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An experimental investigation has been carried out to study the effect of twisted tape inserts on heat
transfer enhancement and pressure drop in a horizontal tube during swirl flow boiling of R-134a. The
test-evaporator was an electrically heated horizontal copper tube and twisted tapes with different twist
ratios of 6, 9, 12 and 15 were inserted one by one. The data were acquired at the refrigerant mass veloc-
ities of 54, 86, 114 and 136 kg/s m2. The twisted tape inserts increases the boiling heat transfer coeffi-
cients and the pressure drop across the test-evaporator. An empirical correlation has also been
developed to predict the swirl flow pressure drop in the test-evaporator.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The limited availability of conventional energy resources and
the ever increasing cost of energy over the last several years have
accelerated research on energy conservation with the focus on the
possible reduction in energy consumption. In the area of heat
transfer, extensive efforts have been made to develop compact
and efficient heat exchangers. There is wide application of heat
exchangers in the form of evaporators and condensers in Refriger-
ation and Air-conditioning industries.

The flow boiling of refrigerants inside horizontal tubes has been
studied for quite some time [9,16,17]. The use of twisted tape inserts
to enhance the heat transfer rate during evaporation of refrigerants
while flowing inside a horizontal tube has also been studied [2,7]. It
is noted that, the use of twisted tape enhances the heat transfer coef-
ficient only at the pressure drop penalty. Though, the main objective of
all the research work in this field remains to attain the highest increase
in heat transfer coefficient with the least increase in pressure drop.

The tube inserts such as twisted tape are relatively low in cost,
easy to insert and remove for maintenance [1]. Further, recently
the application of R-134a has increased as it is ozone-safe and
has less impact on global warming. Therefore, in the present inves-
tigation, the heat transfer and pressure drop have been determined
during flow boiling of R-134a inside a horizontal copper tube with
twisted tape inserts.
ll rights reserved.
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2. Experimental set-up

An experimental set-up was designed, fabricated and installed
in the laboratory to study the flow boiling of R-134a inside a hor-
izontal tube. The schematic diagram of the experimental set-up
has been shown in Fig. 1. In fact, the test apparatus was a well
instrumented vapor compression refrigeration system.

The test set-up consisted of a test-evaporator (2) having a test-
section length of 1200 mm. The test-section was a horizontal
copper tube of 7.50 mm inside diameter and 9.54 mm outside
diameter. The heating arrangement of this tube was made by
wrapping a 2 kW capacity electrical heating tape around the tube
surface. In order to obtain desired vapor quality at the inlet of
test-evaporator, a preheater (1) was installed upstream of the
test-evaporator. This arrangement facilitated to study the entire
range of vapor quality in the test-evaporator. An after-evaporator
(3) has also been installed at the downstream of the test-evapo-
rator to ensure that the dry vapor enters the compressor. All
the three evaporators were thermally insulated. An accumulator
(4) was also provided before the suction of compressor (5). The
vapor emerging from the compressor (5) was condensed in a con-
denser (6) and the condensate was subsequently sent to the re-
ceiver (8). A site glass (7) was also provided to view the flow of
refrigerant in the pipeline and the flow rate was measured by a
flow meter (9).

The outside tube wall temperature of test-section was mea-
sured at six axial locations. At each location the temperature of
tube wall was measured at top, side and bottom positions. The
refrigerant temperature at the inlet and outlet of the test-evapora-
tor was also measured. All the temperature measurements were
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Nomenclature

d diameter, m
H 180� twist pitch, m
Fr Froude number, G2

q2gdi
g Gravitational acceleration, m/s2

h heat transfer coefficient, W/m2 K
�h average heat transfer coefficient, W/m2 K
hf Enthalpy saturated liquid, kJ/kg
hi Enthalpy at inlet, kJ/kg
L length of test-evaporator, m
G mass velocity of refrigerant, kg/s m2

Q Electrical work on evaporator, W
Re Reynolds number,G�di

l
t temperature, K
k thermal conductivity, W/m K
y twist ratio of the tape, H/di

x vapor quality
We Weber number, G2di

qr

Greek symbols
a void fraction
k latent heat of vaporization, kJ/kg
r surface tension, Pa m
l dynamic viscosity, Pa s
q density, kg/m3

DP pressure drop, kPa
�DP pressure drop, kPa
u two-phase multiplier

Subscripts
b bottom
fri friction
fr Friedel
h homogeneous
in inlet
i inside
f liquid
mom momentum
out outlet
o outside
wo outside wall
p plain flow boiling
s saturated, swirl flow boiling, side
sta static
t top
tot total
g vapor
w wall
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made by using T-type thermocouples. For the measurement of
pressure drop across the test-evaporator a pressure drop measur-
ing apparatus was employed.

In order to collect the experimental data, first of all, the cool-
ing water supply in the main condenser (6) was started. Later, the
heating of test-evaporator and the compressor were switched on.
The refrigerant mass flow rate was held constant and the desired
vapor quality at the test-section inlet was attained with the help
of preheater (1). The vapor quality in evaporator was determined
by the heat balance in the test-evaporator (2). For a particular
mass flow rate of refrigerant the system was reached in steady
state in nearly 40 min. The electrical heating of evaporator was
controlled by a variac. Initially, the data were acquired for the
plain flow boiling of R-134a, i.e., without any insert. The data
for plain flow were acquired to establish the integrity of the
experimental apparatus and to have a reference data for compar-
ing the performance of different twisted tape inserts. The data for
test-section tubes with different twisted tape inserts were ac-
quired at refrigerant mass velocities of 54, 85, 114 and 136 kg/
s m2. Different types of full length twisted tapes were inserted
in the tube, one by one, having different twist ratios of 6, 9, 12
and 15. Table 1 represents the specifications of the twisted tape
inserted tubes and Fig. 2 illustrates the characteristic parameters
of a typical twisted tape inserts. All together 160 test-runs were
performed and the range of operating parameters is given in
Table 1. The thermophysical properties of R-134a were taken
from Refprop 7.0. The local vapor quality in the test-evaporator
was attained through energy balance in the test-evaporator.
Using the following Eq. (1):

x ¼
hiþ 4 Q

pGd2
i
� hf

k
ð1Þ

The thermocouples and flowmeters were calibrated prior to
installation. The temperature was measured with an accuracy of
0.1 �C. The uncertainly analysis of experimental data was done
by the method proposed by Schultz and Cole [14]. The uncertainty
in the determination of flow boiling heat transfer coefficient was
found to be within 10 percent.
3. Results and discussion

For each test run, the heat transfer coefficient was calculated by
using the following Eq. (1).

�h ¼ pdiLðtwo � tsÞ
Q

� di

2kw
‘n

do

di

� �� ��1

ð2Þ

where, two ¼ ttþ2tsþtb
4

The heat transfer coefficient was calculated on the basis of heat
gained by R-134a in test-evaporator and the temperature difference
between inside wall of test-evaporator and the boiling refrigerant.

3.1. Effect of mass velocity on heat transfer coefficient

The variation of heat transfer coefficient with vapor quality for
plain flow and that for the tubes with twisted tube inserts has been
shown in Figs. 3–6 for the refrigerant mass velocity of 54, 85, 114
and 136 kg/s m2, respectively.

In Figs. 3–6, it has been observed that the heat transfer coef-
ficient increases with the rise of vapor quality down the length
of test-evaporator. Because at high vapor quality, the condensate
liquid film on the inner tube wall is thinner, offering lower ther-
mal resistance. By the comparison of Figs. 3–6, it has been found
that, in general, the heat transfer coefficient increases with the
increase of mass velocity. This is in agreement with the fact that
at high mass velocities of refrigerant, the Reynolds number is
also high, which in turn, increases the refrigerant side heat
transfer coefficient.

Figs. 3–6 also show that the insertion of a twisted tape inside
the test-evaporator tube has produced higher heat transfer coeffi-
cient compared to plain flow. The highest heat transfer coefficient
has been attained for the insert with lowest twist ratio of 6. In fact,
as the twist ratio reduces, the forces due to centrifugal acceleration
near the wall increases and as a result the heat transfer coefficient
also increases. In the high vapor quality region the insert enhances
the heat transfer coefficient by as much as 57 percent above the
plain flow. At vapor quality, x = 0.2 the enhancement in heat trans-
fer coefficient is in a range of 35 to 45 percent with the insert of
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Fig. 1. Schematic diagram of experimental set-up.

Table 1
Range of operating parameters.

Inlet vapor quality 0.2–0.9
Exit vapor quality 0.3–1.0
Twist ratio 6–15
Refrigerant mass velocity 54–136 kg/m2 s
Boiling temperature �3 to �19 �C
Liquid Reynolds number 1250–3500
Vapor Reynolds number 41,000–96,000
Heat flux 1.8–5.3 kW/m2

Fig. 2. Characteristic parameters of a typical twisted tape.
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twist ration 6. For the same insert at the vapor quality, x = 0.8 the
enhancement in heat transfer coefficient is in a range of 47 to 57
percent.

Akhavan-Behabadi et al. [12] investigated the effect of twisted
tape inserts during forced convective condensation of R-134a in-
side a 10.7 mm inside diameter horizontal copper tube. They re-
ported a maximum of 43 percent heat transfer enhancement
through twisted tape having twist ratio, y = 6. Since, the present
investigation has been carried out for the evaporation of R-134a,
the highest enhancement in heat transfer coefficient is 57 percent.
It can be concluded that the twisted tape perform better in evapo-
rators in comparison to condensers.

3.2. Pressure drop in plain flow

In fact, during flow boiling, the total pressure drop in the test-
evaporator is the sum of friction pressure drop, the momentum
pressure drop, and the static pressure drop:

DPtot ¼ DPfri þ DPmom þ DPsta ð3Þ

For horizontal tube, DPsta ¼ 0; therefore,

DPtot ¼ DPfri þ DPmom ð4Þ

The momentum pressure drop is calculated by:

DPmom ¼ G2 ð1� xÞ2

qf ð1� aÞ þ
x2

qga

" #
out

� ð1� xÞ2

qf ð1� aÞ þ
x2

qga

" #
in

( )
ð5Þ

In which, ‘a’ is the void fraction and is computed by Eq. (6) by
Steiner [4].

a ¼ x
qg
ð1þ 0:12ð1� xÞÞ x

qg
þ 1� x

qf

 !
þ

1:18ð1� xÞ½grðqf � qgÞ�
0:25

G2q0:5
f

" #�1

ð6Þ
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Fig. 3. h v/s x at 54 kg/s m2.
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The total pressure drop in the test-evaporator, Dptot, was mea-
sured by a pressure drop measuring apparatus. The momentum
pressure drop is calculated by Eq. (4) and the total pressure drop
has been computed by Eq. (3).

The following Friedel correlation [11] has been used to calculate
friction pressure drop.

DPfri ¼ DPf u2
fr ð7Þ

where,

DPf ¼
2f f G2Lv f

di
ð8Þ

The liquid friction factor ff and the liquid Reynolds number, Ref, have
been obtained from the following Eq. (9).

ff ¼ 0:079Re�0:25
f ð9Þ

Ref ¼
Gdi

lf
ð10Þ
The Friedel two-phase multiplier has been determined as
follows:

u2
fr ¼ Eþ 3:24FH

Fr0:045
h We0:035

f

ð11Þ

The dimension less factors E, F, H and Frh are as follows:

E ¼ ð1� xÞ2 þ x2 qf f g

qgff

 !
ð12Þ

F ¼ x0:78ð1� xÞ0:224 ð13Þ

H ¼
qf

qg

 !0:91
lg

lf

 !0:19

1�
lg

lf

 !0:7

ð14Þ

Frh ¼
G2

gdiq2
h

ð15Þ

The liquid Weber number, Wef, is defined as
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Wef ¼
G2di

qhr
ð16Þ

In which, the homogeneous density, qh, is obtained from:

qh ¼
x
qg
þ ð1� xÞ

qf

" #�1

ð17Þ

In Fig. 7, the friction pressure drops obtained from experimen-
tal data for the mass flow rate of 114 kg/s m2 are compared with
the values predicted by different friction pressure drop methods
[3,6,11,13,15]. From this figure, it is revealed that the Friedel cor-
relation [11], and the Müller-Steinhagen correlation [6] have the
best agreement with the present experimental data. In addition,
the pressure drop has also been determined using the correlations
of Bankoff [18] and Chawla [8]. These correlations have been
developed for completely different operating conditions, there-
fore, the estimations by these correlations have a large deviation
with the experimental data and, hence, the results of these corre-
lations have not been shown in Fig. 7. The deviation of the pres-
ent data with the predicted values from Chisholm [3] and
Lockhart and Martinelli correlations [15] was expected, because
both of them are applicable for lf =lg < 1000 which is not in con-
sistence with the properties of the present working fluid. Regard-
ing the inconformity between the experiment results and Muller
[6], it is worth to be noted that the correlation proposed by [5] is
for air–oil, air–water, water–steam, and several refrigerants,
therefore its accuracy domain is comparatively low. The friction
pressure drop obtained from experimental data and that pre-
dicted by Friedel correlation [11] has been shown in Fig. 8. It is
observed that the Friedel correlation underpredicts the present
experimental data within an error band of +10 to �30 percent.
The Friedel estimation is recommended for the fluids with
lf =lg < 1000 and for the operating parameters ranges of
0 6 x 6 1 and G < 2000 kg/s m2.
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3.3. Pressure drop with twisted tape inserts

The variation of pressure drop with vapor quality for the
plain flow and the tubes with twisted tape inserts at different
mass velocities has been shown in Figs. 9–12. Also the compar-
ison between the average pressure drop of plain flow and tubes
with twisted tape inserts with twist ratio has been done in the
same figures. It has been found that, in general, by insertion of
twisted tape inside horizontal tubes, the pressure drop is in-
creased in comparison to that plain flow. It is also observed that,
by lowering twist ratio, the pressure drop has been increased
only at low vapor quality at the mass velocity of 54 kg/s m2.
As the mass velocity has increased the pressure drop is also in-
creased, however, the effect of twist ratio, y, on the pressure
drop has reduced. In fact, for the high vapor quality the effect
of twist ratio, y, is not significant.
The increase in pressure drop across the test-section is due to
the fact that with the reduction of twist ratio, y, more turbulence
and swirl is induced in liquid film and vapor core. One of the rea-
sons to use the twisted tape for the enhancement of flow boiling
heat transfer coefficient is that the presence of twisted tape in
the tubes causes the postponement of partial dryness and as a re-
sult the heat transfer is augmented. This is followed by increase in
pressure drop due to twisted tapes as it is apparent from Figs. 9–
12. At low mass velocities, the gravity force is greater than the cen-
trifugal force and above mentioned effect does not take place.
However, at low mass velocity and high vapor quality the partial
dryness is postponed in the presence of twisted tape and as a result
the heat transfer coefficient and pressure drop increases. The boil-
ing pressure drop increases by as much as 180 percent by twisted
tapes in the low vapor quality region at mass velocity of 54 kg/s m2

with the tape of twist ratio of 6. This may be due to the fact that,



vapor quality, x

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

pr
es

su
re

 d
ro

p,
 Δ

p,
 k

P
a

0.1

0.2

0.4

0.7

1

1.5
2

3
4

6

10

15

25
G=54 kg/s-m2

plain
15
12
9
6

twist ratio, y

twist ratio, y
plain 15 12 9 6

Δ p
, k

P
a

0

2

4

6

8

Fig. 9. Dp v/s x at 54 kg/s m2.

vapor quality, x

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

pr
es

su
re

 d
ro

p,
 Δ

p,
 k

P
a

0.1

0.2

0.4

0.7

1

1.5
2

3
4

6

10

15

25
G=85 kg/s-m2

plain
15
12
9
6

twist ratio, y

twist ratio, y
plain 15 12 9 6

Δ p
, k

P
a

0

2

4

6

8

Fig. 10. Dp v/s x at 85 kg/s m2.

1924 M.A. Akhavan-Behabadi et al. / International Journal of Heat and Mass Transfer 52 (2009) 1918–1927
with the presence of twisted tape, the flow regime changed to
annular and as a result, the pressure drop has increased relative
to the plain flow in which the flow regime is stratified-wavy.

3.4. Development of pressure drop correlation for the flow with twisted
tape inserts

The variation of the total pressure drop in the test-section tube
with twisted tape insert to the plain flow pressure drop, by Friedel
correlation ratio [11], with the twist ratio has been shown in
Fig. 13. In fact, in the plain flow the total pressure drop is the
sum of the friction pressure drop computed by the Friedel correla-
tion [11] and the momentum pressure drop calculated by Eq. (5).
The variation of the swirl flow pressure drop to plain flow experi-
mental pressure drop ratio with twist ratio has also been shown in
Fig. 13. This pressure drop ratio varies between 1.9 and 2.8 for
twist ratio of 6 and between 1.4 and 2.3 for twist ratio of 15. The
lowest pressure drop increase of the order of 40 percent has been
observed in the high vapor quality region at mass velocity of
136 kg/s m2 with the tape of twist ratio of 15. This is because of
the fact that at high refrigerant mass velocities, the flow pattern
in plain flow is annular and insertion of twisted tape with twist ra-
tio of 15 does not alter the flow pattern so the pressure drop does
not increase in a significant manner. The pressure drop ratio also
differs for different twist ratios. Agrawal and Varma [10] and Blatt
and Adt [14] presented a correlation for the estimation of swirl
flow boiling pressure drop of R-11 and water, and R-12, respec-
tively, in the following form:

DPs

DPP

� �
¼ C

Yn ð18Þ

In which, DPp is the total pressure drop of plain flow and
DPs is the total pressure drop of the tube with twisted tape in-
sert. The values of constants ‘C’ and ‘n’ are as follows. Agrawal
correlation [10]: C = 5.12, n = 0.509 Blatt correlation [19]:
C = 7.36, n = 0.6
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The Blatt correlation [19] underpredicts the present experimen-
tal data in a range of 50 to 10 percent and the Agrawal [10] corre-
lation underpredicts the experimental data in a range of 55 to 25
percent. Thus, for the present investigation the following correla-
tion has been developed to predict the pressure drop in tubes with
twisted tape inserts.

DPs

ðDPPÞfriedel
¼ 5:1

y0:28 ð19Þ

The mean deviation and standard deviation of swirl flow pres-
sure drop calculated by Eq. (19) from the experimental data are
2.1 percent and 9.7 percent, respectively. The comparison between
the computed pressure drop from developed correlation and the
present experimental data has been shown in Fig. 14. As it is ob-
served, most of the estimated values are within an error band of
±15 percent of the experimental data. So, the above developed cor-
relation is in good agreement with the present experimental data.
It is a known fact that the augmentation of heat transfer with
least increase in pressure drop causes saving in energy consump-
tion, reduction in material used to produce heat exchangers, min-
imizing the heat exchanger size and eventually reduction in
primary costs. In fact, to have an evaporator with appropriate per-
formance, i.e., to gain the highest heat transfer rates with the low-
est pressure drop is one of the primarily design goals.

3.5. Enhancement in heat transfer coefficient and pressure drop
penalty

The previous data analysis has shown that the insertion of
twisted tapes inside a plain tube increases the heat transfer coeffi-
cient in a range of 35 to 57 percent above the plain flow. On the
other hand, the flow boiling pressure drop is also increased in a
range of 40 to 180 percent above the plain flow. The variation of
heat transfer coefficient to pressure drop ratio ðh=DpÞ with vapor
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quality has been shown in Fig. 15. From Fig. 15 it is also revealed
that for plain flow and the tubes with twisted tape inserts, the heat
transfer coefficient to pressure drop ðh=DpÞ is reduced by increas-
ing the vapor quality as slope of Dp–x curves is more than the slope
of h–x curves. The high slope of the plain flow curve is due to the
fact that in plain tube at low vapor qualities, the flow pattern is
stratified-wavy and it changes to annular flow by increasing the
vapor quality. This fact causes the pressure drop to increase faster
than the heat transfer enhancement. But, for the tubes with
twisted tape inserts, the flow pattern is annular and no change
shall happen by increasing the vapor quality. From Fig. 15 it can
also be concluded that the twisted tapes have a weak performance
and it is always better to use them in the end part of the tube to
prevent the formation of partial dryness and as a result to increase
the heat transfer rates.
4. Conclusions

The following conclusions have been drawn from the present
study:

1- The use of twisted tape inside horizontal tubes increases the
flow boiling heat transfer coefficient. The insert with twist
ratio of 6 has produced the highest increase in heat transfer
coefficient in a range of 35 to 57 percent.

2- The twisted tape inserts also increase the pressure drop. The
flow boiling pressure drop increases by as much as 180 per-
cent above that for plain flow at mass velocity of 54 kg/s m2.

3- Following correlation has been developed to predict the
pressure drop during swirl flow boiling of R-134a inside a
horizontal tube.
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DPs

ðDPPÞfr
¼ 5:1

y0:28

This correlation predicts the experimental data in an error band
of ±15 percent.

4- By considering the heat transfer and pressure drop, the plain
tube has the best performance. The twisted tape inserts are
recommended under special conditions by considering the
appropriate consistence between heat transfer performance
and the rate of pumping power increasing.
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