Chemical
Engineering
Journal

www.elsevier.com/locate/cej

< s
ELSEVIER Chemical Engineering Journal 78 (2000) 95-105

Augmentation of convective heat transfer inside tubes with three-dimensional
internal extended surfaces and twisted-tape inserts

Q. Liaos, M.D. Xin

Institute of Engineering Thermophysics, Chongging University, Chongging, China
Received 9 December 1998; received in revised form 15 July 1999; accepted 5 October 1999

Abstract

Experiments were carried out to study the heat transfer and friction characteristics for water, ethylene glycol, and ISO VG46 turbin
oil flowing inside four tubes with three-dimensional internal extended surfaces and copper continuous or segmented twisted-tape inser
During the experiments, Prandtl numbers ranged from 5.5 to 590 and Reynolds numbers from 80 to 50,000. The experimental results shi
that this compound enhanced heat transfer technique, a tube with three-dimensional internal extended surfaces and twisted-tape insert
of particular advantage to enhance the convective heat transfer for the laminar tubeside flow of highly viscous fluid. For the laminar flov
of VG46 turbine oil, the average Stanton number could be enhanced up to 5.8-fold inside tubes with three-dimensional internal extende
surfaces and continuous twisted-tape inserts compared with an empty smooth tube, and the friction factor was also increased by alm
6.5-fold. Inside the tubes with three-dimensional internal extended surfaces, replacement of the continuous twisted-tape inserts with t
segmented twisted-tape inserts induced a greater decrease in the friction factor but a comparatively smaller decrease in the Stanton numr
© 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction high-efficiency heat-exchange tube for forced internal con-
vection. The schematic of the three-dimensional internal
Heat exchangers with the convective heat transfer of fluid extended surface is illustrated in Fig. 1. The 3-DIEST tubes
inside the tubes are frequently encountered in chemical engi-were fabricated by a patented technique of Liao [17]. This
neering applications. In order to develop the highly efficient fabrication technique has many advantages. For instant, a
and compact heat exchangers, many experimental investi-thinner tube can be used because less material is removed
gations have been conducted on enhanced tubes for forcedrom the inner surface of the tube. The internal fins can
single-phase convective heat transfer inside tubes, such ade fabricated to be nearly 8 mm high and many tube ma-
the tubes with two-dimensional internal roughness [1-5], terials such as copper, brass, aluminium, steel, and even
tubes with three-dimensional internal roughness [6-8], and stainless steel can be used with this technique. In addition,
tubes with twisted-tape inserts [9—12]. References [13] and the three-dimensional internal fins can be fabricated in an
[14] review some details of enhanced tubes. Saha et al.in-line alignment or a staggered alignment. Liao and Xin
[15] conducted experimental investigations on heat transfer [18] conducted experimental investigations on the laminar,
and friction characteristics in smooth tubes with segmented transitional, and turbulent heat transfer and flow charac-
twisted-tape inserts for laminar flow of water at constant teristics in seven 3-DIEST tubes. During the experiments,
heat flux. They found that properly spaced tape segmentsethylene glycol was used as working fluid while the Prandtl
provide higher enhancement than does a continuous tapenumbers and Reynolds numbers ranged from 60 to 90 and
Webb [16] previewed the development of the enhanced heat250 to 7000, respectively. The experimental results indicated
transfer with continuous and segmented twisted-tape insertsthat the average Stanton number in the most superior en-
inside smooth tubes. hancement can be increased by ca. 2.8-fold in laminar flow
The tube with three-dimensional internal extended and 4.5-fold in transitional and turbulent flow compared
surfaces (3-DIEST) presented in this article is a new to smooth tubes, and correspondingly, the friction factor is
increased by almost 1.7-fold in laminar flow and 4-fold in
* Corresponding author. Tek:86-23-65102474; fax-86-23-65106656. transitional and turbulent flow. The fluid disturbance near
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heat transfer in the zone near tube wall, it was envisaged that
this compound enhanced technique could bring out further
heat transfer enhancement for the 3-DIEST tube. Besides,
since there exists a limitation for the pressure drop of fluid
flow in the heat exchanger, the 3-DIEST tube with segmented
twisted-tape inserts was also investigated experimentally as
well as the tube with the continuous twisted-tape inserts in
this paper. The experiments were carried out for turbulent
flow, transitional flow, and laminar flow with the working
fluids: water, ethylene glycol, and VG46 turbine oil.

In previous investigations, the twisted-tape inserts were

Fig. 1. Schematic of the three-dimensional internal extended surface. generally applied to enhance convective heat transfer in-

side a smooth tube. A review of the literature reveals that
only a few experimental investigations [19-21] have been

tube wall induced by the three-dimensional roughness hascarried out for the heat transfer and flow characteristics
a significant influence on the enhanced heat transfer per-inside an enhanced tube with twisted-tape inserts. Marner
formance. In single-phase tubeside turbulent or transitional and Bergles [19] testified experimentally that with respect
flow, there exist three zones between the tube wall and theto the empty smooth tube, the heat transfer enhancement of
central axis: a viscous sublayer, a buffer zone, and a turbu-3-fold in heating and 4-fold in cooling can be obtained in
lent core zone. The majority of the total thermal resistance the axial internally finned tube with continuous twisted-tape
is concentrated in the viscous sublayer and the buffer zoneinserts for tubeside laminar flow of SAE 10 and 20 oil.
for liquid tubeside flow. The drastic disturbance of fluid near Usui et al. [20] measured the heat transfer performance of
tube wall induced by the 3-DIEST fins can lead to a greater ethylene glycol aqueous solution (the ethylene glycol mass
decrease of the thermal resistance in the former two zones saontent in the range of 40-60%) with turbulent flow inside
that a larger heat transfer enhancement can be obtained. Irthe tubes with internally grooved rough surface by means
contrast, for a tubeside laminar flow, the thermal resistance of continuous twisted-tape inserts. The experimental results
is distributed almost uniformly over the whole tube. Further- showed that the heat transfer coefficients inside the com-
more, the thickness of the laminar boundary is far larger than pound enhanced tubes were 3.0-3.5 times as much as those
the height of the roughness, which permits the fluid to pass inside the empty smooth tube at the same pump power.
smoothly around the roughness and induce very weak distur-Zhang et al. [21] conducted experiments on the heat trans-
bance near the tube wall. Consequently, the heat transfer enfer and flow characteristics of air turbulent flow inside three
hancement is obviously lower in a tubeside laminar flow than tubes with axial interrupted rib and continuous twisted-tape
in a tubeside turbulent or transitional flow. Unfortunately, in inserts. The heat transfer enhancement of 1.8-3.2 times
chemical engineering fields, a great deal of heat exchangecan be gained accompanied with the pressure drop penalty
is concerned with convective heat transfer of high viscous of ca. 9-14 times by means of these compound enhanced
fluid in the tubeside laminar flow. Due to low heat transfer tubes. No previous work has been found to concern itself
coefficient of the tubeside laminar flow, the heat exchangerswith the contents investigated in the present paper. There-
usually have larger sizes. Consequently, much attention wasfore, the present investigations have great significance for
paid to research for new enhanced heat transfer techniqueshe development of new types of compact heat exchanger
of tubeside laminar flow in previous work. The objective in chemical engineering as well as in other industrial fields.
of this paper is to develop a new technique for further en-
hancing heat transfer of single-phase forced flow, especially
laminar flow, inside the 3-DIEST tube. For this purpose, we 2. Experimental apparatus and procedure
propose a new compound enhanced heat transfer technique:
combining the twisted-tape inserts into the 3-DIEST tube. Four 3-DIEST tubes and one smooth tube (1.D. 13.5mm)

It is well known that twisted-tape inserts can induce a were tested. The geometric parameters of these tubes are
secondary flow which promotes fluid exchange between thelisted in Table 1. The inside diametdd;] listed is measured
wall region and the center region so as to enhance heat
transfer in the tube center region. Besides, it can also induce.

. . . . Table 1

a rotary flow which changes the fluid flow direction and Geometric parameters of fin inside the 3-DIEST tubes
increases the fluid flow velocity near the tube wall. Actually,

fluid flow near the tube wall is a composite flow of fluid axial 'Pe No- €D Pale  WPa  PJW  Fins alignment
flow and rotary flow inside the tube with twisted-tape inserts. Tube 1 0.0771 4080  0.118 5421  Staggered
Since the twisted-tape inserts can increase not only the heag Uge g 8-8228 i-ggg g-ﬁ‘l‘ gg% g:aggereg

; : . ube . . . . aggere
transfer in the tube center zone but the fluid flow velocity - =" 00763 4110 0112 5418  Indine

near tube wall also and the 3-DIEST fins can increase the
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Fig. 3. Schematic of experimental apparatus.
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(b) The 3-DIEST tube with segmented twisted-tape insert
was provided by a 50-mm thick glass-fiber cover. In exper-
Fig. 2. Schematic of the 3-DIEST tube with continuous or segmented iments, temperature was measured with nickel-chrome and
twisted-tape inserts. nickel-silicon thermocouples of 0.2mm in diameter. Nine
thermocouples were embedded uniformly along tube length
with 100 mm in spacing outside the test section to measure
to the bottom of the fins, and the fin-bottom axial thickness the wall temperature distribution. In addition, three thermo-
(b) is ~0.8 mm for all the enhanced tubes. A smooth tube couples were inserted into the upstream end of test section
was employed to evaluate the experimental accuracy andto measure the inlet temperature, and three thermocouples
established a reference for the heat transfer enhancementvere inserted into the outlet mixing chamber to measure the
Fig. 2 illustrates the schematic of the 3-DIEST tube with outlet temperature. Measurement of the test-fluid flow rate
continuous or segmented twisted-tape inserts. Three coppetvas carried out with a rotameter that was calibrated before
continuous twisted-tape inserts with a tape twist ratio of 5, the tests. The pressure drop between the inlet and outlet of
10, and 15 as well as two copper segmented twisted-tapethe test section was measured by a U-type manometer con-
inserts with a tape twist ratio of 10 and 15 were used in the nected to two piezometric rings where eight static-pressure
experiments. The tape twist ratiB/D, represents the ratio  taps (hole diameter 2.0 mm) were drilled on the inner cir-
between the lengttP, of a tape element with 18@ngle of cumference of each ring. The fluid bulk temperature was
rotation and the tape widtl). The segmented twisted-tape controlled by adjusting the power to the auxiliary heater in
inserts consisted of numerous tape elements witti 248@le the water tank as well as the flow rate of cooling water in
of rotation. Every two tape elements were connected with a the auxiliary heat exchanger. The isothermal pressure drop
copper rod of 2mm diameter by welding. The lendth of test was conducted with 2G water and with 30C ethy-
each copper rod equals the leng®hpf tape element. All of lene glycol and VG46 turbine oil. In each test run, the data
the twisted-tape inserts used in the experiments are 1000-mnfor temperatures, flow rates, and fluid pressure drops were
long, 12-mm wide, and 0.5-mm thick. The two ends of the recorded after steady-state was established.
twisted-tape inserts were fixed to the test tube wall in order
to prevent the twisted-tape inserts from vibrating.
Water, ethylene glycol, and VG46 turbine oil were cho- 3. Experimental results and discussion
sen as the test fluids. Prandtl numbers of fluid ranged from
5.5 to 590. The Reynolds numbers varied from 80 to 50,000. 3.1. Experimental uncertainties
A schematic of the experimental apparatus is depicted in
Fig. 3. The experimental apparatus consisted of a tank with  The isothermal friction factorf{ was defined as
auxiliary heater, two centrifugal pumps, two mixing cham- AP
bers, atest chamber, an auxiliary shell-and-tube type heat ex-f = ouZ LD
changer, and a measurement system. It should be mentioned (ouin/2)(L/Di)
here that the two centrifugal pumps were only used in the where AP is the pressure drop between the inlet and outlet
experiments for water and ethylene glycol flow and were re- of test section andy, the bulk average fluid velocity.
placed with an oil pump in the experiments for VG46 turbine  Before the experiments, the isothermal friction factors
oil flow. The test chamber contained a 650-mm long smooth were determined experimentally for the turbulent flow of
entrance section and a 1000-mm long heated test sectiorwater inside a smooth tube. Test results are shown in Fig. 4.
uniformly wounded with 0.8-mm diameter nickel-chrome Discrepancies between the experimental data and Blassius’
heating wires. The heat input to the test section was providedcorrelation orf=0.3164(Re)y%2° were less thart9% over
by the heating wires connected with an AC transformer and a range of Reynolds number from 7000 to 35,000. The fric-
power supply. Thermal insulation for the heated test section tion factor,f, involves the two parameters, the pressure drop,
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Fig. 4. Heat transfer and friction characteristics inside Tube 1 with con-
tinuous twisted-tape inserts for water turbulent flow~B15).

AP, and the bulk average fluid velocityy,, which need to

be measured. The uncertainties AP and uy, were esti-
mated ast2.5 and+2.0%, respectively. Using the uncer-
tainty estimation method of Kline and McClintock [22], it
was estimated that the uncertainty in the calculated friction
factor was+5.0%.
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The thermal equilibrium test showed that the heating
power of the heating wires wrapped over the test section was
6% larger than the absorbed heat of fluid. This was caused
by thermal loss from the test section. The smooth-tube
heat transfer characteristics are illustrated in Fig. 4 for
the turbulent flow of water. The maximum discrepancy of
experimental data was less thari1% as compared with
Dittus—Boelter’s correlation N&0.023(Re§-8(Pr)°-4.

The uncertainty of heat rate was estimated-tb5%. The
uncertainties of Nusselt and Stanton numbers were estimated
to £7.0 and+9.0%, respectively.

3.2. Heat transfer and flow characteristics for water
turbulent flow inside the 3-DIEST tubes with continuous
twisted-tape inserts

In order to study the heat transfer performance of fluid
turbulent flow inside the 3-DIEST tube with continuous
twisted-tape inserts, we first conducted experiments on the
heat transfer and flow drag for water turbulent flow inside
Tube 1 with continuous twisted-tape inserts of 5, 10, and 15
in twist ratio. During the thermal experiments, Prandtl num-
ber of water was kept near 5.5. The experimental results are
shown in Fig. 4. It can be seen that the heat transfer coeffi-
cients for water turbulent flow inside Tube 1 with different
continuous twisted-tape inserts were very close to that with-
out twisted-tape inserts, whereas the friction factors were ob-
viously increased by installing the continuous twisted-tape
inserts. For liquid tubeside turbulent flow, the thermal resis-
tance in the viscous sub-layer and the buffer zone near tube
wall determines the majority of the total thermal resistance.
The fluid in the two zones can be drastically disturbed by
the three-dimensional roughness inside the empty 3-DIEST
tubes. In this case, both the secondary flow and the rotary
flow near tube wall induced by the twisted-tape inserts have
almost no influence on heat transfer inside the 3-DIEST tube.
Besides, the 3-DIEST fins have comparatively small sizes
and comparatively uniform outside shapes. Therefore, the

The heat transfer rate in the test section was calculatedvariation of fluid flow direction induced by the twisted-tape

using
Q = ncp(Tout — Tin) = UoAo(Two — Tt) 2
where

11 In (Do/D;) 3)
(UoAo)  (hiAy) — (2mkwL)

The internal convective heat transfer coefficiemt, was
determined by combining Egs. (2) and (3).

inserts has almost no influence on the local heat transfer
characteristics near the tube wall inside the 3-DIEST tube.
It can be concluded that the heat transfer for water turbulent
flow inside the 3-DIEST tube cannot be increased signifi-
cantly by means of the continuous twisted-tape inserts. In
contrast, the friction factor was increased greatly because
of the increase in the viscous dissipation caused by the sec-
ondary flow and the rotary flow as well as the increase in
the friction surface due to the existence of the twisted-tape

The Nusselt number and Stanton number are defined as jhserts. The friction factor was increased with the decrease

_hiDi

=

St— Nu _ hi
(RePy (ocpim)

All the fluid thermophysical properties were determined at
the average of the inlet and outlet bulk temperatures,

Nu (4)

®)

of the twist ratio of the twisted-tape inserts, as shown in
Fig. 4. The references [20] and [21] indicated that heat
transfer enhancement of 3.0-3.5 times and 1.8-3.2 times
can be brought about by the continuous twisted-tape inserts
for the turbulent flow of the ethylene glycol aqueous solu-
tion inside the tubes with internally grooved rough surface
and the air turbulent flow inside tubes with axial interrupted
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rib, respectively. This is in contrast to our experimental R
results. It can be explained from the different configuration I o "3 7
characteristics of the roughness in these enhanced tubes 4,1 a *I%y -
as well as the different thermophysical properties of the
working fluid. In the tube with internally grooved rough oo o b g
surface [20], there exists a stagnant zone when fluid flows _ o1 g & o %
between the two neighboring grooves. The twisted-tape in- i 1
serts in this enhanced tube caused the fluid flow direction to 3 °o .
change and the flow velocity increased near tube wall soas  005fo  Tubel © s & 1
to eliminate the stagnant zones and increase the turbulence et e M °

near the tube wall. As a result, the heat transfer for fluid Tube 1:PID=15 °

turbulent flow inside the tube can be enhanced significantly . Smooth tube ) .
by means of the twisted-tape inserts. Similarly, in the tube s 10 20 50
with axial interrupted rib [21], the interrupted axial fin has 20 ———r— r . —
a larger axial length relative to its circumferential width, =, a"

therefore the disturbance of fluid near tube wall induced by
the roughness is greatly affected by the flow direction and * % e =
velocity. In addition, for the air turbulent tubeside flow, the 10F TE o g oon n',;’.!; ]
proportion of the thermal resistance in the turbulent core to i o ]
the total thermal resistance is far larger than that for liquid I
turbulent flow, implying that the fluid exchange between
the wall region and the center region can lead to larger heat
transfer enhancement in this enhanced tube. Consequently,
the heat transfer of the tube with interrupted axial rib can be : o © oo g
significantly enhanced by virtue of the twisted-tape inserts. ° o

® 4dam

T T
cean

Stx10°
(=]
o

3.3. Heat transfer and flow characteristics for the Rex10
turbulent and transitional flow of ethylene glycol inside the
3-DIEST tubes with continuous twisted-tape inserts Fig. 5. He_at transfer ‘and friction characteristics inside Tube 1 with con-
tinuous twisted-tape inserts for ethylene glycol flow~B5—110).

The heat transfer and flow characteristics for ethylene
glycol turbulent and transitional flow inside Tube 1 and  The friction factor correlation of Tube 2 with continuous
Tube 2 with continuous twisted-tape inserts of 5, 10, and twisted-tape inserts for the turbulent and transitional flow of
15 in twist ratio are shown in Figs. 5 and 6, respectively. ethylene glycol is given as
The Pr ranged from 65 to 110 in the experiments. From 0161
these figures, we can see that the friction factors inside » _ 14 1g Re—0.387< P ) (6)
the 3-DIEST tubes with continuous twisted-tape inserts D

were larger than the corresponding empty 3-DIEST tubes 1, fiction factors predicted from Eq. (6) agree with the

in the whole experimental range af‘d were i.ncreased with experimental data withir-5.2—10%. The available range is
the decrease of the tape twist ratio at a given Reynolds 710<Re<4240

number. However, th.e Stant.on numbgr differenc;e between The heat transfer correlation is as follows

the 3-DIEST tubes with continuous twisted-tape inserts and

the empty 3-DIEST tubes was smaller in the turbulent flow 0130 P ~0.162

region, and became larger in transitional and laminar flow St=0.00595Re <B> ’

regions. As Re decreases, the heat transfer enhancement r&740< Re < 4300 and 65< Pr< 110 @)
sulting from the twisted-tape inserts was increased. At lower

Re, the fluid disturbance induced by the three-dimensional The experimental data fit the correlation in the range of
roughness was comparatively weaker and the thermal resis—10-18%.

tance in the tube center zone was larger inside the empty

3-DIEST tube. After the continuous twisted-tape inserts 3.4. Heat transfer and flow characteristics for the laminar
were installed, both the increase of fluid flow velocity and flow of VG46 turbine oil inside the 3-DIEST tubes with

the generation of secondary flow can lead to a remark- continuous twisted-tape inserts

able heat transfer enhancement. These experimental results

prove that the twisted-tape inserts are suitable to enhance In order to further quantify the heat transfer enhancement
heat transfer of fluid laminar flow inside the 3-DIEST tube. for laminar flow inside the 3-DIEST tube by means of the
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Fig. 6. Heat transfer and friction characteristics inside Tube 2 with con- Fig. 7. Heat transfer and friction characteristics inside Tube 1 or smooth
tube with continuous twisted-tape inserts for VG46 turbine oil flow

tinuous twisted-tape inserts for ethylene glycol flow~B5—110).

(Pr~320-590).

continuous twisted-tape inserts, we conducted sequentially5.8-, 2-, and 2.3-fold over the empty smooth tube, the empty
experiments on the heat transfer and flow characteristics forTube 4, and the smooth tube with the same twisted-tape in-
VG46 turbine oil laminar flow inside Tubes 1, 2, 3, and 4 serts, respectively. Correspondingly, the friction factor was
with continuous twisted-tape inserts of 5, 10, and 15 in twist increased by 6.5-, 4.5-, and 1.3-fold. Evidently, it can be con-
ratio. The Pr numbers ranged from 320 to 590. The heat cluded that the compound enhanced heat transfer technique
transfer and flow drag inside a smooth tube with the same of the 3-DIEST tube with continuous twisted-tape inserts is
twisted-tape inserts were experimentally measured to givevery suitable to enhance heat transfer for the laminar flow of
a reference for the compound enhanced heat transfer techhigh viscous fluid inside tube. However, while the heat trans-
nigue. The experimental results are depicted in Figs. 7-10. Itfer was enhanced, the friction factor was greatly increased
can be seen that the heat transfer of the 3-DIEST tubes wasalso. This is required to be improved for the practical ap-
obviously increased by means of the continuous twisted-tapeplication of the compound enhanced technique in industrial
inserts as well as the friction factor. Both the heat transfer and fields.

friction factor were increased with the decrease of the tape In Figs. 7-10, we can find that the friction factor inside
twist ratio. As mentioned earlier, in fluid laminar flow inside the smooth tube with continuous twisted-tape inserts of 5 in
the empty 3-DIEST tube, the fluid can pass smoothly around twist ratio was very close to that inside the empty 3-DIEST
the three-dimensional roughness so that very weak distur-tube with the same twisted-tape insert. This indicates that the
bance is produced and the thermal resistance is distributedviscous dissipation increase induced by the secondary flow
almost uniformly along the tube radial. Consequently, the and the rotary flow as well as the larger friction surface re-
increase of fluid flow velocity and the secondary flow in- sulted from the continuous twisted-tape inserts dominating
duced by the twisted-tape inserts can result in significant the total flow drag inside the 3-DIEST tubes with continuous
increase of heat transfer inside the 3-DIEST tubes. From twisted-tape inserts. As compared with the 3-DIEST tubes
Fig. 10, it can be seen that the Stanton number inside Tubewith continuous twisted-tape inserts, the smooth tube with
4 with continuous twisted-tape inserts of 5 in twist ratio was the same twisted-tape inserts had far smaller Stanton num-
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Fig. 8. Heat transfer and friction characteristics inside Tube 2 with con- Fig. 9. Heat transfer and friction characteristics inside Tube 3 with con-
tinuous twisted-tape inserts for VG46 turbine oil flow £/20-590). tinuous twisted-tape inserts for VG46 turbine oil flow £/20-590).

bers but similar friction factors. Therefore, the heat transfer  For engineering applications, we give the heat transfer

enhancement performance of the 3-DIEST tube with con- and friction factor correlation of Tube 4 with continuous

tinuous twisted-tape inserts is obviously better than that of twisted-tape inserts of 5 in twist ratio which has the highest

the smooth tube with the same twisted-tape inserts. thermal performance ratio in all the tested tubes. The friction
To evaluate the performance improvement, we use thefactor correlation is as follows

thermal performance ratig, defined by William et al. [22]

as

(St/Sts>1/3
]7 =

1175 The discrepancies between the correlation predictions and
where St and are the Stanton number and friction factor for  the experimental data are in the range-6.5-11%. The
the enhanced heat transfer tubes, &tdfs are the Stanton  correlation is applicable in the range of X88e<1080.
number and friction factor for smooth tubes at the same op-  The heat transfer correlation of Tube 4 with continuous
erating condition. Fig. 11 shows the variations of the thermal twisted-tape inserts of 5 in twist ratio is given as
performance ratio with Reynolds number for Tube 4 with
continuous twisted-tape inserts of 5 in twist ratio, the empty —0.3056
Tube 4, and the smooth tube with continuous twisted-tape st — 0.00186 R§0-0646(£>
inserts of 5 in twist ratio. We can see that the thermal perfor- D
mance ratio of Tube 4 with continuous twisted-tape inserts
of 5 in twist ratio had the highest thermal performance ratio The maximum deviation between the correlation predic-
of 2.46-4.70 in these enhanced tubes. The thermal perfor- tions and the experimental data is less thah2%. The
mance ratio of the smooth tube with twisted-tape inserts of available ranges of the correlation are ¥#e<1180 and
5 in twist ratio was the smallest. 320<Pr<590.

P —0.085
f = 1519 Re 0361 (5) (9)

®)

(10)
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Fig. 10. Heat transfer and friction characteristics inside Tube 4 with
continuous twisted-tape inserts for VG46 turbine oil flow~xB20-590).
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Fig. 11. Thermal performance ratio of the empty Tube 4, Tube 4 with
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3.5. Heat transfer and flow characteristics for the laminar
flow of VG46 turbine oil inside the 3-DIEST tubes with
segmented twisted-tape inserts

Since the increase of friction surface resulting from the
continuous twisted-tape inserts is one of the main reasons
why the friction factor inside the 3-DIEST tube is increased
significantly by the continuous twisted-tape inserts, the seg-
mented twisted-tape inserts may decrease the friction sur-
face so as to permit a decrease in the friction drag inside
the 3-DIEST tube with twisted-tape inserts. For this reason,
we carried out experiments on the heat transfer and flow
characteristics for the laminar flow of VG46 turbine oil in-
side a smooth tube, Tube 3, and Tube 4 with the segmented
twisted-tape inserts of 10 and 15 in twist ratio. Figs. 12-14
illustrate the experimental results. In Fig. 12, it can be seen
that the Stanton number and friction factor inside the smooth
tube were decreased by a factor of 12 and 48% with seg-
mented twisted-tape inserts of 10 in twist ratio as much as
with continuous twisted-tape inserts of the same twist ratio,
respectively. Figs. 13 and 14 indicate that the Stanton num-
ber was decreased by a factor of 18 and 15% inside Tube 3
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continuous twisted-tape inserts, and the smooth tube with continuous Fig. 12. Heat transfer and friction characteristics inside smooth tube with

twisted-tape inserts.

segmented twisted-tape inserts for VG46 turbine oil flows{B20-590).
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Fig. 13. Heat transfer and friction characteristics inside Tube 3 with Fig. 14. Heat transfer and friction characteristics inside Tube 4
segmented twisted-tape inserts for VG46 turbine oil flow~(20-590). with segmented twisted-tape inserts for VG46 turbine oil flow
(Pr~320-590).

and Tube 4 with segmented twisted-tape inserts of 10 in twist turbulent, transitional, and laminar flow inside four 3-DIEST
ratio over these tubes with continuous twisted-tape inserts oftubes with different continuous or segmented twisted-tape
the same twist ratio, respectively. Correspondingly, the fric- inserts.

tion factor was decreased by a factor of 44 and 41%. The de- In turbulent and transitional flow regions, the heat trans-
crease of Stis obviously lower than that of the friction factor fer is increased only a little, whereas the friction factor is
induced by replacement of continuous twisted-tape insertsincreased significantly for liquid flow inside the 3-DIEST
with the segmented twisted-tape inserts. It should be notedtube by means of twisted-tape inserts. The compound en-
here that the decrease in friction factor inside the smooth hanced heat transfer technique of the 3-DIEST tube with
tube was very close to that inside the 3-DIEST tubes, which twisted-tape inserts is suitable for enhancing the heat trans-
confirms that the reduced friction surface of the segmentedfer for highly viscous fluid laminar flow inside a tube.
twisted-tape inserts is a principal reason for this decrease of As compared with the empty smooth tube, the Stanton
friction factor. The three-dimensional roughness has almostnumber of the 3-DIEST tube with continuous twisted-tape
no influence on this variation of friction factor. We can con- inserts can be enhanced up to 5.8-fold and the correspond-
clude that the segmented twisted-tape inserts can decreas#g friction factor is increased by 6.5-fold with the laminar
efficiently the flow drag but have very little influence on the tubeside flow of VG46 turbine oil. The thermal performance
heat transfer as compared to the 3-DIEST tube with contin- ratio is up to 2.46-4.70. Both the Stanton number and fric-
uous twisted-tape inserts. tion factor inside the 3-DIEST tube with twisted-tape inserts
increase with the decrease of the tape twist ratio.

For fluid flow inside the 3-DIEST tube with twisted-tape
inserts, the significant increase of friction factor is mainly
caused by the twisted-tape inserts.

This article presents the experimental results on heat The use of segmented twisted-tape inserts can decrease
transfer and friction characteristics for various liquids with the friction surface so as to decrease the friction factor

4. Conclusions
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inside the 3-DIEST tubes with twisted-tape inserts by com-
parison to the continuous twisted-tape inserts. The friction
factor can be decreased by a factor ofF411% with the
laminar flow of VG46 turbine oil inside the 3-DIEST tubes
with segmented twisted-tape inserts of 10 in twist ratio
over with continuous twisted-tape inserts in the same twist
ratio, while the Stanton number is decreased by a factor
of 15-18%. The use of segmented twisted-tape inserts
can reduce efficiently the friction factor but induce a com-
paratively smaller decrease of the Stanton number for the
3-DIEST tube with twisted-tape inserts.

5. Nomenclature

A Surface area at the bottom of fin inside tube

Ao Surface area outside tube

b Axial thickness of the fin bottom

Cp  Specific heat of fluid

D Width of twisted-tape insert

Di Inside diameter of tube at the bottom of fin

Do Outside diameter of tube

e Height of fin

f Friction factor of enhanced tube

fs Friction factor of smooth tube

H Length of each copper rod in the segmented
twisted-tape insert

hi Average convective heat transfer coefficient

ki Thermal conductivity of fluid

kw Thermal conductivity of tube wall

L Tube length of test section

m Mass flow rate of fluid

Nu  Nusselt number, Nuh;D;/k

P Length of a tape element with a rotary angle
of 180°

Ps Axial pitch of fins

Pc Circumferential pitch of fins

Pr  Prandtl number, Brocpvik

Q Heat transfer rate

Re Reynolds number, Rai,Di/v

St Stanton number of enhanced tube,
St=hi/(pCp/um)

Sty Stanton number of smooth tube

T Average of fluid bulk temperatures in the
test section

Tin Inlet bulk temperature of fluid

Tout Outlet bulk temperature of fluid

Two Average wall surface temperature outside
test section

um  Bulk average velocity of fluid

Uo Overall heat transfer coefficient

w Width of fin

Greek letters
Ap Pressure drop of fluid
n Thermal performance ratio, (St&p(f/fs)Y/3

Q. Liao, M.D. Xin/Chemical Engineering Journal 78 (2000) 95-105

v Kinematic viscosity of fluid
I Density of fluid
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