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Abstract

A study of post-dryout heat transfer was performed with a directed heated smooth tube and rifled tubes using vertical R-134a up-flow
to investigate the heat transfer characteristics in the post-dryout region. Three types of rifled tube having different rib height and width
were used to examine the effects of rib geometry and compare with the smooth tube, using a mass flux of 70–800 kg/m2 s and a pressure
of 13–24 bar (corresponding to an approximate water pressure of 80–140 bar). Wall temperature distribution in all tubes was strongly
dependent on pressure and mass flux. Wall temperatures of the rifled tubes in the post-dryout region were much lower than for the
smooth tube at same conditions. This was attributed to swirl flow caused by the rib. Thus, the thermal non-equilibrium, which is usually
present in the post-dryout region, was lowered. The empirical correlation of heat transfer in the smooth tube of the post-dryout region
was obtained. The heat transfer correlation for rifled tubes was also obtained as a function of rib height and width with the modification
of the smooth tube correlation.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The post-dryout region in the tube is characterized by
two-phase flow which transports liquid droplets in a con-
tinuous vapor flow, terminating in the superheated single-
phase region. This post-dryout heat transfer mode has been
called to the dispersed flow film boiling (DFFB). Signifi-
cant thermal non-equilibrium between the liquid and vapor
phases is usually present in DFFB regime, except for the
high mass velocities. The post-dryout dispersed flow regime
is encountered in applications, including once-through
steam generators, boiling water reactors and pressurized
water reactors during a loss-of-coolant accident.

Water cooled reactors generally operate with significant
margin to dryout (burn-out condition). However, it is nec-
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essary to demonstrate fuel rod cladding temperatures
within an allowable temperature range for certain postu-
lated accidents. The post-dryout condition has to be
avoided by design in recirculating boilers. Thus, an accu-
rate prediction of wall temperature in the post-dryout dis-
persed region is of great importance. In once-through
designs, however, dryout must occur at some location
and the associated temperature increase must be accounted
for the design. The post-dryout region exists in the heat
exchanger operating in the once-through mode where the
subcooled liquid enters the heat exchanger and the super-
heated vapor exits. The heat transfer mechanism that boils
a fluid to saturated or superheated vapor can potentially
benefit from heat transfer augmentation. Since the heated
surface is mainly cooled by forced convection to vapor in
the post-dryout region, the surface temperature can be
increased to high temperature that is enough to damage
to the heating surface due to a low heat transfer coefficient
by the vapor flow. Hence, the studies of post-dryout heat
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Nomenclature

ar centrifugal acceleration (m/s2)
d inside diameter (m)
dzchf distance from critical point (m)
E electric voltage input (V)
G mass flux (kg/m2 s)
g gravity acceleration (m/s2)
h rib height in rifled tube
I electric current through test section (A)
k thermal conductivity (kW/m �C)
L lead length in rifled tube (m)
Nu Nusselt number
P pressure (bar)
q heat flux (kW/m2)
R tube resistance (ohms)
r inside radius in rifled tube (m)
Re Reynolds number
Pr Prandtl number
T temperature (�C)
Va axial velocity (m/s)
Vgf relative vapor velocity (m/s)
Vr tangential velocity (m/s)

w rib width in rifled tube (m)
xa actual quality
xe equilibrium quality
xc critical quality

Greek symbols

h acceleration ratio
q density of fluid (kg/m3)
r surface tension (N/m)
u helical angle of rib

Subscripts

l liquid
R rifled tube
S smooth tube
sat saturation
v vapor
vf vapor properties evaluated at film temperature

T wþT b

2

� �
w wall
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transfer on the once-through boiler as well as on accident
analyses of light water reactors are necessary to prevent
damage to the heating surface.

The numerous experiments and theoretical researches on
post-dryout heat transfer have been conducted. Studies of
post-dryout heat transfer using 3 � 3 and 5 � 5 rod bundles
were performed by Unal et al. [1,2] and Kumamaru et al. [3],
respectively. Unal et al. measured the vapor superheat using
a vapor superheat probe and they concluded that most of the
models, except Chen et al. (CSO), could not predict the wall
heat flux, while all of the existing models could not predict
the vapor superheat data or trends. Also, the studies of
post-dryout heat transfer in tubes have been performed
using various fluids, such as water, refrigerants. The experi-
mental work of heat transfer in the post-dryout region of R-
113 upward high quality flow in a uniformly heated tube was
performed by Ueda et al. [4]. The analysis of heat transfer in
the post-dryout region of up-flow in a uniformly heated tube
on the basis of three path heat transfer model, involving heat
transfer processes from wall to vapor, from vapor to liquid
droplets and from wall to droplets in contact with the wall
was performed by Koizumi et al. [5]. Their results were com-
pared with a study by Ueda et al. [4], and they concluded that
in the post-dryout region most part of heat from the tube
wall is transferred to the vapor flow, while droplets imping-
ing on the wall remove only a small part of heat.

In order to increase the heat transfer coefficients in the
post-dryout region as well as CHF enhancement, some
devices, such as ribbed tubes, various grooved tubes, twisters,
springs and obstacles are used in the inside of tubes. Heat
transfer augmentation in DFFB by tape generated swirl flow
was studied by Bergles et al. [6] and France et al. [7]. Bergles
et al. indicated that the heat transfer coefficients can be
increased as much as 200% over the straight flow value at
comparable conditions and the thermal non-equilibrium
was minimized. Research of the post-dryout heat transfer
at the rifled tube has not been performed. Many researches
on single-phase heat transfer and CHF enhancement at rifled
tube have been performed [8–11]. A study on the prediction
of obstacle (rod spacing devices) effect on enhancement of
film boiling heat transfer was performed by Leung et al.
[12]. Devices such as rifled tubes, twisters, springs and
grooves can be used to impose swirl or turbulent flows. An
important two-phase flow regime in heat exchanger applica-
tion is the post-dryout region, where heat transfer coefficients
are considerably lower than coefficients for bubbly, slug or
annular flow regimes occurring upstream of dryout. Of spe-
cific interest is post-dryout heat transfer where swirl or turbu-
lent flow is generated by rifled geometry inside tubes. Studies
of characteristics of smooth and rifled tubes in the post-dry-
out region were performed and compared with various mass
flux and pressure conditions of R-134a. The rifled tube con-
siderably increases the critical quality and lowers thermal
non-equilibrium, improving heat transfer capability.

DFFB regime, a post-dryout heat transfer mechanisms,
is usually occurred at void fractions in excess of 80% [13].
The following correlation for beginning of the dispersed
regime was proposed by Levitan and Borevskiy [14]

xad ¼ ð2:7� 0:3Þ ql � r
G2 � d

� �1=4 qv

ql

� �1=3

ð1Þ

where xad represents the onset of annular dispersed flow.
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Qualities calculated for the post-dryout region of pres-
ent study exceed xad, thus considered as DFFB regime.
The most important phenomena in DFFB are thermal
non-equilibrium or vapor superheat. The heat is supposed
to be transferred to Freon in DFFB regime by the two
paths: convective heat transfer from the wall to the bulk
vapor and convective heat transfer from the bulk vapor
to the liquid droplets entrained in the vapor. The contribu-
tion to wall cooling by heat transfer from the wall to the
liquid droplets is assumed to be noticeable only within
short distances from the dryout point where the droplets
have sufficient kinetic energy to impinge onto the wall
[15]. The radiation heat transfer from the wall to the vapor
and the liquid droplet in case of Freon is considered to be
small due to low wall superheat. In the rifled tube, the swirl
force induced by the rib causes the movement of droplets in
the vapor toward the wall, and it will contribute to the heat
transfer from the surface to liquid droplets which impact
with the wall (‘wet’ collisions) or the heat transfer from
the surface to liquid droplets which enter the thermal
boundary layer but which do not wet the surface (‘dry’ col-
lisions). Hence, the post-dryout heat transfer of the DFFB
region in the rifled tube would be improved and decreased
the wall temperature.

A large number of correlations have been developed for
the heat transfer in DFFB regime. Equilibrium type corre-
lations, which were empirically derived or assumed no non-
equilibrium, include Dougall–Rohsenow [16], Condie–
Bengston [17] and Groenveld [18]. These are variants of
the single-phase Dittus–Boelter type correlation. The
non-equilibrium type correlations, which attempt to pre-
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Fig. 1. Schematic diagram of the experimental system (P: pressure instr
instrumentation).
dict the degree of non-equilibrium between the liquid and
vapor phase, have been developed by Groeneveld and
Delorme [19], Saha [20], Chen et al. (CSO) [21]. Most
non-equilibrium correlations also use Dittus–Boelter type
equations. This study focuses mainly on the effect of rifled
geometry in heat transfer of the DFFB region and on the
development of correlations for rifled tube effects. The cor-
relation for the rifled tube is expressed as the modification
of correlation for the smooth tube with a function of rib
height and width. This correlation can be used to predict
wall temperature in rifled tubes within parameter ranges
of this study. The empirical correlation obtained with the
smooth tube experimental results was compared to the
CSO model [21] and the previous experimental data [25,26].

2. Experimental facility and test method

2.1. Experimental facility and test sections

A study on post-dryout heat transfer for smooth tube
and rifled tubes were carried out in the R-134a thermal-
hydraulic loop of Korea Advanced Institute of Science
and Technology (KAIST). The heat transfer test apparatus
of the KAIST R-134a experiment loop is schematically
shown in Fig. 1 [22]. The R-134a experimental loop con-
sists of a test section as a test tube, a mass flow meter, a
pre-heater with a power of 25 kW for keeping the constant
inlet subcooling, an accumulator for pressure control, a
canned pump for R-134a mass supply, a condenser for
cooling of R-134a, and a chilling system with R-22 and
water–propylene glycol. The R-134a flow rate is controlled
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by adjustment of the motor speed of a canned pump and an
adjusting valve in the inlet of test section is used to control
flow rate to the test section. The loop is filled with R-134a
in the vacuum condition of test section. The test loop is
designed for a pressure of 30 bar and a temperature of
200 �C. Loop flow is measured by a mass flow meter cali-
brated to be 2% of RMS error by the manufacturer. Tem-
peratures and pressures were measured at various locations
as indicated by T and P, respectively, in Fig. 1.

The test section is schematically shown in Fig. 2 and is a
carbon steel (SA192) tube with upward flow and a heated
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Fig. 2. Test section and rifled tube. (a) Test section and instrumentations
and (b) typical cross-sectional view of rifled tube [22].
length of 3 m. The test tube is directly heated with a DC
power supply, which controls the power by a power trans-
former with silicon controlled rectifiers (SCRs); the maxi-
mum power capacity is 40 V and 5000 A. The test section
inlet of 150 mm was unheated to have fully developed con-
dition of flow and the test section outlet of 200 mm was
unheated to avoid the effect of cooling by flange and pip-
ing. The smooth tube had an average inner diameter of
17.04 mm and outside diameter of 22.59 mm; these dimen-
sions were identical to the tube used in commercial boilers.
The four-head spirally internally rifled tubes had a maxi-
mum inside diameter of 17.04 mm and outside diameter
of 22.59 mm, and average volume-based inner diameters
of 16.49 mm (Type A), 16.05 mm (Type B), 16.79 mm
(Type C), respectively. The rib height of Type B rifled tube
was largest among three rifled tubes and heights of Type A
and C rifled tubes were same. The rib width of Type B
rifled tube was largest, the medium width of Type A and
the smallest width of Type C rifled tube. All rifled tubes
had a spirally angle of 60�.

The test section was vertically installed in the test loop.
Fluid temperatures at the inlet and outlet of the test section
were measured with in-stream T-type sheathed thermocou-
ples. Temperatures of the outside tube wall were measured
at 18 locations along the channel wall; two thermocouples
are installed apart 180� at each location along tube length
with K-type thermocouples. Downstream thermocouples
of the test section were installed more densely than
upstream of the test section to measure the temperatures
in the post-dryout region (Fig. 1). Outlet pressure and inlet
pressure were measured with pressure transducers and cal-
ibrated to be 0.5% of RMS error for a full range. A pair of
clamp-type copper electrodes grabs both ends of the test
section. The test section was connected to the flange, which
was insulated from other parts of the test loop with Teflon.
The supplied current and the voltage difference between
both ends of the test section were measured and collected
by a data acquisition system.

2.2. Test procedure and test matrix

Post-dryout experiments were carried out for all test
conditions. Single-phase heat transfer experiments with
R-134a for both of smooth and rifled tubes were carried
out to determine heat loss and check for heat balance
and any abnormalities with the measuring instruments.
Those results showed that heat losses were within 2.5%.
After the pump starting, the mass flow was controlled by
the speed control with the converter and the control valve
at a certain level. The test pressure in the test loop was
increased by turning on the pre-heater and increasing DC
power to the test section. After the pressure in the test loop
reached a pre-determined level, the inlet temperature was
controlled by power control to the pre-heater. A pre-heater
was used to keep a subcooled temperature of about 10 �C
at inlet of test section for each test pressure. After setting
the mass flow rate, inlet subcooling of about 10 �C, and
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inlet pressure to the desired values, the electric power to
test section was gradually increased in small steps.

The experimental conditions were: exit pressures of 13,
17 and 24 bar; mass fluxes between 70 and 800 kg/m2 s;
and average heat flux of between 24 and 240 kW/m2. The
system pressure was controlled by venting nitrogen gas in
the accumulator and regulating the cooling water to the
condenser. After reaching of CHF, the test parameters
(mass flux, pressure, voltage and ampere of electric power
supply, inlet temperature and wall temperatures at each
power level) are stabilized for several minutes and recorded
by a data acquisition system. This step continued until the
maximum wall temperature did not exceed 500 �C to pro-
tect the test section from damage due to overheating. The
test matrix and the equivalent water-based conditions were
summarized in Table 1. The test conditions were selected
by considering the startup condition of an once-through
boiler of fossil power plant and the capacity of KAIST test
loop.

2.3. Test data reduction

The volume-based inner diameter (din) of rifled tube was
calculated:

d in ¼
ffiffiffiffiffiffi
4V
pL

r
ð2Þ

where V is the measured water volume required to fill a gi-
ven length (L) of tube.

The inside tube wall temperatures were calculated from
local heat generation and heat conduction through the
wall:

T wi ¼ T wo �
qZd in

2kw

1

2
� d2

in

d2
out � d2

in

ln
dout

d in

 !
ð3Þ

For rifled tubes, the volume-based inner diameter (din) is
used in Eqs. (3) and (4). The mass flux measured in the flow
meter for the rifled tube was corrected by the volume-based
inner diameter (din) to represent the real flow situation. The
average heat flux (qE) of the test section was calculated:

qE ¼
EI
pd in

LH ð4Þ

Since the tube resistance varied with the tube wall temper-
ature, the heat generated in the tube was locally calculated
in consideration of the variation of tube resistance by tube
Table 1
Test matrix

Test matrix condition in R-134a and water-equivalent conditions

Pressure (bar) Saturated temperature
(�C)

Mass flux (R-134a), kg/m2 s
70–800

R-134a Water R-134a Water Mass flux (water), kg/m2 s

13 80 49.4 294.6 98.8–1129
17 102 59.2 310.6 98.4–1124
24 140 75.5 336.3 97.4–1113
wall temperature. The resistance of carbon steel (SA192)
was calculated as a function of temperature, thus the heat
flux was not uniform along the direct heated test section.
The local heat flux (qZ) is calculated:

qZ ¼ qEðRZ=RREFÞ ð5Þ

where RZ is the carbon steel resistance at temperature of
segment (Z), and RREF is the carbon steel resistance at
average tube temperature. The average tube temperature
was calculated by summing the product of each segment
temperature and segment length and then dividing by tube
length.

After the local heat flux was determined, the thermody-
namic equilibrium quality, the heat transfer coefficient
based on the inside tube wall temperature and the satura-
tion temperature were calculated along the test section
length with the local heat flux. The thermophysical proper-
ties for R-134a were calculated by the NIST standard ref-
erence Database 23. Since the pressure drop along test
section was negligible, the saturation temperature was
based on pressure at the exit of test section.

3. Experimental results and discussion

3.1. Smooth tube

Fig. 3(a) and (b) shows the typical examples of wall
superheated temperature at the inside tube surface in the
post-dryout region of smooth tube as a function of equilib-
rium quality for the effects of mass flux and heat flux,
respectively. The equilibrium quality in axial point is calcu-
lated with the local heat flux of tube segment which is gen-
erated by consideration of the tube resistance variation.

Fig. 3(a) shows the wall temperature sharply increased
at the critical point followed by increasing wall tempera-
ture with a moderate gradient as the quality increase, and
followed again by decreasing wall temperature. It is pro-
nounced with increasing pressure and heat flux. The
increasing wall temperatures in the upstream of post-dry-
out region can be explained by the factor that the vapor
bulk temperature is increased due to low vapor heat trans-
fer coefficients, where the convection heat transfer from
wall to vapor is dominant and the heat transfer from vapor
to droplet is negligible since the thermal non-equilibrium is
not significant. Then, the wall temperature in the down-
stream of post-dryout region is decreased as the vapor
velocity increases with increasing vapor quality by droplet
evaporation. As the heat flux is increased, the critical point
moves to lower quality and it is pronounced with increas-
ing pressure.

Fig. 3(b) shows the pressure effect on the wall tempera-
ture. The wall temperature is decreased as the pressure
increases at the mass flux of 290 kg/m2 s, however the wall
temperatures are not affected by the pressure at the mass
flux of 700 kg/m2 s. These can be explained in terms of a
change in density ratio of R-134a. The density ratio (ql/
qg) of R-134a sharply decreases with increasing pressure
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and it causes void fraction to decrease. The decrease of
void fraction results in lower vapor superheat, hence low
thermal non-equilibrium and better convective heat trans-
fer from the wall. This effect is dominant with decreasing
mass flux since the thermal non-equilibrium becomes sig-
nificant and the void fraction larger. The other competing
mechanism with increasing pressure is to decrease of vapor
velocity by the decrease of density ratio, and it results in the
decrease of convection heat transfer in DFFB region. How-
ever, the improvement of the heat transfer in DFFB regime
with increasing pressure is mainly attributed to the lower
thermal non-equilibrium between vapor and entrained
droplets. Thus, the latter mechanism is less effective than
the former mechanism. Fig. 3(b) also shows the critical
point moves to lower qualities as the pressure increases.

3.2. Rifled tubes

Fig. 4(a)–(c) shows the wall temperature distribution
between the smooth tube and the rifled tubes at the pres-
sures of 13, 17 and 24 bar. The heat flux of smooth tube
could not exceed the heat flux of 130 kW/m2 to maintain
the wall temperature below 500 �C for prevention of tube
damage. The critical points at rifled tubes move to higher
qualities against the smooth tube and it is pronounced with
increasing pressure and mass flux. The wall temperatures at
rifled tubes are considerably decreased against the smooth
tube and it is also pronounced with increasing pressure and
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mass flux. The rifle geometry effect is shown in the low
mass flux and low pressure, but not shown in high pressure
and high mass flux. This may be explained by the factor
that the decrease of thermal non-equilibrium by the rifled
tube is pronounced with decreasing pressure since the
vapor drift force is increased with the decrease of pressure
and mass flux. The results show Type B rifled tube is most
effective for the decreasing of wall temperature and it can
be interpreted that the rib height is effective for the increase
of heat transfer in DFFB region. The wall temperature
decrease at rifled tube is attributed to the effect of swirl flow
due to the rib. The swirl flow forces the entrained droplets
in vapor toward the tube wall and the heat transfer
between wall and droplets is increased by both ‘wet’ and
‘dry’ collision, hence the thermal non-equilibrium is low-
ered and the wall temperature is decreased.

Fig. 5(a) shows the effects of mass flux and heat flux at
the pressure of 17 bar in Type A rifled tube. As expected,
the lower mass flux and higher heat flux result in the high
wall temperatures, however the critical qualities are not
nearly changed by mass flux and heat flux at same pressure.
These results are different from that of the smooth tube
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(refer to Fig. 3). Fig. 5(b) shows the effects of pressure
and heat flux in the Type A rifled tube at the mass flux
of 750 kg/m2 s. The effect of pressure on decreasing of wall
temperatures is pronounced with increasing heat flux and
the critical point moves to lower qualities at high pressure
and high heat flux.
3.3. Critical quality and non-equilibrium in smooth tube and

rifled tubes

Fig. 6(a) and (b) shows comparison of critical qualities
between the smooth tube and the rifled tubes at the mass
flux of 300 kg/m2 s and 700 kg/m2 s, respectively. The rifled
tube effects on critical quality are much pronounced at high
mass flux. As expected, the critical qualities are decreased
at higher pressure and this trend is pronounced at the
smooth tube and low mass flux. The critical quality for
Type B rifled tube is lower than for Type A rifled tube
and it is also pronounced at low mass flux. Fig. 7 shows
the decreasing trend of critical qualities with increasing of
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Fig. 6. Critical quality vs. heat flux in a smooth tube and two rifled tubes
at mass flux of (a) 300 kg/m2 s and (b) 700 kg/m2 s.
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Table 2
Wall temperature prediction in post-dryout region by existing correlations
for smooth tube

Correlation Average RMS Correlation
typeDeviation

(�C)a
Error
(%)b

Deviation
(�C)a

Error
(%)b

Dougall– 11.8 4.4 49.8 18.8 Equilibrium
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heat flux at the smooth tube and the rifled tubes. The crit-
ical qualities in the smooth tube steeply decrease with
increasing of the heat flux.

A state of the thermal non-equilibrium between vapor
and liquid phases is highly probable in DFFB and it is con-
sidered that the thermal non-equilibrium is decreased by
the rifling. The improvement of heat transfer in rifled tubes
is mainly attributed to swirl flow developed by the rib. It
causes to disturb the thermal boundary layer and increase
the heat transfer between the entrained droplets and the
wall, and it results in the decrease of the thermal non-equi-
librium. Fig. 8 shows the changes in actual qualities calcu-
lated by CSO correlation [21], which is best fit with the
present test results, with the changes in equilibrium quali-
ties from the present study. These results explain the
decrease of non-equilibrium by rifled tubes. The diagonal
line represents the equilibrium conditions, which the equi-
librium quality and the actual quality are equal. The data
for smooth tube are scattered far below from the equilib-
rium diagonal line, and it means that many non-equilib-
0.4 0.8 1.2 1.6 2.0
0.2

0.4

0.6

0.8

1.0

x a

xe

 Smooth tube
 Ty pe A rifled tube
 Ty pe B rifled tube
 Ty pe C rifled tube

xa = xe

Fig. 8. Actual quality calculated by CSO model [21] vs. equilibrium
quality in a smooth tube and three rifled tubes.
rium conditions exist. The non-equilibrium conditions are
much decreased in rifled tubes.
3.4. Correlations of post-dryout heat transfer for smooth
tube and rifled tube

Table 2 shows the comparison of the predicted wall
superheat by various correlations and measured wall tem-
perature obtained in the present study. Some of correla-
tions are thermal equilibrium model (Dougall–Rosenhow,
Condie–Benngston) and some are thermal non-equilibrium
model (Chen et al. (CSO), Groenveld–Delrome, Saha, Hein
and Kohler). In non-equilibrium model, the actual quality
and the vapor temperature are calculated and the post-dry-
out heat transfer coefficient is calculated based on the dif-
ference of wall and superheated vapor temperatures,
while the heat transfer coefficient in equilibrium model is
calculated based on the difference of wall and saturated
vapor temperatures. The CSO correlation [21] shows the
best prediction of wall temperature for the present experi-
ment results with an average error of 2.2%. The prediction
of Saha [20] and Hein and Kohler [23] models are not as
accurate as the CSO correlation. The predictions by equi-
librium models, Dougall–Rosenhow [16] and Condie–
Bengston [17] fairly agree with the present experiment
results and they predict the wall temperature with average
errors of 4.4% and 9.2%, respectively. The study by Gottu-
la [24] shows that Dougall–Rohsenow correlation pro-
duced the best overall fit with their experiment results.
Fig. 9(a) shows the comparison of predicted wall superheat
Rohsenow [16]
Condie–Bengston

[17]
24.3 9.2 46.4 17.5 Equilibrium

Chen et al.
(CSO) [21]

5.7 2.2 35.5 13.4 Non-
equilibrium

Groenveld–
Delorme [19]

124.0 46.9 139.2 52.6 Non-
equilibrium

Saha (k1
correlation)
[20]

42.0 15.9 74.6 28.2 Non-
equilibrium

Hein and
Kohler [23]

42.2 16.0 77.2 29.1 Non-
equilibrium

Present
correlation

�5.4 �2.0 28.0 10.5

a Statistics fit the wall temperature prediction – Deviation: d = predicted
value � measured value; Avg: deviation ¼ 1

N

PN
i¼1di, RMS deviation ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
N

PN
i¼1d2

i

q
, where N = no. of data.

b In the comparison of various correlations, the average and RMS error
for the prediction is defined as: Error = (predicted value/measured

value � 1); Avg: error ¼ 1
N

PN
i¼1ðerrorÞi, RMS error ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

PN
i¼1ðerrorÞ2i

q
,

where N = no. of data.
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by Dougall–Rosenhow, Condie–Bengston and the mea-
sured wall superheat obtained in the present study. These
explain that the equilibrium correlation may be used for
the prediction of wall temperature under the present exper-
imental conditions.

The empirical correlation on smooth tube is developed
with the present experiment results, which the heat transfer
coefficient was calculated based on the saturated vapor
temperature and the inside tube wall temperature. The pre-
dicted wall superheat by the obtained correlation is shown
in Fig. 9(b) with CSO correlation results and it agrees well
with the prediction by CSO correlation. The following is
the correlation obtained here with the present experiment
results for the smooth tube:

NuS ¼ 0:2935
x0:568

c Rev xe þ qv

ql
ð1� xeÞ

h in o0:645

Pr0:854
vf

x0:715
e 1þ dzchf

d

� �0:088
ð6Þ

The 923 data points were used for statistical fit and the
empirical correlation was obtained from regression analy-
sis. The correlation obtained for smooth tube predicts the
wall temperature in the post-dryout region with the average
error of �2.0% for data used in its development. The pres-
ent correlation includes parameters of Rev, Prvf which are
thought to be important in DFFB heat transfer, and xe

accounting for the local variation of the heat flux, and
xc, 1þ dzchf

d accounting for the influence of critical point
hydraulics and distance from the critical point. Fig. 10
shows the comparison of existing published data having
equal mass flux conditions with the present correlation re-
sults. Since the published data on post-dryout heat transfer
with R-134a does not exist, the data for Freon 12 and 22
were used for the comparison of present correlation. The
present correlation underestimates the wall temperature
than the test results [25,26] and CSO model [21]. Fig. 11
shows the measured Nusselt numbers in three rifled tubes
with Nusselt numbers equivalent to the smooth tube, which
were calculated using the correlation (6) at the same condi-
tion with rifled tubes. It shows the post-dryout heat trans-
fer in rifled tubes is increased by 40% in comparison with
the smooth tube depended on the parameter conditions.
The increase of heat transfer in rifled tubes is pronounced
at higher heat transfer coefficients, which are conditions
of high mass flux, high heat flux and low pressure. This
can be explained by combined effects which cause to in-
crease the relatively velocity of vapor; the swirl flow in-
crease due to increase of tangential velocity by the rib at
high mass flux and the increase of droplet drift toward
the wall at low pressure due to large density difference be-
tween vapor and liquid. This trend of the heat transfer in-
crease at rifled tubes can be explained by Eq. (8) below.

The swirl force moves the vapor toward the center of
tube, the droplet toward the wall. An acceleration ratio is
considered for the swirl effect as ratio of centrifugal accel-
eration to acceleration due to gravity [19]:
h ¼ ar

g
¼ V 2

r

r � g ¼
V 2

a

r � g tanðuÞ2
ð7Þ
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The heat transfer increase in rifled tubes is related to the
relative velocity of vapor due to the centrifugal acceleration
by swirl flow and it may be calculated [9] based on drift-
flux model of two-phase flow:

V gf ¼ c
ðqf � qgÞr � ar

q2
f

� �1=4

¼ c
ðqf � qgÞr

q2
f

� �1=4

� V 2
a

r � g tanðuÞ2

" #1=4

ð8Þ

The rifling effects on heat transfer in DFFB region are
dependent on the rib geometry. Hence, the correlation
for heat transfer at rifled tube is developed with the param-

eters of rib geometry. The two geometry parameters, h
d in

	 

,

4w
pd in

	 

were considered in development of the heat transfer

correlation for the rifled tube. Here, h is rib height and w is
rib width. The rib number is four (4).

The 1688 data points for three types of rifled tube were
used for statistical fit and the empirical correlation was
obtained from regression analysis. The final correlation
obtained from the present experiment results is as follows:

NuR

NuS

¼ 0:6275 Rev xe þ
qv

ql

ð1� xeÞ
� �� �0:123

� Pr�0:476
vf

h
d in

� �0:562
4w
pd in

� ��0:269

ð9Þ

The heat transfer coefficients used in correlation develop-
ment are calculated by the saturated vapor temperature
and the inside tube wall temperature. The heat transfer
coefficients (NuS) of smooth tube which are equivalent to
rifled tube conditions were calculated by the correlation
(6). The helical angle is important parameter for the perfor-
mance of rifled tube, however it is not be shown in the cor-
relation as well as the tube diameter because all data were
taken with same helical angle and same tube diameter. The
diameter was used to maintain non-dimensionality in the
correlating parameter. Fig. 12 shows the measured Nusselt
numbers and the predicted Nusselt numbers by the correla-
tion (9) for the rifled tube and it predicts with the average
error of �3% and the correlation underestimates at high
Nusselt numbers.

4. Conclusions

The experiments for post-dryout heat transfer using
R-134a in one smooth tube and three rifled tubes were per-
formed. Based on this investigation, the following conclu-
sions are obtained:

(1) The wall temperature in the post-dryout region at the
rifled tube is far decreased than at the smooth tube
and this effect is dominant at Type B rifled tube which
has the higher rib. The wall temperature in the rifled
tube as well as the smooth tube is dependent on mass
flux and pressure, and the tube wall temperature is
decreasing with increasing pressure.

(2) The rifling results in the critical point shift towards
higher qualities and it is pronounced with increasing
pressure and mass flux. The critical quality is more
steeply decreased at the smooth tube with increasing
of heat flux than at rifled tubes.

(3) There is the strong thermal non-equilibrium effect in
the post-dryout region of smooth tube at the present
experimental conditions. It is far lowered at rifled
tube. The decrease of thermal non-equilibrium in
rifled tubes is attributed to the effect of swirl and tur-
bulent flow due to the rib, eventually decreased the
wall temperature.

(4) Dougall–Rohsenow and Condie–Bengston equilib-
rium correlations show the reasonable predictions
of tube wall temperature for the present experiment
results. Chen et al. (CSO) non-equilibrium correla-
tion produces the best overall fit with the present
experiment results.
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(5) The empirical thermal equilibrium correlations for
heat transfer in the post-dryout region of smooth
tube and rifle tubes were presented at the parametric
range of p = 13–24 bar, G = 70–800 kg/m2 s and the
relatively high quality conditions. The correlation
presented for smooth tube has the regression fit with
the average error of �2.0% for data used in its devel-
opment. It underestimates the wall temperature in
comparison of the published experimental data. The
post-dryout heat transfer correlation obtained for
rifled tube has the regression fit with the average error
of �3% and it shows that the post-dryout heat trans-
fer in rifled tube can be increased by 40% than in the
smooth tube.

(6) This research provides an insight into the post-dryout
heat transfer enhancement of rifled tube through new
correlation presented for post-dryout heat transfer.
For the accurate prediction of wall temperature in
the post-dryout region, it is necessary to supplement
the correlations obtained here by considering a ther-
mal non-equilibrium at high quality condition with
direct measurement of the vapor superheat.
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