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Highlights

e Laminar flow through non-circular ducts with inserts is studied experimentally.

e Uniform wall heat flux boundary condition is imposed on the channel outer wall.

¢ Wide Prandtl number range is covered using viscous Servotherm medium oil.

* Heat transfer and pressure drop characteristics against Reynolds number are plotted.
e Correlations developed and performance evaluation is done and these are beneficial.

ABSTRACT

The problem of heat transfer enhancement using different combinations of transverse
ribs, transverse corrugations and twisted-tape insert with oblique teeth, twisted tape
with centre clearance and helical screw-tape insert in square and rectangular channel
was investigated. The study also involved the thermohydraulic performance of inserts in
non-circular channels in the laminar regime. Non-circular channels having aspect ratios
of 1, 0.5 and 0.33 were considered. The techniques used for heat transfer augmentation
in the present study were and the problem was (1) transverse ribs with twisted tape with
oblique teeth, (2) integral transverse corrugation and centre-cleared twisted-tape insert,
(3) transverse rib and helical screw-tape insert, (4) axial ribs and centre-cleared twisted-
tape insert and (5) integral transverse rib and centre-cleared twisted-tape insert. These
combined fin geometry are supposedly important from possible heat transfer
enhancement point of view. In the channels, the combined influence of insert geometry
such as rib pitch, rib height, twist ratio of twisted tape, twisted tape tooth horizontal
length and twisted tape tooth angle was studied. The experiment was carried out using
Servotherm oil as the working fluid, which had a wide range of Prandtl number (430—

530). Uniform heat flux boundary condition was used. The methods used in the



experiment have been discussed in the text of the presentation. The important results of
the experimental investigation showed that the thermohydraulic performance using a
combination of inserts was better than that of bare ducts and that of the individual
enhancement technique acting alone. Both the increase in pressure drop and heat
transfer augmentation occurred due to the addition of inserts, but heat transfer
enhancement dominated over the increase in pressure drop. Nusselt number and friction
factor correlations have also been developed and are presented in this paper. The
experimental program considered different fin arrangements with various parameters
and therefore, it should be very helpful in designing heat exchangers of different shapes
and sizes used for industrial purpose. It is concluded from the present investigation that
31-52 per cent increase in heat duty at constant pumping power and 25-36 per cent
reduction in pumping power at constant heat duty are achievable. This is the novelty of
the present work since no such study and the observations have been made earlier.
These types of combined fin configurations have not been tried before. The findings are

likely to have good impact in the industry.

Keywords: Transverse rib, corrugation, centre-cleared twisted-tape insert, helical screw-
tape insert, convection, swirl flow



1. INTRODUCTION

In the present-day energy scenario, heat sources and renewable energy are the
prime focus and the global scientific community is trying hard to optimize the use of
existing sources of energy. Heat transfer enhancement devices are necessary for the
energy-hungry modern days. Therefore, research on more efficient and effective heat
transfer enhancement devices is very important. Heat transfer enhancement can be
achieved by using active techniques and passive techniques. Active techniques are those
in which external power sources are used. In passive techniques, no external power
sources are required. The internal modification in tubes, channels or ducts enhances the
rate of heat transfer. There is a good amount of literature on enhancing the thermal
transport rate in both laminar flow and turbulent flow. These investigations have been
carried out in circular, non-circular and other geometrical shaped internal flow cases, [1-
4].

Passive heat transfer enhancement techniques are used in industrial heat
exchangers and these have been investigated by many researchers. Saha [5] used a
combination of transverse ribs and wire-coil inserts in rectangular and square ducts. He
claimed that better heat transfer augmentation could be achieved using the above
combination than by using bare ducts in the laminar flow regime and by using the
individual enhancement technique acting alone. Pal and Saha [6] experimentally
investigated heat transfer in the laminar regime with a circular tube having spiral ribs
and twisted-tape insert and they found that the performance of a combination of

inserts was much better than that of the individual enhancement technique acting
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alone. They presented friction factor and Nusselt number correlations. Saha et al. [7]
and Xie et al. [8] worked with circular tubes equipped with regularly spaced twisted-
tape inserts and they concluded that the performance of regularly spaced twisted-tape
inserts was much better than that of full-length twisted-tape inserts at high Reynolds
number, larger twists and small tape-element spacings. They presented correlations for
Nusselt number and friction factor. Modern twisted-tapes such as V-cut twisted tape
and perforated twisted tapes were used by Thiangpong et al. [9]; serrated twisted tape
was investigated by Eiamsa-Ard and Promvonge [10]; short-length twisted tape in
round tubes was investigated by Eiamsa-Ard and Seemawute [11]; twisted tape with
alternate axis was examined by Krishna et al. [12]. Bhuiya et al. [13] worked with
double-counter twisted tape to evaluate heat transfer and fluid friction characteristics in
heat exchanger tubes and they found that the increase was up to 240 per cent and 286
per cent for heat transfer and friction factor, respectively in comparison with that of
plain tubes. Ray and Date [14] numerically analyzed friction factor and heat transfer
characteristics of laminar flow and turbulent flow through a square duct with twisted-
tape inserts. Earlier works on the predictive methods, data and correlation on laminar
flow regime with twisted tapes were due to Hong and Bergles [15], Date [16], Date and
Gaitonde [17] and Saha and Dutta [18]. They gave correlations and prediction methods
for calculating heat transfer and friction factor. Han [19] investigated rectangular
channels with rib turbulators and Shivkumar and Raja Rao [20] investigated twisted
tapes in rough tubes. Saha et al. [21] worked with axial corrugation roughness and

twisted-tapes with and without oblique teeth in a non-circular duct. They found that the



heat transfer rate in the case of axial corrugation, combined with twisted-tape with
oblique teeth, was higher than the heat transfer rate in case of the combined case
without oblique teeth. Saha and Saha [22] experimentally investigated the heat transfer
rate in laminar flow in a circular tube using a combination of integral helical rib
roughness and helical screw-tape. They found that the performance of combined inserts
was significantly better than that of the passive enhancement techniques acting alone in
a circular duct. They established correlations which can be used for industrial
applications. Saha and Dayanidhi [23] investigated the performance of centre-cleared
twisted-tape and integral helical corrugation used together. They achieved a 150 per
cent to 200 per cent increase in Nusselt number by using this combination. Saha et al.
[24] used wire-coil inserts in combination with centre-cleared twisted tape to study the
heat transfer enhancement in a circular tube in laminar flow regime. They claimed that
the friction factor was increased by 15 per cent to 25 per cent and Nusselt number was
increased by 45 per cent to 65 per cent when using inserts. Patil [25] used twisted-tape
insert with varying tape width in laminar flow for augmentation of heat transfer and the
working fluid was pseudo plastic power-law fluid. The uniform wall temperature
boundary condition was imposed and Patil [25] obtained poor heat transfer
enhancement with the reduced width tape. Wongcharee and Eiamsa-Ard [26] and
Eiamsa-Ard et al. [27] investigated the thermohydraulic performance of clockwise and
counterclockwise, alternate-axis twisted-tape insert. They concluded that the friction
factor was higher for the twisted-tape insert with alternate axis than that for the plain

tube and it further increased with a decrease in twist ratio; i.e. tighter twists. They also



concluded that the friction factor for the twisted-tape insert with alternate axis was
increased by 50 per cent, 49 per cent and 33 per cent for the twisted tape having a twist
ratio of y = 3.0, 4.0 and 5.0, respectively. They achieved an enhancement in heat
transfer which was higher than that for a plain twisted tape having the same twist ratio.
Webb and Kim [28] discussed all the heat transfer enhancement techniques and
developed correlations for different fin configurations. All these investigations clearly
indicate that inserts and ribs enhance the heat transfer rate at the cost of low pressure
drop increase. [29-33] are most recent literature in the area of nanofluids.

The objective of this paper is to report the results of an experimental
investigation on the hydrothermal behavior, performance analysis and correlations for
laminar flow through channels having compound inserts for which there had been no
previous investigations. The experimental program used various combinations of fin
geometries: (1) transverse ribs with twisted-tape insert with oblique teeth, (2) integral
transverse corrugation and centre-cleared twisted-tape insert, (3) transverse rib and
helical screw-tape insert, (4) axial ribs and centre-cleared twisted-tape insert and (5)
integral transverse rib and centre-cleared twisted-tape insert. This study is unique
because no such research work, either experimental or theoretical has been reported so
far. It is concluded from the present investigation that 31-52 per cent increase in heat
duty at constant pumping power and 25-36 per cent reduction in pumping power at
constant heat duty are achievable. This is the novelty of and the innovation in the

present work since no such study and the observations have been made earlier. These



types of combined fin configurations have not been tried before. The findings are likely

to have good impact in the industry.

2. EXPERIMENTAL SET-UP, WORKING PROCEDURE AND DATA ANALYSIS

The experiments were conducted with proper care and in normal laboratory
atmospheric conditions. A full schematic diagram of the experimental rig is shown in
Figure 1 with detailed positioning of instruments. In the pressure drop experiment, an
acrylic duct of 2 m in length was used. The cross-section and aspect ratios were 13 mm x
13 mm for square duct (aspect ratio = 1), 13 mm x 26 mm (aspect ratio = 0.5) and 13
mm x 39 mm (aspect ratio = 0.33) for rectangular ducts, respectively. The heat transfer
testing was done in stainless steel ducts having the same dimensions as those of the
acrylic ducts for pressure drop tests. The heat transfer test section was electrically
heated by a nichrome heater wire for achieving uniform wall heat flux boundary
condition. In the case of heating, there was no direct physical contact between the
nichrome heater and the testing section. The test section wall boundary had high
thermal conductivity and it was thin enough to provide uniform heat flux. Porcelain
bead insulation was applied to the nichrome heater and fiber glass tape insulation was
applied on the duct wall. The test section was insulated with asbestos rope and glass-

wool. The heater wire and whole test section were covered with a jute bag.
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Fig. 1. Experimental rig.
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The experimental test rig had a working fluid circulating loop, a cooling water
circulating loop, rotameters, autotransformers with digital voltmeter and ammeter,
thermocouples with digital multimeter and selector switch box and U-tube mercury
manometer. The rotameters having a measurement range of 0.07 to 0.7, 0.0115 to
0.115 and 0.00175 to 0.0175 kg/sec, respectively were used for measuring and
regulating the oil mass flow rate. The calming section ensured that the flow was
hydrodynamically fully developed before it entered the heated test section.

The transverse rib, axial rib and integral transverse rib corrugations are

presented in Figure 2, Figure 3 and Figure 4, respectively. The square-shaped ribs were
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made of brass. The twisted-tape insert with oblique teeth, centre-cleared twisted-tape
insert and helical screw-tape insert are shown in Figure5, Figure 6 and Figure 7,

respectively.

Fig. 2. Transverse rib.

Fig. 3. Axial rib.
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Fig. 4. Transverse rib corrugation.
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Fig. 5. Twisted tape.
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Fig. 6. Twisted-tape insert (with centre clearance).
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Fig. 7. Layout of a duct with full-length turbulator inserts.
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The working fluid used in the experiment was Servotherm medium oil. It is a
product of Indian Qil Corporation having a wide Prandtl number range of 430 to 530. QOil
mass flow rate was measured by rotameters and the isothermal pressure drops were
measured by a vertical mercury manometer. The actual heat received by the oil was its
enthalpy rise. The working fluid was circulated through a pump and an accumulator was
used to reduce the pressure fluctuations and oil hammering. The measurement of
outer-wall temperature of the test section was done by copper-constantan
thermocouples and a digital multimeter. Thermocouples were fitted at seven axial
positions and each axial position was equipped with four thermocouples, which were
installed by brazing. The axial locations of thermocouples were 5 cm, 50 cm, 100 cm,
125 cm, 150 cm, 175 cm, 195 cm along the downstream direction from the test section
inlet. The thermocouples were 90° apart from each other. Qil bulk mean temperatures
at inlet as well as outlet were measured by copper-constantan thermocouples. A mixing
chamber was used for achieving uniform temperature of working fluid at the exit. In the
mixing chamber, oil moved in a serpentine path giving uniform temperature. The duct
wall temperature increased linearly in the downstream fully developed region. The test
section heat input was calculated by measuring the resistance of heater wire and
voltage across the heater wires. The uncertainties in the Reynolds number, Prandtl
number, friction factor and Nusselt number were + 4.3 per cent, + 5.87 per cent, + 6.33
per cent and * 7.45 per cent, respectively and the uncertainties were determined by the

method suggested by Kline and McClintock [34].
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The experimental parameters for transverse rib and twisted tape with oblique
teeth were as follows: twist ratio y = 2.5, twisted-tape tooth horizontal length tn=
0.1053 and 0.05263, twisted-tape insert tooth angle 6 = 30° and 60°, rib height (e/Dn) =
0.07894 and 0.10526, rib pitch (P/e) = 20 and 10. Similarly, the parameters for axial rib
with centre-cleared twisted-tape inserts and integral rib roughness and centre-cleared
twisted-tape insert were the same and these were as follows: twist ratio y = 2.5, centre-
clearance ¢ = 0,0.2,0.4 and 0.6, rib height (e/Dn) = 0.07692 and 0.1026, rib pitch (P/e) =
5.6481 and 2.0437. Similarly, for transverse rib and helical screw-tape inserts, the
parameters were as follows: screw-tape insert length =2 m long, W =8 mm (fixed), d =
0, 1.5 mm,2 mmand 2.5 mm, c=11 mm, 85 mm, 16.0 mm, screw-tape parameter p =
o0, 2.72,2.04,1.63 for AR=1, p = o0, 3.68, 2.76, 2.21 for AR =0.5 and p = ==, 6.16, 4.62,
3.62, rib height (e/Dn) = 0.07692 and 0.1026, rib pitch (P/e) = 5.6481 and 2.0437. The
parameters for integral transverse corrugations and centre-cleared twisted-tape inserts
were as follows: twist ratio y = 2.5, centre clearance ¢ = 0,0.2, 0.4 and 0.6, corrugation
angles 8 = 30° and 60°, corrugation pitch (P/e) = 5.6481 and 2.0437.

The operating procedure for the experiment was as follows:

Initially, the set-up ran for an hour or more at the constant mass flow rate and
uniform heat flux input so that the system attained steady state. Whether the system
achieved steady state or not, could be verified by taking readings after a certain time
interval, if the two readings taken at successive time intervals were the same, steady
state was reached. Once steady state was reached, the digital multimeter was used for

recording the outer-wall surface temperature, the fluid inlet and outlet temperatures.
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The multimeter displayed the readings in millivolt and the equivalence value of the
temperature could be obtained from conversion factor 40 uV = 1°C. After getting the
inlet and outlet temperatures, the fluid local temperature was obtained at seven places
by linear interpolation. This approach is supported by the fact that fluid bulk mean
temperature increases linearly under uniform heat flux condition. The inlet and exit
temperatures of the oil were measured by the thermocouple placed at the calming
section just before the fluid entry and another thermocouple embedded at the exit of
the oil mixing chamber to get the bulk mean temperature of the oil. The temperature
drop across the tube wall thickness was determined by one-dimensional radial heat
conduction equation. Additional information in this section can be obtained from [6].
3. Results and Discussion

The main objective of the present study was to see the effects of inserting
oblique teeth twisted tape along with transverse ribs in non-circular channels. The
relative effect of geometrical parameters such as aspect ratio, tooth angle, twisted tape
tooth horizontal length, rib pitch and rib heights on thermal and hydraulic
characteristics (Nusselt number and friction factor) was examined. Figure8 and Figure9
present the validation of the experimental data by using well documented correlations
for friction factor and Nusselt number, respectively. Experimental data were obtained
for a plain square duct and a plain circular tube. The deviation for most of the data is
within + 10 percent, thus warranting the validity of the experimental set up. Figure 10
shows the effect of twisted tape tooth horizontal length and tooth angle on friction

factor for transverse rib and twisted tape with oblique teeth inserted into a channel
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with aspect ratio (AR) = 1.0. It was found that the friction factor was higher for tn=
0.1053 and 6 = 60°. The similar trend was observed for channels with AR = 0.5 and 0.33.
The friction factor depended on channel cross-sectional geometry and it increased with
a decrease in aspect ratio because of the flattening of the velocity profile. Figure 11
shows the Nusselt number vs Reynolds number relation for twisted-tape insert with
obligue tooth combined with transverse ribs in a non-circular channel with AR = 1. The
Nusselt number followed the same trend as that of the friction factor, because the
Reynolds analogy prevailed. The values of twist ratio, rib height and rib pitch were kept
constant so that the influence of tooth angle, tooth horizontal length and aspect ratio
could be examined. The highest Nusselt number was found for aspect ratio AR = 0.33 at
the tooth angle 8 = 60° and tn = 0.1053. Figure 12 presents the friction factor for aspect
ratios AR = 1.00, 0.5 and 0.33 at fixed geometrical parameters of the inserts. The highest
friction factor and Nusselt number were obtained for aspect ratio 0.33. The effect of rib
pitch and rib height on friction factor are shown in Figure 13 and Figure 14. A similar
trend was observed for Nusselt number. A second set of experiments was carried out
using integral transverse corrugation with centre-cleared twisted-tape inserts. The
effect of centre clearance “c” on friction factor and Nusselt number is presented in
Figure 15 and Figure 16, respectively. The centre clearance influenced the friction factor
and the friction factor reduced with an increase in centre clearance because of less skin
friction drag. The effect of corrugation angle on friction factor is presented in Figure 17,

a larger corrugation angle resulted in a higher friction factor. Similarly, the Nusselt

number was found to be the highest for the largest corrugation angle.
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This was followed by the experiments with transverse rib and helical screw-tape
inserts. The effect of fin parameters of helical screw-tape insert on friction factor and
Nusselt number at fixed rib pitch and rib height is presented in Figure 18 and Figure 19,
respectively for AR = 1.0. This trend of friction factor and Nusselt number was also
found for aspect ratios 0.5 and 0.33. The aspect ratio trend is shown in Figure 20 at

constant P/e = 2.0437, e/Dn = 0.07692 and p = infinity.
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The fourth set of experiments was done using axial rib with centre-cleared
twisted-tape inserts. The axial rib is shown in Figure 3. The combined effects of axial rib
and centre-cleared twisted-tape inserts on friction factor and Nusselt number are
presented in Figure 21 and Figure 22, respectively. Only the twisted tape having centre
clearance 0.4 had the least friction factor, whereas the twisted tape without centre
clearance showed the maximum friction factor due to the maximum skin friction drag.

The rib pitch effect on friction factor is shown in Figure 23. Friction factor decreased
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with the decreasing rib pitch and it was the lowest when ribs were used for the heat

transfer enhancement technique acting individually.
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Fig. 21. Effect of centre clearance of twisted-tape on friction factor — P/e = 2.0437, e/Dn = 0.07692,
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Finally, integral transverse rib roughness in combination with centre-cleared
twisted-tape insert was examined. The effects of centre clearance on friction factor and
Nusselt number are shown in Figure 24 and Figure 25, respectively. The resultant trend
was similar to that of transverse corrugation with centre-cleared twisted-tape insert.
The friction factor for zero centre clearance insert was maximum and for twisted-tape
insert only with centre-clearance = 0.4, the data showed minimum friction factor and

this trend was also seen in the Nusselt number vs Reynolds number plot. These

33



experimental observations could be plausibly explained phenomenologically by the

boundary layer separation, flow reattachment, secondary flow and the fluid mixing.
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Fig. 25. Effect of centre clearance of twisted-tape on Nusselt number: rib pitch = 2.0437 and
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4. CORRELATIONS

In this study, correlations for Nusselt number and friction factor for laminar flow
through non-circular channels having combined transverse rib and twisted-tape inserts
have been developed. Also, correlations for individual fins were established and these
correlations could be very useful to professional engineers. The correlations predicted
experimental data within + 20 per cent. On an average, 85 per cent to 95 per cent data

agreed very well with the correlations and the deviations were within + 10 per cent.
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The correlations for Nusselt number and friction factor for combined transverse

rib and twisted-tape insert with oblique teeth are as follows:

R 0.132 0717 0.0821
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Jy h e

The correlations for the individual transverse ribs and twisted-tape insert with oblique

Nu
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(1)

teeth are as follows:
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Similarly, the correlations for Nusselt number for a combination of integral transverse

corrugation and centre-cleared twisted-tape insert are given by:
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0.1

2.0
Nu, = 5.174[((1 +0.0711G2°% % 18.314x 10 (Sw, Pr°~565)2‘623) +1.5114x10(Re,, Ra)z'”}

. ( m j"-“( 1, 1)‘“53 |1, (W+exp(0.0888822c))x exp(0.07399sin 6)
Hy '

A

(7)
And friction factor for the above combination is presented as:
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The correlation for Nusselt number for the transverse rib and helical screw-tape insert
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and friction factor for this combination is:
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The correlation for Nusselt number for combined axial rib and centre-cleared twisted
tape is:

2.552
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and friction factor for the present combination is given by:
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Nusselt number and friction factor correlations for combined transverse rib and centre-

(AR )—1.235

cleared twisted-tape insert are as follows:

20 10!
NU_ =5.170 ((1+ 0.070511G2°**%f"*** 1. 8.02314 x 10" (Sw. Pr°'565)2'6523) N
1.52114x10"*(Re,, Ra)**"
e 0.05444521 (13)

014 0153 (1+exp(0.099822¢))x| —-

x(/‘b ) (i+01) |1+ D,
Hy, AR p /746452
A
20l 044521
2t .
M+2-- (1+ex0(0.088¢))x| -

(fRe),, =17.351] ———" (1+1O-e SWZ'“S)O'“ 1y ) »

) 0.61254
(2

(AR )—1.235

38



5. PERFORMANCE EVALUATION
Performance evaluation is necessary for finding the best best fin geometry

configuration. There are two standard methods for performance evaluation [35]:

enhancedgeometry . . .
Pi= for incr hermal ener ransport and fix mpin
1 o —enhancedgeometry ’ or increased thermal energy transport and fixed pumping

power;

enhancedgeometr .
Po= g 4 , for constant heat duty and reduced pumping power.
non—enhancedgeometry

P1> 1 and P2<1 are useful for fin geometry and these are recommended for use in the
industry.

A performance evaluation of transverse rib and twisted tape with oblique teeth
combination is presented in Table 1 and Table 2 with parameters Piand Py, respectively.
Similarly, a performance evaluation for integral transverse corrugations with centre-
cleared twisted-tape inserts is presented in Table 3 and Table 4 with parameters P1 and
P, respectively. The Tables and fin geometry studies should be useful for industrial
application and the correlations could be used in designing heat exchangers.

There is no information in the open literature with which to compare the present

results. Standard results were used for the validation of the rig.
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Table 1 Performance evaluation of combined transverse rib and oblique twisted tape at parameter P

P1
AR 1.0 R2R2 R1R2 R2R1 R1R1
th1 = 0.05263, Prir1 Prirz Prir1 Prirz Prir1 Prir2 Prir1 Prirz
0 =30°
1.663 1.677 1.701 1.713 1.731 1.746 1.758 1.769
th1 = 0.1053, Prir1 Prir2 Prir1 Prir2 Prir1 Prir2 Prir1 Prir2
0=30°
1.666 1.689 1.693 1.696 1.703 1.703 1.720 1.730
th1 = 0.05263, P Rrir1 P rirz P rir1 P rir2 P rir1 P rir2 P Rrir1 P rir2
0 =60°
1.570 1.581 1.583 1.591 1.615 1.639 1.659 1.681
th1 = 0.1053, P rir1 P rir2 P rir1 P rire P rir1 P rir2 P rir1 P rir2
0 =60°
1.620 1.643 1.655 1.677 1.694 1.697 1.7R1R1 1.713
P1
AR 0.5 R2R2 R1R2 R2R1 R1R1
th = P Rrirt PRrir2 P Rrir1 P rirz P rir1 P Rrirz P Rrir1 P Rrirz
0.05263,
0=230°
1.652 1.655 1.670 1.680 1.687 1.703 1.712 1.729
th1 = 0.1053, P rir1 P rir2 P rir1 P rir2 P rir1 P rire P rir1 P rire
0=230°
1.673 1.686 1.689 1.710 1.732 1.733 1.753 1.756
th1 = PRrir1 P Rrir2 PRrir1 P rir2 P rir1 P rir2 P rir1 P rir2
0.05263,
0=160°
1.553 1.565 1.572 1.585 1.585 1.596 1.609 1.613
th1 = 0.1053, P rir1 P rir2 P rir1 P rir2 P rir1 P rir2 P rir1 P rire
0=160°
1.613 1.615 1.633 1.643 1.644 1.658 1.680 1.680
P1
AR 0.33 R2R2 R1R2 R2R1 R1R1
th = P rir1 P rir2 P rir1 P rir2 P rir1 P rire P rir1 P rire
0.05263,
0 =30°
1.656 1.677 1.681 1.694 1.700 1.713 1.737 1.755
th1 = 0.1053, P rir1 P rir2 P rir1 P rir2 P rir1 P rir2 P rir1 P rir2
0 =30°
1.671 1.684 1.701 1.719 1.730 1.740 1.740 1.753
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thy = P Rrir1 P rir2 P Rrirt P rir2 P rirt P rir2 P rir1 P rir2
0.05263,
0=60°

1.569 1.590 1.609 1.632 1.638 1.640 1.659 1.679

th1 = 0.1053, P rir1 P rirz P Rrir1 P rir2 P rir1 P rir2 P rir1 P rir2
0 =60°

1.600 1.621 1.633 1.646 1.660 1.662 1.671 1.674

Table 2 Performance evaluationof transverse rib and twisted tape with oblique teeth at parameter P>

P,
AR 1.0 R2R2 R1R2 R2R1 R1R1
th1 = 0.05263, Pror1 Pror2 Pror1 Pror2 Pror1 Pror2 Pror1 Pror2
0 =30°
0.767 0.768 0.770 0.772 0.772 0.772 0.774 0.774
th1 = 0.1053, Pror1 P ror2 P ror1 P roro P ror1 P ror2 P ror1 P ror2
0=30°
0.766 0.767 0.770 0.771 0.771 0.773 0.774 0.775
th1 = 0.05263, Pror1 P ror2 P ror1 P ror2 P ror1 P ror2 P ror1 P ror2
0 =60°
0.750 0.752 0.753 0.755 0.757 0.758 0.758 0.759
tha = 0.1053, Pror1 P r2r2 P r2r1 P r2r2 P ror1 P ror2 P ror1 P ror2
0 =60°
0.675 0.675 0.677 0.679 0.680 0.683 0.684 0.684
P2
AR 0.5 R2R2 R1R2 R2R1 R1R1
th1 = 0.05263, Pror1 P r2r2 P r2r1 P r2r2 P ror1 P ror2 P ror1 P ror2
0=30°
0.766 0.766 0.768 0.770 0.770 0.773 0.774 0.774
th1 = 0.1053, Pror1 P ror2 P ror1 P roro P ror1 P ror2 P ror1 P ror2
0=30°
0.767 0.767 0.768 0.768 0.770 0.771 0.773 0.773
th1 = 0.05263, Pror1 P ror2 P ror1 P roro P ror1 P ror2 P ror1 P ror2
0=60°
0.751 0.753 0.755 0.756 0.758 0.759 0.761 0.763
th1 = 0.1053, Pror1 P ror2 P ror1 P roro P ror1 P ror2 P ror1 P ror2
0 =60°
0.674 0.675 0.676 0.677 0.677 0.680 0.681 0.683
P
AR 0.33 R2R2 R1R2 R2R1 R1R1
th1 = 0.05263, Pror1 P r2r2 P r2r1 P ror2 P rer1 P ror2 P rer1 P rer2
0 =30°
0.768 0.769 0.771 0.773 0.774 0.774 0.776 0.778
th1 = 0.1053, Prar1 P ror2 P ror1 P ror2 P ror1 P ror2 P ror1 P ror2
0 =30°

41




0.768 0.768 0.769 0.769 0.770 0.772 0.772 0.772

th1 = 0.05263, Pror1 P ror2 P ror1 P ror2 P ror1 P ror2 P ror1 P ror2
0=060°

0.751 0.752 0.752 0.753 0.755 0.756 0.757 0.758

tm = 0.1053, Pror1 P r2r2 P r2r1 P r2r2 P ror1 P ror2 P ror1 P ror2
0 =60°

0.675 0.676 0.677 0.678 0.679 0.681 0.683 0.684

Table 3 Performance evaluation of transverse corrugations and centre-cleared twisted tape at parameter

Py
P1

AR 1.0

R2R2 R1R2 R2R1 R1R1
c=0.2 1.498 1.637 1.659 1.764
c=0.4 1.780 1.626 1.628 1.744
c =0.6 1.626 1.723 1.734 1.459
AR 0.5

R2R2 R1R2 R2R1 R1R1
c=0.2 1.646 1.804 1.739 1.650
c=0.4 1.670 1.807 1.808 1.799
c =0.6 1.716 1.670 1.604 1.716
AR 0.33

R2R2 R1R2 R2R1 R1R1
c=0.2 1.818 1.699 1.687 1.775
c=0.4 1.816 1.682 1.779 1.789
c =0.6 1.788 1.664 1.946 1.670
Circular Duct

R2R2 R1R2 R2R1 R1R1
c=0.2 1.651 1.608 1.735 1.604
c=0.4 1.732 1.543 1.799 1.749
c =0.6 1.789 1.707 1.754 1.758
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Table 4 Performance evaluation of transverse corrugations and centre-cleared twisted tape at parameter
P2

P2

AR 1.0

R2R2 R1R2 R2R1 R1R1
c=0.2 0.796 0.702 0.739 0.759
c=0.4 0.772 0.668 0.650 0.663
c =0.6 0.756 0.655 0.665 0.666
AR 0.5

R2R2 R1R2 R2R1 R1R1
c=0.2 0.730 0.708 0.717 0.714
c=0.4 0.651 0.620 0.628 0.640
c =0.6 0.663 0.656 0.650 0.649
AR 0.33

R2R2 R1R2 R2R1 R1R1
c=0.2 0.723 0.712 0.698 0.677
c=04 0.611 0.615 0.617 0.608
c =0.6 0.631 0.622 0.614 0.599
Circular Duct

R2R2 R1R2 R2R1 R1R1
c=0.2 0.689 0.680 0.648 0.679
c=04 0.606 0.620 0.606 0.568
c =0.6 0.605 0.598 0.595 0.632

6. CONCLUSIONS
The following conclusions are drawn from the experimental investigation:

e The friction factor and Nusselt number are higher than those of the plain tube
and the performance of combined inserts is better than that of the individual
technique.

e The performance of the combination was better than that of individual inserts of

all kinds. It is concluded from the present investigation that 31-52 per cent
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increase in heat duty at constant pumping power and 25-36 per cent reduction in
pumping power at constant heat duty are achievable. This is the novelty of the
present work since no such study and the observations were made earlier. These
types of combined fin configurations have not been tried before.

e Friction factor and Nusselt number correlations are presented for various
combinations as well as for individual inserts.

e The hydrothermal performance is evaluated for the combined use of five
different enhancement techniques: (1) transverse ribs with twisted-tape insert
with oblique teeth, (2) integral transverse corrugation and centre-cleared
twisted-tape insert, (3) transverse rib and helical screw-tape insert, (4) axial ribs
and centre-cleared twisted-tape insert and (5) integral transverse rib and centre-
cleared twisted-tape insert. Such investigations are unique and never tried
before, These findings are very useful in industry.

e The results of various combinations of inserts are presented and these are useful
for industrial purposes. The findings are likely to have good impact in the

industry.
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NOMENCLATURE

A

Ac

Ao

fsw

Gr

Gz

h,

Ls

heat transfer area, m?
axial flow cross-sectional area, m?
plain duct flow cross-sectional area, m?

twisted-tape centre-clearance, m

non-dimensional twisted-tape centre-clearance, dimensionless
constant pressure specific heat, J/kg k

internal diameter of the plain duct, m

hydraulic diameter of the test duct, m

helical screw-tape rod diameter, m

rib height, corrugation height, m

fully developed Fanning friction factor, dimensionless
swirl flow friction factor, dimensionless

gravitational acceleration, m/s?

Grashoff number, dimensionless

Graetz number, dimensionless

pitch for 180° rotation of twisted-tape, m

axial local heat transfer coefficient, W/(m?K)

fluid thermal conductivity, W/(mK)

maximum helical flow length, m
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/ non-dimensional twisted-tape length, dimensionless

0 coil helix angle, °

i fluid dynamic viscosity, kg/ms

a corrugation helix angle, °

B coefficient of isobaric thermal expansion, K!

p density of the fluid, kg/m3

Lt length of twisted-tape, m

L axial length, length of the duct, m

m mass flow rate, kg/s

Num axially averaged Nusselt number, dimensionless

AP, pressure drop, mm

AP pressure drop, N/m?

P rib pitch, m

Pr fluid Prandtl number, dimensionless

Ra Rayleigh number, dimensionless

Reax Reynolds number based on axial velocity, dimensionless
Resw Reynolds number based on swirl velocity, dimensionless
Re Reynolds number based on plain duct diameter, dimensionless
Sw swirl parameter, dimensionless

T temperature, K



t tape thickness, m

ATy wall to fluid bulk temperature difference, K
Va mean axial velocity, m/s
Vo mean velocity based on plain duct diameter, m/s
Vs actual swirl velocity at duct, m/s
X Pr", the value of n depends on the exponent of Pr in the correlation
y twist ratio, dimensionless
z axial length, the distance between the measuring pressure taps, m
Y (ﬁJ_m x 1 , dimensionless
L, 5.172
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