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The effects of insulating wires (acting as turbotatonly), with circular
cross section of 2mm diameter, forming a coil dfedent pitches on the
heat transfer rates are experimentally investigatétie investigation is
performed for turbulent water stream in a doublpepheat exchanger for
both parallel and counter flows (for comparison)ttwicold water in the
shell side. The experiments are performed for flawts Reynolds numbers
ranging from 4,000 to 14,000. Three different sgricoiled wire pitch
values are used. The experimental results reveat the use of coiled
circular wire turbulators leads to a considerablecrease in heat transfer
over those of a smooth wall tube. The mean Nusssgiber increases with
the rise of Reynolds number and the increasingiteh dor both parallel
and counter flows. The convective heat transfeffiooent for the turbulent
flow was found to increase with turbulators for edliled wire pitch values
with the highest enhancement of about 450% forcthenter flow while it
was 400% for the parallel one. Correlations for meeelative Nusselt
numbers and coiled wire pitch are provided.
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NOMENCLATURE

heat transfer area @n

specific heat capacity (kJ/kg K) Symbols

diameter (m) ATm logarithmic mean temperaturg
friction factor V] difference (K)

convective heat transfer (W#K) v dynamic viscosity (N s/f)
thermal conductivity (W/m K) e kinematic viscosity (#s)

tube length (mm) heat exchanger effectivenesg
mass flow rate (kg/s) Subscripts

Nusselt number c cold fluid

pitch of coiled wire (mm) H hydraulic

dimensionless pitch (pi) h hot fluid

Prandtl number (uCp/k) i inlet/inner

heat transfer rate (W) o] outlet/outer/un-pulsated
Reynolds number s steady

temperature (°C) t total

overall heat transfer coefficient (W7K) average axial
velocity (m/s)

Greek
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1. INTRODUCTION

Heat transfer enhancement may be achieved by nushetechniques. These
techniques can be classified into three groupssipas active and compound
techniques, Bergles [1]. The passive techniqueb siscswirl flow devices, treated
surfaces, rough surfaces, extended surfaces, doibex$, surface tension devices and
additives to fluids do not require direct applioatiof external power. Whereas the
active techniques, such as mechanical aids, surfalbmtion, fluid vibration,
electrostatic fields, suction or injection and jetpingement, require an external
activator/power supply to bring about the enhancgnihe compound techniques, are
such as rough surface with a twisted tape swiw ftievice or two or more of the active
or passive techniques utilized simultaneously tmpce an enhancement that is much
higher than that when these techniques operateadefya A heat exchanger is a device
facilitating the convective heat transfer of theidtl and is extensively used in many
engineering applications, such as thermal powartglahemical processing plants, air
conditioning equipment, refrigerators, and radstof automobiles. One method for
heat transfer augmentation which is a passive rdethat does not require external
power is the use of swirl flow devices (twisteddaw coiled wire, sometimes called
“turbulators”). Turbulators are inserted into tflew to provide redevelopment of the
boundary layer, to cause enhancement of heat &rahgfincreasing the turbulence or
by rapid fluid mixing. For decades, many of the evcoil devices employed for
augmentation of laminar or turbulent flow heat #f@n have been reported and
discussed. However, few researches for coiled wiserts have been found in
comparison with those for twisted tape insertssTtas been noticed from the work of
Shoiji et al. [2] or Garcia et al. [3]. Coiled wirase of practical interest and, therefore,
their data are required to extend the use of #thrtique. Some investigations were
conducted to determine the effect of the coiledevan the heat transfer and friction
factor for a long time [4-6]. Enhancement of heahsfer by using several coiled wire
inserts, based on exergy analysis, was investigétgdPrasad and Shen [7].
Correlations for friction factor and heat transtayefficient for turbulent flow in
internally heat transfer augmented tubes were megpdy Ravigururajan and Bergles
[8]. Agrawal et al. [9] experimentally investigatbdat transfer augmentation by using
coiled wire inserts during forced convection corsdgion of R-22 inside a horizontal
tube. Inaba and Ozaki [10] investigated that théuient flow induced by using a
coiled wire enhances heat transfer even downstmdaire coiled wire. Kim et al. [11]
investigated the flow pattern, void fraction andgskise velocity on counter current
two phase flow in a vertical round tube with coilenle inserts. They observed that the
slug rise velocity and void fraction in a verticaund tube is higher for a coiled wire
insert than that in a smooth tube.

A comparison of the thermal and hydraulic perforognbetween twisted tape
inserts and coiled wire inserts was introduced bgng/and Sunden [12] for both
laminar and turbulent flow regions. They found thithe coiled wire performs
effectively in enhancing heat transfer in a turbtléow region, whereas the twisted
tape yields a poorer overall efficiency. Rahailefls8] experimentally investigated the
influences of wire coil pitch spacing on the mixieghancement of a turbulent jet from
a Bunsen burner. Heat transfer enhancement ofripwiater in a tube with flow drag
reduction additives by inserting wire coils wasgemted by Inaba and Haruki [14].
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Rahai and Wong [15] investigated turbulent jetsrfrmund tubes with coil inserts.
Yakut and Sahin [16] examined the heat transfer faotion loss by placing coiled
wire turbulators in a tube in addition to the shaddrequencies and amplitudes of
vortices produced by coiled wire turbulators, inithg a coupling of flow and acoustic
structures. The conjugate heat transfer and thestnass in a tube with coiled wire
inserted under uniform and constant wall heat fias numerically investigated by
Ozceyhan [17], while the heat transfer and presdrop characteristics in a horizontal
double pipe with coiled wire inserts were studiegheximentally by Naphon [18].
Gunes et al. [19] investigated the heat transfatjdn factor and thermal performance
characteristics in a circular tube fitted with dgteral triangular cross section wire
coil. Recently, the use of twisted tape togethehwypical wire coil (with uniform
pitch length or ratio) was first reported by Promge [20]. The results revealed that
the combined devices gave higher heat transfer fia¢don factor and also thermal
enhancement factor than the wire coil or twistgaetalone, indicating the synergy
effect of both devices. The experimental resultsoashowed that the thermal
enhancement factor increased with decreasing goihg pitch ratios while in the
present study, the coil spring is made of insulat@és. Influence of combined non-
uniform wire coil and twisted tape inserts on thakmerformance characteristics was
studied by Eiamsa-ard et al. [21]. The experimardee conducted in a turbulent flow
regime with Reynolds numbers ranging from 4600G®Q0 using air as the test fluid.
Compared to each enhancement device, the heatetraate is further augmented by
the compound devices between the twisted tape @mstant/periodically varying wire
coil pitch ratio. Enhancement of heat transfer gisiarying width twisted tape inserts
was studied experimentally by Naga Saradal et2&]. Experiments were carried out
for plain tube with/without twisted tape insertcainstant wall heat flux and different
mass flow rates. The twisted tapes were of threrdnt twist ratios (3, 4 and 5) each
with five different widths (26-full width, 22, 184 and 10 mm) respectively. The
Reynolds number varied from 6000 to 13500. Botht lesnsfer coefficient and
pressure drop were calculated and the results e@mpared with those of plain tube.
It was found that the enhancement of heat transfén twisted tape inserts as
compared to plain tube varied from 36 to 48% fdinkudth (26mm) and 33 to 39% for
reduced width (22 mm) inserts.

In the above literature review, most studies arenipdiocused on the effects
of the spring coil pitch and coiled wire thickness the heat transfer and friction
characteristics of air or water flows in tubes. Tiheestigation on different cross
sectional shapes of wires forming a coil has rabalgn reported, apart from circular
cross section wires. Thus, the main aim of thegmesork is to investigate the effects
of insulating spring-coiled wires, with circularosis section of 2mm diameter, forming
a coil of different pitch values used as turbulat@mot as fins), on the heat transfer
rates. The investigation is performed for turbuleater stream in a double-pipe heat
exchanger for both parallel and counter flows vathd water in the shell side. The
experiments are performed for flows with Reynoldsnbers ranging from 4,000 to
14,000. Three different spring coiled wire pitchues are used.
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2. TEST RIG AND INSTRUMENTATION

An experimental facility was designed and cons&ddb investigate the heat transfer
characteristics of the turbulent water flow throwmttoncentric tube heat exchanger.
The test rig, as shown in Fig. 1, consists mairilaro insulated coiled wire to act as
turbulators not as fins, temperatures measuringcds\and a horizontal water-to-water
concentric tubes heat exchanger with parallel onter water flows. To minimize the
heat losses in the system, the hot water is feaugir the inner pipe, with cooling
water in the outer annulus. The outer surface efhiat exchanger was well insulated
to minimize convective heat loss to the surrounslirand necessary precautions were
taken to prevent leakages from the system. A hedtamger has 1000 mm in length,
outer tube of 40 mm outer diameter (1.5 mm waltkhess), inner tube of 12 mm
outer diameter (1 mm wall thickness), and 0.037heat transfer area. The outer and
inner tubes of heat exchanger were made of brass 09 W/mK). Six type-K
thermocouples are installed through holes, with #i& of epoxy adhesive for
preventing the leakage, in both the inside andideittubes, to measure the fluid
temperatures accurately at the middle and end d#&ps taking the average
temperatures in calculating the water propertiéshe heat exchanger. Both the inlet
and outlet temperatures of the cold and hot waterewmeasured by type K
thermocouples, calibrated within +0.2°C deviation thermostat before being used.
The coiled wire was made of a steel wiegacased in insulation of very thin ductile
tubes, with circular cross sections. The cross@edf wire turbulators of 2 mm wire
diameter was imposed. The coiled wires of diffelsring pitch values (p = 6, 12 and
20 mm) were coiled adjacent to the outer surfacehefinner tube. Heat transfer
coefficient f,) is determined from the overall heat transfer ficdeht and then Nusselt
number can be calculated, Pethkebhl [23] and Meter [24]. The cold water entering
the system, through outer annulus, was drawn byb@ BW pump from cold water
supply tank, and passed to the drain out at doeastr Control valves are
incorporated in each of the two streams to reguthee flow. The flow rates are
measured using independent Rota-meters installedah line. A hot storage tank (50
liter) equipped with an immersion type heater adgistable temperature controller to
maintain a temperature within £ 0.5 °C, was usddculation of the hot water to the
heat exchanger is provided by a 0.56 KW pump angmraturns to the storage tank
via a baffle arrangement to ensure adequate miXihg.temperature of the hot water
was kept at about 65 °C = 0.5°C. The heat losseghar losses of heat through the
insulation to the atmosphere and the axial condndieat losses due to tube thickness.
The major heat losses are assumed to be througlatios only with neglecting other
losses as concluded by Baug#tral [25] and Incropera and Dewitt [26].

3. EXPERIMENTAL PROCEDURE

An experimental program was designed to study ffeeteof roughness by using an
insulated coiled wire with different pitches on theat transfer through a concentric
tube heat exchanger for the turbulent water flowe Btudied values of Reynolds
numbers of cold water are 4390, 6585, 8780, 11@0@ 13160. These values
correspond to mass flow rates of 0.0663, 0.099432®B, 0.1657 and 0.1988 kg/s,
where the mass flow rate of the hot water was kept1144 kg/s. The inlet hot water
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temperature was kept at about 65 °C. The outeacrirbf the test section was
insulated to minimize heat losses, and necessagaptions were taken to prevent
leakages in the system. The coiled wire was wragpednd the inner tube of the heat
exchanger tube. Three different coil pitch valuesemised, (pitch value = 6, 12, and
20 mm). Reynolds number is defined as {#Dy.1.;)) based on inlet cold-water flow
conditions. Forty experiments were carried outtaady state conditions for parallel
and counter flows. The value of the heat transtafficient of flow over the coiled
wire, through the heat exchanger, was normalizeti thie corresponding un-coiled
one. Since the temperatures of the hot and coldrwaty over the length of the tubes,
the temperature difference&T = T, - T, is not constant over the length.
To account for the temperatures variations, a legmtemperature difference

ATim= (ATin - ATow) / (In ATi/AT,ow), is used, [26-30].

Cold water_outlet Hot water inlet/outlet
to drain 65°C

1 "
o] -

[-—i:z;a;n;zxrxuqurx@ﬁmzm--]

Heat exchanger 1100mm Length |:

°|

1' D,=40mm & d ,=12mm t
Hot water inlet/outlet © Thermocouple Cold water inlet
Fig. 1, Simplified schematic diagram of the appasat

3.1 Theoretical analysis
The heat given by the hot fluid (i.e. water) at &gynolds number is,

Q = MCon(Thi — Tho) = UiAATIm (1)
While the heat transferred to the cold fluid, (water) is:
Q = MCo(Tei — Teo) = UoAATim (2)

As usual, this heat may be expressed in termshebatransfer coefficient and
tube logarithmic mean temperature differendg,:
Qi = UAAT, 3)
In the experiments, the tube-wall temperature vedsnmeasured, with negligible losses
to surrounding air from the cold water, by equaligthe energy loss of hot fluid and
the energy received by the cold fluid, convectind averall heat transfer coefficients
were deduced and Nusselt numbers were acquiredlasd, [26-30]:
UA hoAo 2mkL h;iAj

Where, h and K are heat transfer coefficients for hot and coldtewa
respectively. The areas; &nd A, are the inner and the outer surface areas ohtier i
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tube. The diameters,;[and ) are the inner and the outer tube diameters omther
tube. U is the overall heat transfer coefficienis khe thermal conductivity of the tube
material and L is the total tube length. For fullgveloped, turbulent flow in tubes
where the Reynolds number is between 2300 and®sad@ the Prandtl number is
between 0.5 and 2000, an empirical correlationeterinine hproposed by Gnielinski,
V. [28], is widely used and hence one can ge& Nup,.
hD; __ (F/8)( Rep; -1000) Pr (5)
k  1+127(F/8)Y % Pri/34)
The tube-side heat transfer coefficient could balated from Gnielinski
correlation,
__ (F/8)(Rep; -1000)Pr _ k (6)
1+127(E/8)Y % Pr2/3-1)" p;

Where, for smooth tubes, the friction factor isegivby:

NLID]. =

i

F=/0.79In( Re p;)-1.64] (7)
For the hot and cold fluids, the Reynolds numbegs a

Re = VDulv (8)
Heat exchanger effectivenessis defined as,

& = MhCh(Thi - Tho)/MCoin(Thi — Tei) = McCe(Teo — Tei)/ (MGCinin) (Thi — Tei) 9)

Where (mMQG)i, = minimum of either pC, or mC..

Thus, the convective heat transfer coefficigns ldetermined from equation (6
and 7) and used in equation (4) to find the corivectoefficient, . The enhancement
in heat transfer was then calculated as the rdtaverage Nusselt number in case of
coiled wire (Nuy,), coiled around the internal tube of the heat arger, relative to the
smooth tube with no wireNu.o). All fluid properties were taken at the averalyedf
temperature. A more precise method of estimatingetiainty in experimental results
has been presented by Kline and McClintock, whectdscribed in Holman [29]. The
method is based on careful specification of theettainties in the various primary
experimental measurements. Assume that the respéindlant variable (R) is a given

function of the independent variables X, X3, ....c.oevn..... , %o Thus: R = R (X X,
X3y errerennenns , %). Let g is the uncertainty in the result ang w, Us, ........ , Y, are
the uncertainties in the independent variables.urtertainty in the result is given as:
AR f2]

o) 1o, x, (10)

The following table (3.1) summarizes the calculataties of the uncertainty
of the measured quantities.

Table 3.1, values of the uncertainty of the measured quantities

Parameter Absolute Uncertainty Relative Uncertainty
Mass flow rate +1.2%

Reynolds number +1.2%
Mean flow temperature
Mean Nusselt number +45%
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4. RESULTS AND DISCUSSIONS

The main target of the present work is to inveséigaxperimentally the influence of
inserted coiled wire with different pitch values beat transfer in a water-to-water
concentric heat exchanger with counter and parfiiels. With the values obtained
from the experimental data (40 experiments), thengks in average Nusselt number
values against Reynolds number values were drawthfee different insulated wire
pitches for both parallel and counter flows, asngho the Figs. 2 and 3. All curves of
the average Nusselt number variation against Rdgnolmber, for both parallel and
counter flows, show nearly the same trend. Nuseetiber increases with the increase
of the value of wire pitch and Reynolds number. Thded wire turbulators yield a
considerable heat transfer enhancement with aairmiénd in comparison with the
smooth tube (no wire), and the Nusselt number lier doils increases by increasing
Reynolds number. In the parallel flow (Fig. 2), tbe largest pitch value (20 mm), the
increase in heat transfer rate was up to 400% cadpsith no wire results depending
on Reynolds number value. In the counter flow (Big.largest pitch value (20 mm),
the increase in heat transfer rate was up to 456fbpared with no wire results
depending on Reynolds number value. A comparistwdsn the present work and the
results of Promvonge [20], for the average Nussathber versus Reynolds number at
different coiled wire pitch values are presentegtiow the influence of coiled wire
used as a turbulators on the heat transfer rags, Fiand 5. The experimental results of
Promvonge [20] reveal that the use of coiled squaie or coiled round wire
turbulators leads to a considerable increase intrerasfer up to 200%.

700 700

[ enowire Opitch=6mm ono wire Opitch=6mm
600 600 |
[ opitch=12mm  Apitch=20mm opitch=12mm A pitch=20mm
500 F 500 | A
F A M
400 F = 400 £
> F =] A
z L g z o
300 f A 300 F o
F ° A 8
200 | A = 200
r ﬁ . o A [m]
100 g o . 100 § ? o . .
O v v v v v v vy e e 0 |||||||||||||||||||||||||||||||||
0 2000 4000 6000 8000 10000 12000 14000 0 2000 4000 6000 8000 10000 12000 14000
Re Re
Fig. 2 Average Nusselt number in Fig. 3 Average Nusselt number in
theparallel flow versus Reynolds thecounter flow versus Reynolds

number for different pitch values number for different pitch values
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Fig. 4 Variation of Nusselt number With Fig. 5 Variation of Nusselt number With
Reynolds number for circular and squareReynolds number for circular wire coils
Wire coils, data of Promvonge P., [20] of present work

The influence of both wire pitch and Reynolds nundoethe Nusselt number,
for both parallel and counter flows, is shown igdi(6-9). Figures (6 & 7) show the
variation of the average relative Nusselt number{N Nu,/Nu,y), versus Reynolds
number for various coiled wire pitch values. Whiig, is the ratio of average Nusselt
number in case of coiled wirdN(y,), inserted around the internal tube of the heat
exchanger, relative to that of the smooth tube wibhwire Nu,y). Figures (8 & 9)
show the average relative Nusselt numbéu.(/Nu.,.), versus coiled wire pitch for
various Reynolds numbers. The results of heat feastiow that, more enhancements
in relative Nusselt number are obtained for thentewuflow than that obtained for the
parallel flow, although the values of average Nlissember of parallel flow have
higher values than that obtained for the countewfl Figs. 2 and 3. More
enhancements in heat transfer rates are obtainbijf@tReynolds number and high
wire pitch values. This is because the coiled wirbulators interrupt the development
of the boundary layer of the fluid flow and increate degree of flow turbulence.
Although the turbulence intensity and the flow pabitained from the lower pitch are
greater and longer than these from the higher threearea exposed to heat transfer
becomes lower because of the insulating coiled.\#ce the heat transfer rates become
lower with lower wire pitch values. The convectilieat transfer coefficient for the
turbulent flow was found to increase with turbufatéor all coiled wire pitch values
with the highest enhancement of about 450% forcthenter flow while it was 400%
for the parallel one. In the counter flow, the heahsfer rates are somewhat greater
than that in the parallel flow [30 and 31]. Thisym#ze explained by the fact that the
average difference in temperature of the fluidthacounter-flow is somewhat greater
than that in the parallel flow. Because the temjpeeaeffectiveness of parallel flow is
limited compared to counter-flow, the thermal catyaof the counter heat exchanger
can be higher than that of the parallel flow heathanger. In addition, the difference
between parallel and counter flow heat transfeultesis due probably to later
development of a thermal boundary layer for pardliew. The influence of the
turbulators for all coiled wire pitch values on héaansfer is more effective in the
counter flow than the parallel flow heat exchangi8 and 31].
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different Reynolds number different Reynolds number

Figures 10 and 11 show a variation of relative @ifeness of the heat
exchanger versus Reynolds number at different @¢oire pitch values, for both
parallel and counter flows respectively. Similagnnls were obtained for the relative
mean Nusselt number. The figures show that morare@ments (up to 200%) in the
effectiveness were obtained for the counter flow.vAry large pitch values, the
relative effectiveness will decrease and the cowa will have no effect on heat
transfer.

4.1 Numerical Correlations for the Results

Correlations for the turbulent flow (Re=4000-1400&h different coiled wire pitch

values, for predicting the relative Nusselt numéed relative effectiveness through a
double-pipe heat exchanger, were derived and shovables 4.1. The correlations are
valid with a certain error for p = 6-20 mm and R&,800 to 14,000. The maximum
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standard error of Ny for parallel and counter flows is about 9.6% and%,
respectively. The maximum standard error of the@iffeness for parallel and counter
flows is about 5.6% and 6.5% respectively. Figut@sand 13 show comparison
between the experimental results and the correlsind average Nusselt number ratio,
and a reasonable agreement was found as showesa flgures. Figures 14 and 15
show comparison between the experimental resullsthe correlations of relative
effectiveness and a reasonable agreement was &susttbwn in these figures.

Table 4.1, correlation equations of both parallel and counter flows

(NUmr &8 mr)
Parallel flow Nuy, = 0.00224 x R&*"x P*3%3 Standard error = 9.6%
Counter flow Nu,, =1.008E> x R 9% p-3904 Standard error = 7.4 %
Parallel flow gmr = 0.20487 R 1982 pP0912 Standard error = 5.6%

Counter flow

emr = 0.11964 x R%26885X pP-081247

Standard error = 6.5%
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Fig. 10 Effectiveness ratio in the parallel Fig. 11 Effectiveness ratio in the counter
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Fig. (12) Correlation of results of Nu

for parallel flow

Fig. (13) Correlation of results of Nuor
Counter flow
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CONCLUSIONS

An experimental study has been performed to ingatdi heat transfer characteristics
of water flow in an annulus space fitted with cdilercular wire turbulators for the
turbulent regime, Re = 4000-14,000 and Pr = 7. &asens of behavior of the heat
transfer coefficient under the influence of surfameghness, by inserting a coiled wire,
which was twisted around the inner pipe of the lee@hanger, revealed that the heat
transfer coefficient was strongly affected with Igoitch and Reynolds number. In
counter flow, the ratio of heat transfer rateshiat tof a smooth tube (relative average
Nusselt numbers) is somewhat greater than thdterparallel flow compared with a
smooth tubeThe heat transfer coefficient was found to inceeagh Reynolds number
and coil pitch, with the highest enhancement olestiat Reynolds number of 13160
and 20 mm pitch for the counter flow. The resulievged that the values of relative
average Nusselt number of counter flow up to 45086 wbtained for higher coiled
pitch values and higher mass flow rates. Whileeahancement in relative average
Nusselt number of parallel flow up to 400% was oted for higher coil pitch values
and higher mass flow rates. The improvement irhieg transferred to a flowing fluid
in a heat exchanger by increasing the turbulenad la the flow using a coiled wire,
has been previously concluded by many investigators
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