flux and fluid
enthalpy are indicated for each dryout location along the test chan-
nel. That the fluid enthalpy increased with increasing heat flux is
showed as dash line from TC5 to TC15. The TC points with ATR
along the channel (at the same heat flux) are marked as red color
point and the one before is marked as black point. At low heat flux
region ATR first appeared at TC15, which is recognized as CHF. As
heat flux continued to increase after the occurrence of CHF, ATR
could shift forward to the front TC along the channel. However,
sometimes it would not shift to the front TC point until consider-
able heat flux increment was imposed. An exemplification is the
HTD between T6 and T7 at heat flux from (460 to 515) kW/m?.
Obviously in the area between the red curve (TCg) and the black
curve (TC,) the dryout took place.

However, as heat flux increased there was only one onset con-
dition of dryout with ATR for each thermocouple, which makes up
the post-Dryout curve (the purple curve in Fig. 3) for the whole test
channel. And the black points just before the red one (on the purple
curve) for all the TC points made up the pre-Dryout curve (the blue
curve in Fig. 3). Obviously at heat flux larger than CHF, the dryout
conditions along the test channel were contracted to the region
between the post-Dryout curve and pre-Dryout curve. And we
assume that the pre-Dryout curve is the dryout condition curve
which will be used in the following parts of the paper.

It can be clearly seen that the vapor quality of the flow at the
dryout condition reduced with increasing heat flux, and higher
wall temperatures should be expected than if the channel dries
out at high qualities. That is why the temperature rise rate for
DNB at low quality or subcooled liquid is bigger than the dryout
at high quality condition. And that makes the DNB more dangerous
than dryout type CHF.

3.3. Effect of mass velocity on CHF

Fig. 4 shows the CHF and dryout profiles at different mass veloc-
ities for different pressures and channel diameters. The dryout
vapor qualities detected by the approach described in Section 3.2
are shown to linearly reduce with increasing heat flux in all the fig-
ures. As well as in Fig. 4(a), CHF points shown in all the figures are
the left-most point of every line fitted, for CHF occurring as the ini-
tial dryout in the test channel. There exists a trend in nearly all the
dryout fitting lines that dryout vapor quality reduced with the
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Table 2
CHF values at different mass velocities (L = 360 mm).
D (mm) 1 2
P (MPa) 1 2 3 1 2 3
G=318kg/m?s - - - 2748 2725 2719
G=637 kg/m? s 239.1 2324 255.0 448.2 483.1 474.6
G=1274kg/m®s 4093 4588 4898 - - -

increasing heat flux. Moreover all the lines move to the low quality
region or even subcooled region at higher pressures, which indi-
cated that dryout vapor quality reduced with an increase in
pressure.

All the CHF values in Fig. 4 are summarized in Table 2. It indi-
cates that CHF of cyclohexane increased with an increase in mass
velocity at all the operation conditions. For the 2 mm ID channel,
the CHF values at G = 637 kg/m? s are nearly twice bigger than that
at G =318 kg/m? s at all the pressures of (1, 2 and 3) MPa. And it is
the same case for 1 mm ID channel between G=1274 and
G =637 kg/m?s. Previous investigations [3,13] reported the CHF
dependence on mass velocity for different working fluids.

If CHF values were doubled while the mass velocity doubled,
the critical vapor quality should be constant. But it is noticed in
Table 2 that all the CHF values at bigger G were nearly but less than

Table 3

Critical vapor qualities at different mass velocities (L = 360 mm).
D (mm) 1 2
P (MPa) 1 2 3 1 2 3
G=318 kg/m?s - - - 0.83 0.49 -0.57
G =637 kg/m?s 0.65 0.18 -0.34 045 0.12 -1.35
G=1274kg/m?s 0.35 0.1 —0.49 - - -

twice of those at smaller G. It indicates that CHF shifted to lower
vapor quality condition at bigger mass velocity, which was vali-
dated in Table 3.

3.4. Effect of Length-to-diameter ratio on CHF

Length-to-diameter ratio L/D is generally introduced in the CHF
correlations [3,5], in which constant coefficient is always different
for different L/D regions. Boiling number at CHF Bl as a function of
L/D was described [14] basing on CHF data collected from litera-
tures. Bl. decreases greatly with a small increase in length-to-
diameter ratio L/D when L/D < 50. A relatively smooth trend occurs
when L/D > 150. A transition appears in the region 50 < L/D < 150.

In this study length-to-diameter ratio L/D ranges of 180-360.
Comparison of CHF and dryout data was shown in Fig. 5 for
2mm ID channel with different heated length of (360 and
710) mm at pressures of (1, 2 and 3) MPa. Results well agreed with
the literatures. CHF (left-most point) at the same mass velocity
decreased with an increase in heated length from (360 to
710) mm at all the pressures. The dryout condition lines also sup-
port the same trend of CHF. Comparison of CHF at different length-
to-diameter ratios are given in Table 4. As heated length doubled,
CHF nearly half reduced.

3.5. Effects of diameter and pressure on CHF

The CHF and dryout data at different channel diameters are
shown in Fig. 6 at G = 637 kg/m? s, and L/D ~ 360. The CHF and crit-
ical vapor quality values are listed in Table 5. The CHF values had
no significant increases with a reduction in channel diameter to
1 mm from 2 mm at all tested pressures, which is different with
previous literatures [15] which concluded that CHF generally
decreases with increasing channel diameter at the same local
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Table 4 Table 5
Variation of CHF values in channel with 2 mm ID and different heated lengths. Effect of diameter and pressure on CHF (L/D~360, G = 637 kg/m? s).
Ly (mm) 360 710 D (mm) 1 2
P (MPa) 1 2 3 1 2 3 P (MPa) 1 2 3 1 2 3
G=318kg/m?s 2748 2725 2719 1244 1343 1368 qc (kW/m?)  239.1 232.4 255.0 233 2522 273.6
G=637kg/m>s 4482 4831 4746 233 2522 2736 Xe 0.65 0.18 -034 057 0.34 0.15
101 derived that CHF at 1 mm channel will be 1.44 times bigger than
that at 2 mm channel according to the equation. Results indicate
051 that the equation is not appropriate for CHF of cyclohexane in
; ool 1 mm and 2 mm channels.
E 1/2
& -0.5F % — § ! (3)
g L/D =360 (@) =\D
% B 3 ¢/D=8 mm
> 1ot G =637 kg/m’s
Ei But in the recent literature of Ong and Thome [17] it reported a sim-
E 15 ¢ ) ilar result that there is no channel size effects on the CHF of R134a
Pressure, Diameter and R236fa for the mass velocity range of up to G =500 kg/m?s.
2.0 = PIDI e P2DI 2 P3D1 Above G =500 kg/m? s, the CHF values diverge and increase with
)5 E,' PIDIZ © P,2D2 ) P3D2, ) ) ) an decrease in diameter from 3.04 mm to 1.03 mm.
200 250 300 350 400 450 500 550 600 Pressure had complex effects on the CHF. Experimental results

Heat flux ¢, kW/m’

Fig. 6. Effect of diameter and pressure on CHF and dryout condition. P is pressure
and D is channel inside diameter.

conditions. CHF was reported and evaluated by numerous previous
literatures about CHF correlations [1,3,5] and CHF lookup table
[16]. Different authors [15] have proposed several types of correla-
tions or factors to describe the diameter effect on CHF. And for
3<D<25mm, P=100-20,000kPa, G=0-8000kg/m?s and
X.=-0.5 to 1, the CHF can be predicated by Eq. (3). It can be

in Table 5 showed that CHF mildly increased and the critical vapor
quality decreased with an increase in pressure. Moreover, at higher
mass velocities (showed in Table 2) the CHF increase became more
obvious. Fig. 7 summarized and separated the dryout points
including CHF at different pressures for all the operation condi-
tions. It indicated that increasing pressure leaded to lower dryout
vapor quality. Though higher saturation temperature occurred at
higher pressure, the HTD can happen at lower fluid temperature,
seen in Fig. 7(b). No instabilities resulting from pressure fluctua-
tion were observed. And most deviations of pressure values from
the mean were in the range of +0.01 MPa. Therefore all the CHF
data were collected at steady states without instability.
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Fig. 7. Pressure effect on dryout vapor quality and dryout temperature. All the data points for different heated lengths, channel diameters, mass velocities in Figs. 4 and 5 are

included.

Similar trend was found by Roday and Jensen [13] that CHF of
water was nearly doubled while the absolute pressure increased
from 25.3 kPa to 179 kPa in a microchannel with diameter of
0.427 mm. But the recent literature of Tibirica and Thome [6]
found a completely opposite effect of pressure on CHF of R134a.
They concluded that the CHF decreased with increasing saturation
temperature and explained that this fact can be associated mainly
with the decrease in the latent heat of vaporization with the
increasing saturation temperature. However, there existed a com-
mon result that the CHF difference (whatever increase in this paper
or decrease in Tibirica and Thome’s report [6]) enlarged at higher
mass velocities. It is clear that the explanation by latent heat of
vaporization is not applicable for CHF of cyclohexane here. Even
though less latent heat of vaporization is needed at higher pressure
in fact and the critical vapor quality is also less (shown in Table 5),
the CHF still in some degree increased with an increase in pressure
at higher mass velocities.

3.6. A simply fitted qualitative CHF correlation

It was noticed that CHF was nearly proportional to the mass
velocity, and inverse proportional to length-to-diameter ratio. A
simple dimension correlation for CHF of cyclohexane in the study
was fitted as Eq. (4), in which constant efficient C=139.9 kJ/kg.
Furthermore, it was found through the transformation of Eq. (4)
that enthalpy rise of cyclohexane at CHF condition equals 4C, seen
in Eq. (5). Fig. 8 shows that almost all the CHF data points can be
well predicted with the error range of +15% and RMS error of
8.1%. This means that Eq. (5) can be used to predict CHF and critical

18 data points
RMS =8.1%

P=1,2,3MPa
M=318, 637, 1274 kg/nis
1.3F D=1,2mm

12+ L=360,710 mm

L 8
1.0 1)

09 F
08| -15%

14 r

+15%

(Q./m)/4C
[ere:n]eTe]
o

0.7
0.6

0 5 1 1 1 1 1 1
200 400 600 800 1000 1200 1400

Mass velocity G, kg/mzs

Fig. 8. Verification of the CHF correlation fitted for cyclohexane.

vapor quality qualitatively. According to the correlation fitted, CHF
occurred at nearly constant fluid enthalpy with deviation of +15%.
GD

qc:CT

W@

(C = 139.9 kj/kg) (4)

4q.-nDL  4q.L
m  G.nD? = ®)

However, the range of +15% with interval of 168 kJ/kg is a big
enthalpy difference for cyclohexane. The latent heat of vaporiza-
tion is (265.4, 203.1 and 141.3) kJ/kg at pressure of (1, 2 and
3) MPa respectively. The critical vapor quality will be predicted
in the range of 0.42 <x.<1.05 when P=1 MPa, —0.07 <x.<0.75
when P=2 MPa, and —0.79 <x. < 0.40 when P =3 MPa. It can be
clearly seen that nearly all the critical vapor quality values of
experimental CHF point well located in the predicted region. And
it has given an explanation for that the critical qualities shifted
to the lower value region at higher pressure, shown in Figs. 4
and 5. The reason is that the less latent heat of vaporization at
higher pressure leads to the lower critical vapor quality at the
nearly constant fluid enthalpy region for CHF.

3.7. Comparison of the CHF data with existed correlations

One of the most widely used correlations developed for satu-
rated CHF in a single channel is the Katto-Ohno [5] correlation.
For no inlet liquid subcooling, they correlated CHF as formula (6).

Qo _ [P Op L
th—f[pv,GZL.,D] (6)

For most regimes, they found a linear rise in CHF with increasing
inlet liquid subcooling. Therefore, subcooling was taken into
account by the Eq. (7), where q. is the CHF for conditions with inlet
liquid subcooling, g, is the CHF for inlet saturation conditions, 4h;
is the inlet enthalpy of subcooling with respect to saturation and K
is an empirical inlet subcooling parameter.

Ah;
= a0 (1+K5") )

Qu and Mudawar [3] found that this correlation is fairly accurate at
predicting saturated CHF in single circular mini-channels.
Cyclohexane entered the test channel at ambient temperature
of approximately 20°C. The high inlet subcooling of (162.1,
206.4, and 236.3) °C was taken into account by Eq. (7) at pressures
of (1, 2 and 3) MPa respectively. In order to evaluate the effect of
inlet subcooling, the critical heat flux was calculated by not consid-
ering the inlet subcooling, shown in Fig. 9. It can be seen that the
predicted g, deviates the experimental g. with MAE of 68.7%, and
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Fig. 9. Effect of inlet subcooling on CHF.

bigger errors produced at bigger subcooling condition with bigger
pressure.

Inlet subcooling is a significant effect on CHF. According to
Katto-Ohno correlation, effect of inlet subcooling on CHF is mainly
considered in the correlation as the ratio of inlet enthalpy of sub-
cooling to the latent heat of vaporization Ah;/h;,. However, the
inlet subcooling of (2-10) °C for R134a was indicated to have no
influences on CHF in previous literature [11]. In fact, the inlet sub-
cooling of (2-10) °C which produced limited effect to be hardly
observed. But, in this study the conditions are completely different.
Ambient temperature of 20 °C in the inlet means inlet enthalpy of
subcooling of (364, 490 and 587) k]/kg, which are 137%, 241% and
415% of the latent heat of vaporization at pressure of (1, 2 and
3) MPa respectively. And it gives the explanation that bigger devi-
ations produced at higher pressure condition with inlet subcooling
not considered.

Comparisons of experimental CHF data with those predicted by
the Katto—Ohno correlation [5] and shah correlation [10] with inlet
subcooling considered are shown in Fig. 10 at (a) different pres-
sures and (b) different critical vapor qualities. Good agreements
were achieved between the experimental CHF and the predicted
values, for Katto-Ohno correlation the mean average error
MAE =20.5% and RMS error=9.0%, and for Shah correlation
MAE = 15.0% and RMS error = 13.6%. For both correlations, most
of the data points are in the deviation of 30%.

The comparison at different critical vapor qualities showed that
both the correlations can predict the subcooled CHF with the same
deviations for the saturated CHF.

(a) 20
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: o Shah RMS = 13.6%; MAE = 15.0%
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Fig. 11. Comparison of the experimental CHF data with those predicted by the new
correlation.

3.8. Corrected CHF correlation for cyclohexane

An improved CHF correlation, based on the Katto-Ohno [5] CHF
correlation, is developed below to fit the current CHF experimental
data. For CHF of inlet saturation condition, the Katto-Ohno CHF
correlation is directly used without any correction. And a new
equation is proposed to consider the subcooling by the Eq. (8),
where q. is the CHF for conditions with inlet liquid subcooling,
(e is the CHF for inlet saturation conditions, Ah; is the inlet
enthalpy of subcooling with respect to saturation.

4. =q, (1 +0.9952 %) (8)

Comparison of the experimental CHF data with the values predicted
by new correlation was shown in Fig. 11. Excellent agreements
were achieved between the experimental data and the predicted
values with MAE = 3.76%, and RMS error = 5.34%. The deviations of
all the experimental data including the saturated CHF and the sub-
cooled CHF were in the range of +10%. It indicated that the new cor-
relation developed is validated and very accurate for both saturated
CHF and subcooled CHF in the corresponding parameters range of
this paper.

4. Conclusions

CHF of cyclohexane flow boiling was experimentally
investigated in uniformly heated minichannels. Highly subcooled

®) 50 -
20 O Katto-ohno
18 o Shah
1.6 |

1.4+
12+ o

1.0 o
0.8 F
0.6
0.4+
02

0.0 L .
-1.5 -1.0 -0.5 0.0 0.5 1.0

Critical vapor quality

o

oo

(CANICANN

Fig. 10. Comparison of experimental CHF with Katto-Ohno correlation and Shah correlation for (a) different pressures and (b) different critical vapor qualities.
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cyclohexane entered the test channel at ambient temperature of
approximately 20 °C. It concluded:

(1) CHF of cyclohexane was obtained at different channel
diameters, heated lengths, mass velocities and pressures.
As heat flux continued to increase after the occurrence of
CHF, dryout location shifted toward the front of the channel
with lower vapor quality and higher post-dryout wall
temperature.

(2) Parameter effects on CHF of cyclohexane were investigated.
CHF increased with an increase in mass flux, and decreased
with an increase in length-to-diameter ratio. Reducing
channel diameter from 2 mm to 1 mm at the same length-
to-diameter ratio was proved to have no significant effects
on CHF values of cyclohexane at the tested conditions. CHF
values increased with an increase in pressure at higher mass
velocities, and no pressure effects were observed at lower
mass velocities. However, the critical vapor quality
decreased with an increase in pressure in all the conditions,
especially for smaller diameter channel the critical vapor
quality reduced more rapidly.

(3) CHF of cyclohexane was fitted to be proportional to mass
flux and inverse proportional to length-to-diameter ratio.
Good agreement was achieved between the CHF experimen-
tal data and those predicted by Katto-Ohno correlation
(MAE =20.5%) and Shah correlation (MAE =15.0%) for
whatever saturated CHF or subcooled CHF. A corrected
Katto-Ohno CHF correlation was developed to fit the current
experimental data. Excellent agreement was obtained
between the experimental data and those predicted by the
corrected CHF correlation with MAE =3.76%, and RMS
error = 5.34%. And the deviations of all the experimental
data are in the range of +10%.
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