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a b s t r a c t

This article presents dryout results of propane in single vertical circular minichannels made of stainless
steel with internal diameters of 1.70 mm and 1.224 mm. The heat flux is increased in steps up to occur-
rence of dryout. The effects of different parameters such as mass flux, saturation temperature, vapour
quality and internal diameter on the dryout are investigated. The results show that the dryout heat flux
increases with the increase in mass velocity, with the decrease of vapour quality and with the increase of
internal diameter. Almost no effect of saturation temperature on dryout heat flux is observed. General-
ised CHF correlations developed for macro and micro scale from the literature are also compared with
the experimental results.

� 2011 Elsevier Inc. All rights reserved.

1. Introduction

Flow boiling in minichannels is presently one of the leading re-
search fields in boiling heat transfer. Minichannels offer several
advantages such as increased heat transfer, low fluid inventory
and thereby increased safety when using flammable refrigerants,
and low cost and reduced size resulting in increased compactness.
The main application areas of minichannels include electronic
cooling, air conditioning systems in the automotive industry and
biomedical engineering. The technology may in the future also be
used in heat pump and refrigeration systems. In the last two dec-
ades, the heat transfer research in minichannels has been focused
on using HFC refrigerants. The requirement to replace HFC’s in the
near future due to environmental concerns has encouraged the re-
search community to find potential natural refrigerants capable of
replacing HFC’s. Therefore in the last decade, some flow boiling
studies have been done to capture the behaviour of natural refrig-
erants in minichannels.

Propane is one of the potential candidates to replace HFC fluids.
Propane does not have any ozone depletion potential (ODP) and
has very low global warming potential (GWP). It is non-toxic,
chemically stable, compatible with most materials used in HFC
equipment and is miscible with commonly used compressor
lubricants. Propane has very good thermodynamic and transport

properties and also properties that closely resemble HFC refriger-
ants, allowing it to be used without re-design of existing systems.
However, the main concern with the use of propane as refrigerant
is its high flammability. By using minichannel heat exchangers, the
fluid inventory will be low, and thereby the risks connected with
the flammability will be reduced [1].

The terms critical heat flux (CHF) and dryout are both used to
describe a situation when the heated surfaces in an evaporator
are no longer wetted by the liquid [2,3]. Strictly speaking, the
way in which this situation is reached determines whether it
should be termed critical heat flux or dryout. Critical heat flux
could appear at any vapour fraction and represents the upper limit
of the heat flux where liquid is still in contact with the surface.
Dryout appears at high vapour fraction, independently of heat flux,
when there is not sufficient liquid left to fully wet the walls of the
channel. At dryout, the wall temperature starts increasing due to
the heat transfer deterioration. In the literature, the terms are used
less strict, and in the following, we will use the term CHF even
though dryout would be more adequate. In designing a two phase
mini-channel heat exchanger, it is necessary to know the dryout
limit for a secure and efficient operation of system.

The main objective of this study is to investigate the influence
of different parameters on dryout of propane in minichannels
and also to assess the applicability of CHF correlations from the lit-
erature for the tested conditions.

Wojtan et al. [4] presented critical heat flux data for 0.5 and
0.8 mm internal diameter minichannels using R134a and R245fa
as working fluids. The results showed increase in CHF with mass
flux and no effect of subcooling was observed on CHF. The
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comparison of experimental data with well known correlations
showed that Katto and Ohno [5] correlation predicted the data
with MAD (Mean Absolute Deviation) of 32.8%. Based on this cor-
relation, a new correlation was suggested which predicted their
experimental data with a MAD of 7.6%. Ali [6] performed experi-
ments to determine dryout heat flux in vertical circular minichan-
nels with internal diameters of 1.22 mm and 1.70 mm with
uniformly heated length of 220 mm using R134a as a working
fluid. The dryout heat flux was observed to increase with mass flux
and decrease with decrease in tube diameter. The saturation tem-
perature had small influence on the dryout heat flux. The experi-
mental results were compared with some CHF correlations where
the Bowring correlation [7] gave the best prediction with a MAD
of 13%.

Lazarek and Black [8] presented CHF results using R113 as a
working fluid in a vertical circular minichannel of 3.15 mm inter-
nal diameter and heated lengths of 123 and 246 mm. They ob-
served that CHF occurred due to dryout of liquid film at the exit
of the test section. A new CHF correlation was presented which
predicted their experimental results with 5% deviation.

Bowers and Mudawar [9] presented CHF of R113 in an array of
circular tubes. No effect of inlet subcooling on CHF was found
which was contrary to previous studies found in the literature.
Callizo et al. [10] performed experiments to study dryout behav-
iour, using R134a, R245fa and R22 in a vertical circular micro chan-
nel of 0.64 mm internal diameter. It was found that the saturation
temperature has small effect on the dryout heat flux for all working
fluids while dryout heat flux was observed to increase with in-
crease in mass flux. Among tested CHF correlations, the Katto
and Ohno [5] correlation predicted their experimental results well,
with a MAD of 6.7%.

Qi et al. [11] performed flow boiling experiments using liquid
nitrogen as working fluid in four mini and micro channels of
0.531, 0.834, 1.042 and 1.931 mm internal diameters. They
observed a gradual decrease in CHF with decrease in internal
diameter and decrease of mass flux.

Kosar and Peles [12] investigated CHF in a silicon based micro-
channel heat sink at saturated flow boiling and they observed an
increase of CHF with increase in mass flux and decrease in exit
quality. CHF was reported to increase with an increase in reduced

pressure up to 0.086, then to decrease. A new correlation was
developed which captured the CHF trends in this experimental
study with a MAD of 3.8%.

2. CHF correlations

Bowring [7] developed a correlation on the basis of about 4000
data points for water. The mathematical form of the correlation is;

q00CHF ¼
A0 þ 0:25DGDiin

C 0 þ L
ð1Þ

A0 and C0 are functions of properties and geometrical details which
can be seen in detail in [7]. The mathematical form of the CHF cor-
relation proposed by Katto and Ohno [5] is;

q00CHF

Gilv
¼ f

ql

qv
;
rql

G2l
;

L
Dh

� �
ð2Þ

The density ratio in this correlation represents the effects of pres-
sure and L/D ratio shows the geometrical effects. In case of subcool-
ing, they modified the above correlation as;

q00CHF

� �
sub ¼ q00CHF 1þ KDlin

ilv

� �
ð3Þ

K is the empirical inlet subcooling parameter. Different forms of the
correlation according to experimental conditions and geometry can
be seen in [5].

Shah [13] developed a correlation on the basis of 23 fluids in
vertical uniformly heated conventional tubes. This correlation dif-
fers from other correlations by the inclusion of viscosity ratio in-
stead of density ratio. According to this correlation, the inlet
vapour fraction, L/D ratio, mass flux and viscosity ratio are the ma-
jor parameters which influence the CHF. Mathematically this cor-
relation can be written as;

q00CHF
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Nomenclature

A area, m2

Cp specific heat, J/kg K
D internal diameter, m
G mass flux, kg/m2 s
I current, Ampere
ilv latent heat of vapourization, J/kg
Diin inlet subcooling enthalpy, J/kg
k thermal conductivity, W/m K
L heated length, m
MAD Mean Absolute Deviation, %
m mass flow rate, kg/s
N number
q00 heat flux, kW/m2

T temperature, K
V voltage, V
x vapour quality
Z axial length, m
Z� saturation point length, m
Z� non dimensional length (z/L)

Subscript
c cross-sectional

CHF critical heat flux, kW/m2

exp experimental
h hydraulic
in inlet
l liquid
pred predicted
sat saturation
sub subcooling
v vapour

Greek letters
q density, kg/m3

r surface tension, N/m
l viscosity, Ns/m2

Dimensionless numbers
Co confinement number

r
gðDI�Dv Þ

� 	0:5

D

0
B@

1
CA

WeD Weber number G2D
qr

� 	
Wel Weber number G2L
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If Y 6 104 then n = 0 otherwise for Y > 104, n can be calculated as;
For Y 6 106, n ¼ D

L

� �0:54

For Y > 106, n ¼ 0:12
ð1�xinÞ0:5

Callizo et al. [10] presented a correlation for micro channels by
adjusting the coefficients in the Katto and Ohno [5] correlation
using least square regression analysis. The functional form of this
correlation is;

q00CHF

Gilv
¼ 0:3216

qv
ql

� �0:084

We�0:034
l

L
D

� ��0:942

ð6Þ

Wojtan et al. [4] presented another modified version of the Kat-
to and Ohno [5] correlation:

q00CHF

Gilv
¼ 0:437

qv
ql

� �0:073

We�0:24
l

L
D

� ��0:72

ð7Þ

Zhang et al. [14] developed a CHF correlation on the basis of sat-
urated flow boiling data of water at various operating conditions.
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Bowers and Mudawar [9] developed the following CHF correla-
tion for mini and micro channels on the basis of experimental data
using R113 as working fluid.

q00CHF

Gilv
¼ 0:16We�0:19

i
L
D

� ��0:54

ð9Þ

Qi et al. [11] presented a CHF correlation on the basis of flow
boiling of liquid nitrogen data in four mini and micro channels
and observed that CHF occurred due to the tear of the liquid film
at the inner wall.

q00CHF

Gilv
¼ ð0:214þ 0:140CoÞ qv

ql

� �0:133

We�0:133
l

1
1þ 0:03L=D

ð10Þ

Fig. 1. Schematic diagram of experimental set-up.
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3. Test rig and experimental procedure

The layout of the test rig is shown in Fig. 1 and the experimental
conditions are tabulated in Table 1. The experimental set-up con-
sists of a close loop: the subcooler, the magnetic gear pump, the
Coriolis mass flow meter, the pre-heater, the test section and the
condenser. The subcooler is used to reduce the risk of cavitation
at the suction side of the magnetic gear pump. The subcooled
refrigerant flows to the inlet of the magnetic gear pump (ISMATEC,
type MCP-Z standard). The mass flow rate is controlled by adjust-
ing the speed of the pump and is measured by a Coriolis mass flow
meter (MicroMotion, DS006). The refrigerant coming from the
mass flow meter enters the pre-heater where it is heated up to
the desired inlet temperature. The pre-heater consists of an electric
heating coil which is wound around the stainless steel tube in
which the refrigerant flows. Before the entry to the test section, a
filter of 7 lm is installed to restrict any particles from entering
the test section. After passing through the test section, the refriger-
ant enters the condenser for condensation of the vapour back to li-
quid. After the condenser, the condensate liquid enters the
subcooler to complete the loop. The system pressure is maintained
constant by regulating the level in the condenser with the use of a
heated tank connected to the main loop.

The system pressure is measured by an absolute pressure trans-
ducer (Druck PDCR 4060, 20 bar). Two differential pressure trans-
ducers (Druck PDCR 2160, 350 and 700 mbar) are used to
measure pressure drop across the two test sections. The refrigerant
temperature at the inlet and the outlet of the test section is mea-
sured by T-type thermocouples. The test rig is insulated carefully
to prevent heat loss to the surrounding. The outer wall tempera-
tures of the test sections are measured by T-type thermocouples.
The thermocouples are attached with a special epoxy which is
thermally conductive and electrically insulating. The inner wall
temperatures are calculated from the measured outer wall temper-
atures by the one dimensional heat conduction equation for a
cylindrical wall, assuming steady state condition, uniform heat
generation (Joule Effect) in the tube wall and no heat loss to the
surroundings.

The test sections consist of stainless steel (AISI 316) tubes with
inner diameters of 1.70 mm and 1.224 mm and 245 mm in length.
A glass tube of the same inner diameter as the test section is in-
serted before and after the test section to visualize the flow regime
and to insulate the test section electrically from the test rig. The
surface roughness of the test sections were determined by scan-
ning the inner surface using a method called conical stylus profil-
ometry. Five profiles of the inner surface of each test section were
obtained and used for the determination of the roughness. The
scanned structures of the inner surface of each of the test sections
are shown in Fig. 2 and 3. It is observed that the inner surface of the
1.70 mm tube is smoother than that of the 1.224 mm diameter
tube. The details of the roughness test results are shown in Table
2, where Ra represents the arithmetic mean roughness, Rv the max-
imum valley depth and Rp is the maximum peak height.

All tests are performed at steady state conditions. At the begin-
ning of each test, the system pressure, the mass flow rate and the in-
let temperature are set at desired level. Once the parameters are
established, the power is applied to the test section. The power is in-
creased gradually in small steps to achieve the desired heat flux.
Nearly 100 data points are recorded for 5 min after steady state con-
ditions are reached. The average values of these data points are used
in the calculations. From the recorded parameters, system pressure
is used to calculate local saturation pressure and the outer wall tem-
peratures are used to calculate the inner wall temperatures.

4. Data reduction and uncertainty analysis

The heat flux is calculated for a given test point as;

q00 ¼ Q � Q loss

pDL
ð11Þ

where Q ¼ l � V .
Q is the power and Qloss is the power lost to ambient and were

experimentally estimated by the following method: Without any
fluid flow, the wall temperatures were set at the desired level by
adjusting the electric heating. The data was recorded at different
heat fluxes and the temperature difference between wall and

Table 1
Experimental conditions.

Test section Vertical circular minichannels

Working fluid Propane
Inner diameter (mm) 1.70 1.224
Heated length (mm) 245 245
Mass flux (kg/m2 s) 100–500 100–400
Heat flux (kW/m2) 5–276 5–183
Saturation temperature (�C) 23,33,43 33,43
Subcooling (�C) 1 1

Fig. 2. Characterisation of inner surface roughness of 1.224 mm test section.

Fig. 3. Characterisation of inner surface roughness of 1.70 mm test section.

Table 2
Roughness details of test sections.

Tube inner dimension (mm) Ra (lm) Rv (lm) Rp (lm)

1.70 0.21 �0.73 0.80
1.224 2.55 �5.08 9.58
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ambient was plotted versus the applied heat flux. On the basis of
the equation of the plot, power loss calculations were done. For
low heat fluxes, the power loss was 1–2% of the applied power
and for high heat fluxes it was less than 1%. However, the power
loss is subtracted from the imposed power to the test section as
shown in Eq. (11).

The vapour quality at any vertical location (z) is determined
from the heat transferred to the fluid as;

xz ¼
q00 � pD � ðZ � Z

� Þ
AC � G � ilv

ð12Þ

Z is the desired location where the vapour quality is estimated, Z� is
the location along the test section where saturated conditions are
reached. This point can be determined as;

Z
� ¼

_m � Cp � ðTsat � TinÞ
q00 � pD

ð13Þ

The Mean Absolute Deviation (MAD) is used to compare the
experimental data with correlations from the literature. These val-
ues are calculated as:

MAD ¼ 1
N

XN

1

jUexp � Upredj
Uexp

� 100 ð14Þ

U represents the value of experimental or predicted data point.
All thermal and transport properties of Propane, including enthal-
py, density, viscosity and thermal conductivity, are calculated
using REFPROP 7 developed by NIST (National Institute of Stan-
dards and Technology).

The uncertainty propagation in the measurement of diameter,
tube length, power input, temperature, pressure and mass flow
rate is calculated by Engineering Equation Solver (EES). It uses
the method suggested in [15]. The propagation uncertainties in
the experimental results are tabulated in Table 3.

5. Results and discussion

5.1. Dryout heat flux detection

The first change of slope in the boiling curve, Fig. 4, indicates
departure from nucleate boiling and incipience of dryout. The cor-
responding heat flux is considered as incipient dryout heat flux.
The increase in the wall superheat is a clear indication that dry
patches are temporarily formed on the boiling surface. These dry-
out patches are rewetted by the coming disturbance waves of li-
quid and this wetting and rewetting continues until complete
dryout occurs, if the heat flux is gradually increased. Above the
dryout incipience heat flux, heat flux is increased in small steps,
ranging from 4 kW/m2 at the lowest mass fluxes to 10 kW/m2 at
higher mass fluxes, and long enough time is allowed before record-
ing data. These steps are repeated until the wall temperature at the
last thermocouple position overshoots more than 25 K above the
saturation temperature. The power applied to the test section is
cut off at this point to save the test section from burnout. The mea-
sured dryout completion heat flux is not expected to be affected by

increasing the heat flux to higher wall superheats. Fig. 4 shows the
typical boiling curve of the 1.70 mm tube for 100 kg/m2 s at satu-
ration temperature of 23 �C. The incipience of dryout is clearly vis-
ible at a heat flux around 50 kW/m2. The wall superheat presented
in Fig. 4 is the difference between wall and saturation temperature
where wall temperature is the average of the recorded tempera-
tures for a particular heat flux at the last thermocouple position,
during a short unstable interval, before a sudden sharp increase
in temperature recognized as dryout completion.

The occurrence of dryout can also be shown by the temperature
profiles of the thermocouples. Fig. 5 shows the temperature pro-
files of the last six thermocouples of the 1.70 mm tube for a mass
flux of 100 kg/m2 s at a saturation temperature of 23 �C as a func-
tion of recording time. As can be seen large fluctuations in the last
two thermocouples indicate dryout and rewetting of the surfaces.
The fluctuations start at the downstream end of the test section,
then gradually moves upstream with the increase of heat flux.
These large fluctuations increase the standard deviation in the
temperature readings of the thermocouples. The steady state stan-
dard deviation closer to the inlet normally varies from 0.01 to
0.03 �C. Larger and quicker fluctuations are observed in the mini-
channels in this study than would be expected in macrochannels.
The wall temperatures at the last two thermocouples and the cor-
responding standard deviations as a function of non-dimensional

Table 3
Uncertainty of operating parameters.

Parameter Operating range Uncertainty

D (mm) 1.70,1.224 ±0.007,±0.009
G (kg/m2 s) 100–500 ±3.5%
q00 (kW/m2) 5–276 ±2%
Tsat (�C) 23,33,43 ±0.2
x 0–1.15 ±5%
CHF (kW/m2) 55–276 ±7%
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length are plotted in Fig. 6. Teyssedeu et al. [16], Ali [6] and Callizo
et al. [10] also reported similar behaviour at the occurrence of dry-
out in their studies.

5.2. Effect of mass flux

Dryout heat flux as a function of mass flux for both tested tubes,
at a saturation temperature of 33 �C, is presented in Fig. 7. It can be
seen that for both tested tubes, the dryout heat flux increases al-
most linearly with increase in mass flux. The reason for this is sim-
ple; To reach a vapour quality where dryout appears, higher heat
flux is needed for higher mass flux. Different authors in previous
studies of CHF in the literature such as Wojtan et al. [4], Kosar
and Peles [12], Calizzio et al. [10] and Ali [6] have also reported
the similar trends.

5.3. Effect of vapour quality and saturation temperature

Dryout heat flux as a function of vapour quality at the last ther-
mocouple location for the 1.70 mm internal diameter tube is plot-
ted in Fig. 8 for a mass flux range of 200–400 kg/m2 s and the
saturation temperatures of 23, 33 and 43 �C. It can be seen that
there are two vapour qualities joined by a line for each case. The
lower vapour quality represents the dryout incipience and the
higher vapour quality represents the dryout completion. Dryout

incipience vapour quality represents the heat flux where the fluc-
tuations in the readings of the last thermocouple on the down-
stream side of the test section started. At this point the standard
deviation of the last thermocouple data increased above the steady
state standard deviation; dryout completion vapour quality repre-
sents the heat flux where the temperature reading of the last ther-
mocouple increased sharply after a short instable time period more
than 25 K above the saturation temperature and the power to the
test section was cut off to save the test section. It is also observed
that for a given saturation temperature, the dryout incipience oc-
curs at lower vapour quality for higher mass flux except for
400 kg/m2 s at 43 �C saturation temperature where the incipience
of dryout is delayed to higher vapour quality. A decrease in dryout
completion vapour quality at higher mass flux is also observed for
a given saturation temperature. According to our previous studies
[6,18] in which the flow regimes along a minichannel were studied,
initiation of annular flow was found to start at much lower quali-
ties than those at dryout. It has been suggested that, in annular
flow, an increase in mass flow increases the droplet entrainment
in the vapour core [17], thereby reducing the amount of liquid in
the film, and thus also the film thickness. The liquid film may then
break due to this droplet entrainment and the channel wall can be
exposed to the vapour. This can be a reason for the decrease in dry-
out completion vapour quality at higher mass fluxes. From Fig. 8, it
can also be seen that for a given mass flux, the vapour quality at
dryout incipience and dryout completion increases with increase
in saturation temperature except for 200 kg/m2 s, where the va-
pour quality at dryout completion at 23 �C is marginally higher
than at 33 �C. The occurrence of dryout incipience and dryout com-
pletion at higher vapour qualities for higher saturation tempera-
ture at a given mass flux can be explained by the increase of
vapour to liquid density ratio with saturation temperature which
can reduce the droplet entrainment rate in the vapour core result-
ing in a delay of dryout occurrence [6].

Fig. 9 presents heat flux versus vapour quality at the last ther-
mocouple, for the mass flux range 200–400 kg/m2 s and the satura-
tion temperatures 33 �C and 43 �C in the 1.224 mm internal
diameter tube. It can be seen that for a given mass flux, the vapour
quality at dryout incipience increases with increase in saturation
temperature. As in the 1.70 mm tube, it is also observed here that,
generally dryout vapour quality is lower for higher mass flux
which has been explained in previous paragraph. Wojtan et al.
[4] and Kosar and Peles [12] have also observed general trends as
in this study.
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The effect of saturation temperature on the dryout heat flux can
also be discussed from Fig. 8 and 9. It can be seen from Fig. 8 for the
1.70 mm tube that the effect of saturation temperature on dry out
incipience is not clear. Incipience of dryout occurs at different heat
fluxes at different saturation temperatures with no clear trend.
However, the differences in heat flux are small. It can also be seen
that complete dryout occurs almost at the same heat flux for all
saturation temperatures. Fig. 9 for the 1.224 mm tube shows also
small differences for heat flux at both incipience and completion
of dryout. It can be concluded from Figs. 8 and 9 that there is insig-
nificant effect of saturation temperatures on dryout heat flux. The
vapour to liquid density ratio is directly proportional to saturation
temperature and the latent heat of vapourization is inversly pro-
portional to saturation temperature. In famous Katto and Ohno
[5] correlation, vapour to liquid density ratio and latent heat of
vapourization are also in linear relationship with critical heat flux.
The increase in vapour to liquid density with saturation tempera-
ture tends to reduce the droplet entrainment rate in the vapour
core which may increase the dryout heat flux [6]. The decrease in
latent heat of vapourization with saturation temperature tends to
reduce dryout heat flux [12]. The mentioned effects may be two
opposite contributors cancelled to diminish the effect of saturation
temperature on dryout heat flux.

5.4. Effect of tube diameter

The effect of tube diameter on the dry out heat flux is depicted
in Fig. 10 where heat flux is plotted versus vapour quality for a
range of different mass fluxes for the 1.70 mm and 1.224 mm inter-
nal diameter tubes. It can be seen that for a given mass flux, com-
plete dryout heat flux is considerably higher for the larger
diameter channel. For given experimental conditions, the liquid
film may break faster in the lower diameter tube due to higher
shear force than in the higher diameter tube. This can be a reason
for the increase in complete dryout heat flux with the increase of
internal diameter. The effect of diameter can also be seen in
Fig. 7 where heat flux is plotted versus mass flux for both test sec-
tions at 33 �C saturation temperature.

Another point worth noting in Figs. 8–10 is that the dryout
completion vapour qualities in some cases are above 1. This can
be explained by fluctuations in mass flux on the downstream side
of the test section as a result of waves of liquid from upstream peri-
odically wetting the test section up to a point where, on the aver-
age, the vapour quality is higher than 1 (cf Fig. 5).

6. Comparison with correlations

To avoid burnout of the installed facility due to dryout, in cases
where the heat flux rather than the temperature is given by the
application, it is very important to have a good predicting model
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which can predict the complete dryout heat flux condition to min-
imize the risk of accidents. In this section, an effort has been made
to compare our experimental data of complete dryout with well
known verified predicting methods for macro channels which have
been used for decades, like the correlations by Katto and Ohno [5],
Bowring [7], and Shah [13], to see their applicability in minichan-
nels. The experimental data is also compared with predicting
methods which are developed specifically for mini and microchan-
nels like Callizo et al. [10], Bowers and Mudawar [9], Qi et al. [11],
Zhang et al. [14] and Wojtan et al. [4].

Fig. 11 shows the comparison of the experimental data with
Katto and Ohno correlation [5] at all three saturation temperatures
for the 1.70 mm and the 1.224 mm internal diameter tubes. This
correlation has been developed for macro channels using data of
different fluids like water, nitrogen, helium, R22, R113 and R12
and as can be seen, it predicts the data reasonably well with a
MAD of 16% and about 81% of the data is within ±20% range.

Bowring [7] developed his CHF correlation from data of water
for large diameter tubes. This correlation has been derived from
data covering system pressure up to 190 bar and mass velocity
up to 186000 kg/m2 s. This correlation predicts the experimental
data with a MAD of 13% and 91% of the experimental data points
are in the ±20% range. The predictions of Bowring correlation [7]
are presented in Fig. 12.

Callizo et al. [10] proposed a modified version of Katto and
Ohno [5] correlation for micro scale flow. This correlation gives

the best predictions among the correlations investigated in this
article with a MAD of 10% and 95% of the experimental data is
within the ±20% range as is shown in Fig. 13. This correlation has
been developed on the basis of experimental data of R134a taken
on the same test rig as used in this. This can be a reason why this
correlation predicts the data well.

The correlation proposed by Bowers and Mudawar [9] predicts
all the experimental data with a MAD of 19% and about 62% of the
experimental data is within ±20%. It should be noted that the
length to diameter ratio used for the 1.70 mm tube in this study
is comparable to the length to diameter ratio used by Bowers
and Mudawar [9]. The predictions of this correlation are compared
to the experimental data in Fig. 14.

A summary of the comparison with all used correlations in this
study, including Shah [13], Wojtan et al. [4], Zhang et al. [14], and
Qi et al. [11] are tabulated in Table 4.

7. Conclusions

Experiments have been performed to determine the dryout
characteristics of Propane in single vertical circular minichannels
of 1.70 mm and 1.224 mm internal diameter and a uniformly
heated length of 245 mm.

Generally the experimental results show that the dryout heat
flux increases with increase of mass flux and with decrease of va-
pour quality for both tested tubes. It has also been shown that the
dryout heat flux is almost independent of saturation temperature,
but that dryout occurs at slightly higher vapour quality for higher
saturation temperature at a given mass flux. The dryout heat flux is
observed to be higher for the larger internal diameter tube for the
same mass flux.

The experimental results are compared with some correlations
from the literature. Among those the correlations developed by
Callizo et al. [10], Bowring [7], Katto and Ohno [5] and Bowers
and Mudawar [9] predicted the experimental results reasonably
well.
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