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Abstract

This paper presents the effect of bonding and without bonding of wire coiled
coil matrix turbulator on the heat transfer for a fully developed turbulent
flow. Experiments are conducted by maintaining constant wall temperature.
Tests are performed on 3 different wire coiled coil matrix turbulators of
different pitches of 5, 10 and 15 mm without bonding of the turbulator.
Three similar types of heat exchangers are fabricated and the wire coiled
coil matrix turbulators with different pitches of 5, 10 and 15mm are inserted
in the heat exchangers and bonding is done on the surface of the tube
section. Results have indicated that the heat transfer rate enhances
inversely with the pitch of the wire coiled coil matrix turbulator with
bonding. With a pitch of 5 mm, the turbulators without bonding have
resulted in almost 25.4% enhancement when compared with plain tube. On
the other hand, for pitches of 10 mm and 15 mm the enhancement were
20.7% and 16.8%, respectively. The empirical correlations developed for
turbulators with and without bonding results in £6% deviation for Nusselt
number and £3% for friction factor. Smilarly with a pitch of 5 mm, the
turbulators with bonding have resulted in almost 42% enhancement. For
pitches of 10mm and 15mm the enhancements were 34.7% and 25%,
respectively.
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1. Introduction

Heat transfer can be increased by active and massihniques. In the active techniques
external power is required to increase the heastea. For the passive techniqgue method no external
energy is required for the enhancement of heasfieanWire coiled coil matrix turbulator (WCCMT)
falls under the category of passive techniques.thieo best of the knowledge of the authors, no
research works have been done based on bondingC&MV on the wall of the test section of the
concentric tube heat exchanger. In this experinhewmbak, turbulators are used to increase the heat
transfer. Three different types of turbulators (ghan figs.1a, 1b and 1c) are used to increasédiat
transfer. Due to the insertion of turbulators thisréncrease in pumping power due to the pressure
drop. But when compared to enhancement in heatfgathe increase in pumping power is very less.
This method of enhancement techniques can be usedadporators and condensers. Due to the
increased heat transfer rate the heat exchangdvecamnufactured in a compact size and hence the
manufacturing cost can be reduced. This paper examthe effect of bonding of the turbulator for the
heat transfer rate and also the pressure drop atkesdics of the concentric tube heat exchanger
under constant wall temperature boundary condi##dihthe experimental readings are taken for the
turbulent flow condition.

Passive techniques are used in various induspisications to increase the heat transfer. Gul
and Evin [1] reported heat transfer and frictiorareeteristics in decaying turbulent swirl flow
generated by a short helical tape placed at theamrd of the test section. They concluded



enhancement efficiency increases with increasingnemtum ratio and decreases with increasing
Reynolds number. Al-Fahed, Chamra and ChakroumXpgrimentally compared pressure drop and
heat transfer coefficients for a plain, microfindatwisted-tape inserts tubes under isothermal
boundary conditions. From the experimental reghiéy concluded that tight fit tape gives a better
performance over the loose-fit tape. Berdl&lspresented a comprehensive survey on heat transfer
enhancement by various techniques. Smithberg andi&pt] reported friction and forced convection
heat transfer characteristics in tubes fitted withisted tape swirl generators and presented a
correlation for predicting Nusselt number and fatfactor. Datg5] reported the prediction ofully
developed flow in a tube containing a twisted tafy@ng and Berglef5] correlated heat transfer and
pressure drop data for twisted tape inserts foformi wall temperature conditions using water and
ethylene glycol as working fluids in laminar floManglik and Bergle$7,8] reported experimental
data for twisted tape. Agarwal and Raja R@Joreported heat transfer augmentation for the flowa of
viscous liquid in circular tubes using twisted tepaserts under constant wall temperature and
presented a correlation for isothermal frictiontéacand Nusselt number. Naphon and Sriromruln
[10,11] considered effect of coil wire insert onahéransfer enhancement and pressure drop of the
horizontal concentric tubes and the concentric onfitr tubes. Eiamsa-ard andPromvonge [12,13]
studied on the heat transfer characteristics uba fitted with helical screw-tape with/without eer

rod inserts and wire coil insertSivashanmugam and Surddid] reportecheat transfer and friction
factor characteristics of turbulent flow througtciecular tube fitted with regularly spaced helical
screw-tape inserts has been reported.

WCCMT shown in figs. 1a, 1b and ixa modified form of a wire mesh insert wound on a
single rod to create whirling motion. To the besbor knowledge no attempt has been made on the
augmentation of heat transfer studies for a tutbedfiwvith WCCMT with varying pitch. The present
paper reports the heat transfer and friction factaracteristics of turbulent flow through a cisenul
tube fitted with WCCMT insert of various pitchestlivand without bonding, with water as working
fluid.

Fig.1c.Wire coiled coil matrix turbulator of pitch 15mm (Tu3)



2. Details of WCCMT without bonding

The WCCMT insert with three different pitches iade by winding uniformly a copper wire
of diameter 0.7 mm on a 5 mm copper rod. With t&i@ lof wire finning machine 15 loops per turn of
the wire coil are made. For the turbulator of pifcinm, 295 turns of the wire coil are made over the
5 mm copper rod of length 1500 mm. After the winglisoldering is done between the wire coil and
the rod in order to avoid air gap between themth@bentrapment of water between the wire coil and
copper rod is avoided. The same procedure is regpeéatmanufacture the turbulator of pitches 10 mm
and 15 mm. For the turbulator of pitch 10 mm, 14és$ of the wire coil are made over the 5 mm
copper rod of length 1500 mm. Similarly, for thebwlator of pitch 15 mm, 95 turns of the wire coll
are made over the 5mm copper rod of length 1500 Tra. fabrication details of the WCCMT are
clearly explained in the figs.2a-2d. The WCCMTeliént configuration details are given in tab.1.

)

Fig.2a.Details of Wire coiled coil matrix turbulator

Fig.2b.Details of oneturn of the Wire coiled coil matrix turbulator

Fig.2c.Details of one loop of the Wire coiled coil matrix turbulator

Fig.2d.Details of oneturn of the Wire coiled coil matrix turbulator



Table.l Wire coiled coil matrix turbulator configuration details.

ConfiguratioriLength (L) Pitch (P} Diameter | Diameter|Number
(mm) (mm) |of the WCCMT|of the shaftof turns

(D1) (mm) |(D2) (mm)
Tul 1500 5 22 5 295
Tu2 1500 10 22 5 148
Tu3 1500 15 22 5 95

2.1 Details of WCCMT with bonding

The WCCMT of pitch 5mm is inserted into the innebé of diameter 22.2mm (inner
diameter) of the concentric tube heat exchangarnd\with the turbulator soldering wire is inserted
inside the test tube. Then the test tube is imnderséhe flux and heated in a furnace for about 600
When the tube is maintained at this temperaturestihger wire gets melted between the coil of the
turbulator and the inner surface of the test tdlwn the test tube is taken from furnace and allowe
for cooling, at this point the melted solder witdidifies and bonding takes place between the @il
the turbulator and the inner surface of the testi@® After this process the inner tube of thd tes
section is inserted into the outer tube of diamBfimm and the both ends of the heat exchanger is
closed with cover plate. All the thermocouples pwsitioned thus the concentric tube heat exchanger
is fabricated for the WCCMT pitch of 5mm. The sam®cedure is repeated to fabricate the
concentric tube heat exchanger for turbulator taffpiOmm and 15mm.

3. Experimental set-up

The schematic diagram of the experimental set ghasvn infig. 3a It consists of calming section,
test section, outlet mixing section, supply tanktev collection tank and rotameters. The capadity o
supply tank and water collection tank are of eaoh Calming section with the following dimensions
is made: Length: 1650 mm; Inner diameter (ID): 2é&i&h; Outer diameter (OD): 25.4 mm. This
section made of mild steel tube is used to elinairiaé entrance effect and to ensure fully developed
flow. The test section consists of a single tub&ailme heat exchanger. The test section consists of
smooth copper inner tube with an OD of 25.4 mm amhll thickness of 1.6 mm, outer tube with an
OD of 50 mm and a wall thickness of 2 mm. The testtion has a nominal length of 1500 mm.
Saturated steam is introduced in the annulus otdbkiesection and is used as an isothermal source.
Water introduced in the test tube is used as th&ing fluid. All the exposed parts of the systera ar
insulated by asbestos rope in order to avoid that hensfer from the heat exchanger to the
surroundings.

Two thermocouples are installed across each tesioseto measure the inlet and outlet
temperatures of the water. Also, three thermocauphe inserted in the annulus of test section to
monitor the steam temperature. The wall temperaititest section is monitored by 9 thermocouples
installed on the outside of the tube wall (see 3ig). Such thermocouples are installed in threalaxi
locations along the wall of the tube. At each laoatthree thermocouples are installed at 120°tapar
around the circumference of the tube. Each theroquleois soldered in a groove on the outer side
wall of the inner tube. In order to avoid direcpesgure to the steam in the annulus after soldetiiay,
grooves are covered with a 5 mm steel tube whielzdat on the inner and outer tubes of the heat
exchangers shown in fig.3b.The thermocouple wirestaken out of the annulus through this 5 mm



steel tube at each of these axial locations. Adl tirermocouples are calibrated chromel-alumel of
0.1C accuracy with digital indicator. One end of testtion is attached with the calming section
while the other end is attached with the mixingtisec(length 600 mm, ID 22.2 mm, OD 25.4
mm),where two baffles are provided inside the pipea distance of 100 mm from the flange for
efficient mixing of outlet fluid. In order to avoithe heat conduction from the test section to the
calming section and mixing section a 50.9 mm tmok-conducting polypropylene disc is placed in-
between the connecting flanges.
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Fig.3a.
Experimental setup

Section A-A
T3 T4 T5 T6
| ) | T2
- _.1”.._] |"' : SO0 =] Ok 450450 = iz
S | 1 ' 1 e
oo | Pororoororeroon . ocsooon | ey oo Poccery. fooeeog ’ —1-.‘ 7

¢ Thermocouple
/T8

T11

Ti4

T3, T4 and T5 — Thermocouples used to measureathieasion temperature of steam
T6,T7,T8,T9, T10, T11, T12, T13 and T14 — Thecoples used to measure the wall temperature
All dimensions are in mm
Fig.3b.Thermocoupleslocation

Two calibrated rotameters having flow ranges of @14x10° m¥min and 4 to 1610°
m*/min are attached to the calming section to meathierdlow. The water at constant temperature is
being taken from the inlet tank through centrifugaimp as shown iifrig. 3a The by-pass valve
attached to rotameter is used to regulate the fide/to the test section. The two pressure tagsabn



entry to the test section and the other at theaddihe test section, are provided and connectdd to
tube manometer for pressure drop measurement isadbermal condition.

4. Experimental procedurefor WCCMT without bonding

After the leakage check of experimental setupwater is sent into the inner tube of the tube-
in-tube heat exchanger by centrifugal pump andsteem produced by a diesel fired boiler, goes into
the annulus of the test section. The steam presswet to 0.2 MN to maintain constant wall
temperature boundary condition and drain is opeoexyacuate steam and condensate in the annulus.
When the pressure drop of the manometer reacheslystate, the pressure drop reading, the
temperature of water at inlet, outlet and the twhé temperatures are recorded. Then the water flow
rate is set at a different value and the testgeated. After all the tests are completed for amgipitch
of WCCMT, the WCCMT is changed and tested with oftieches.

4.1. Experimental procedure for WCCMT with bonding

Heat exchanger with bonded turbulator of pitch Simmositioned in the supporting stand and
then the calming section and mixing section areneoted with the heat exchanger. Pressure tap
connection provided at the two ends of the testimecAfter the above mentioned procedure the
experimental setup is ready to take readings. Bixeetal procedure is similar as explained for the
WCCMT without bonding. After taking all the readsdor the heat exchanger with turbulator of
pitch 5mm, the heat exchanger is changed and testkather two heat exchangers for turbulator of
pitch 10 and 15mm.

5. Experimental Uncertainty

In this paper, estimation of uncertainty is donsdasaon Moffat [15].The uncertainty for a single
measurement on the experimentally calculated refrltonly that one measurement can be found
using eq. (1)

dRy; = EJ’X
X~ ax. i 1)

When more independent variables are used in thetiim R, the individual terms are

combined by root-sum-square method (eq. (2))
YA
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The following equation is used to consider thetieteerrors in the individual factors denoted-y.
- - aql
wle, b, D, £, v,...) = [(6,)* + (2,3 + -+ (&, 03] F2 3)

Reynolds Number uncertainties can be calculatedoogbinations of egs.(4) and (5). Eq.(6)
is the resultant equation after combining eqsa(®) (5)
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Similarly Nusselt Number uncertainties can be dated by combinations of eqgs. (7) and (8)
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Each of the measured physical properties condistsrodimensional parameters. The uncertainties of
the non dimensional parameters for each of the unedsphysical properties are given in tab.2.

Maximum values of uncertainty calculations for Réy, and f are 7.3%, 9.8% and 13.2%

respectively.

Table. 2

Uncertaintiesvaluesfor therelevant variable

Variable Uncertainty (%

~—"

Water densityy 1.4

Specific heat capacity of watep,C 2.9

Diameter,D 1.2
Thermal conductivity of water,K 2.1
Dynamic viscosity of wate, 2.6
Water flow rate,m 4.2
Pressure dropP 4.4

5.1. Friction factor calculation
The pressure drop is determined from the differennethe level of manometer fluid. The
fully developed friction factor is calculated fraire following equation.
. 2APD;? ,

PU L, (10)



WherelP s the pressure drop over length L.

6. Data reduction equations
The average inside heat transfer coefficient ardrtban Nusselt number for the plain and the
WCCMT cases are evaluated as follows:

Q=rhC, (T, —T)=h, A, (AT (11)
Where
Ai=nD;L 2§11
T,—T;)— (T, T,
(T, = ( 2 ( ) @3
. L
nlaw — i
T, —T,
and
T_-u' = Tulg (14)

T\ is the local wall temperature of the tube.

It must be noted that the local wall temperatugeist measured within the tube wall (at a
position of 0.5 mm from the inner wall). Analysi@sh demonstrated that such a measurement
technique for the wall temperature resulted witinaximum error of 2% in the Nusselt number
because of negligible wall resistance.The avenagjde heat transfer coefficient and the mean Nussel
number are determined by:

hoo_ ¥
©AI(AT)m (15)
vu="P, e

All properties are evaluated at the bulk mean teatpee.
7. Results and discussion
7.1. Plain tube data

The present experimental results on heat transfifraction characteristics in a plain tube are
first validated in terms of Nusselt number and tivic factor. It is important to compare the
experimental results obtained for the fully develdpurbulent flow with the correlations from the
literature. The Nusselt number and friction facttatained from experiment on the plain tube are
compared with the correlations of Sieder and Ta#],[Petukhov [17] and Blassius correlations

respectively found in the open literature for tuemt flow in circular tubes.

Sieder and Tate correlation,

)D.:u-

Nu = 0.027Pr%33Re®8 (Mo g, | (17)

Petukhov correlation,

NU =

(’FfJ (s}RePT ) (;:b )”‘“

1.07+127 |'f
"'IJ

where f is the friction factor and for plain tubesi given as [17]

8 (P«r:r"a) 1 a8)



f = (182logn(Re) — 1.64) (19)

Blassius correlation
f =0.3164(Re) 025 (20)

Fig. 4 shows variation of Nusselt number obtained fromeexpent and Nusselt number
estimated using Sieder and Tate with Reynolds nufab¢he case of plain tube.
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Fig.4. Data verification of Nusselt number for plain tube.
It is observed from fig.4 that the Nusselt numbsimeated from experimental data lies within
+15% that of theoretical values calculated usingl&i@nd Tate and Petukhov correlation.

Plain tube experimental correlation for Nusselt bemand friction factor are obtained as
Nu = 0.228 Re®542 (21)

f =2248 Re 045 22)

Fig.5 shows variation of friction factor with Reytds number The experimental data are matching
with the Blassius and Petukhov correlation forplaibe with a discrepancy of less thaf?o.
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Fig.5. Data verification of Friction factor for plain tube.

7.2. Effect of pitch on heat transfer enhancement without bonding

Fig.6 shows the variation of Nusselt number with Reynaidmber for the tube fitted with
WCCMT inserts of three different pitches (5,10,15mFrom fig.6 it can be concluded that the
Nusselt number for the tube fitted with WCCMT irtsegire higher than that of plain tube for a given
Reynolds number. This is because the WCCMT intésrtige development of the boundary layer of
the fluid flow near the wall of the test sectiorertde it increases the average temperature ofutte fl
in the radial direction. Due to the larger contswtface area the heat transfer rate increases.itAlso
creates the turbulence and whirling motion to tlegewwhich is flowing inside the test section. The
whirling makes the flow to be highly turbulent, whileads to improved convection heat transfer.

As the Reynolds number increases for a given pitisa, Nusselt number also increases,
indicating enhanced heat transfer coefficients lalso observed froifiig.6 that Nusselt number for a
given Reynolds number increases with decreasiog pit the coil. As the pitch of the coil decreases,
the intensity of swirl flow increases leading taglinér heat transfer rate and the maximum being for
the WCCMT of pitch 5 mm. Throughout the experiméngsults, it is seen that the smaller pitch (5
mm) yields the higher values of heat transfer a@ul25.4% than plain tube. Similarly for pitches of
10 mm and 15 mm the enhancement are 20.7% and X6g%ctively.
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Fig. 6. Nusselt number vs. Reynolds number for wire coiled coil matrix turbulator of different pitches
without bonding.

7.3. Effect of pitch on friction factor without bonding

Generally, the friction factor decreases conveitignwith the increasing Reynolds number
for different pitches. From fig. 7 it can be sdbat friction factor for the tube fitted with WCCMT
inserts is higher for a given Reynolds numbeindicates that friction factor for a given Reynolds
number increases with the decreasing pitch dueviid flow generated by WCCMT and reaches the
maximum for the pitch of 5 mm. From fig.7 it can been that the friction factor is less when



compared with turbulator of pitch 5mm.This is doghe less contact surface area of the turbulator,
because the number of turns of the coil is only, 588more area is available for the water to flaw i
the test section.
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Fig.7. Friction factor vs. Reynolds number for wire coiled coil matrix turbulator of different
pitches without bonding.

Hence the pressure drop for the turbulator of pli@gmm is less when compared to turbulator
of pitch 5mm. Similarly there is more area for titer to flow in the test section when the turbadat
of pitch 15mm is used in the heat exchanger. Thibdcause only 95 turns are provided for this
turbulator. Hence the friction factor for the tuldtor of pitch 15mm is less when compared withlpitc
5 and 10mm.

7.4. Effect of pitch on heat transfer enhancement with bonding

From fig.8, it can be seen that the Nusselt numbereases with increase in Reynolds
number. From fig. 9 it can be se#rat friction factor for the tube fitted with WCCMihserts with
bonding is higher for a given Reynolds number wb@mpared with plain tube.

The increase in heat transfer is because of twsorea first due to the turbulence and swirl
motion created by the turbulator to the water whicflowing inside the tube. Second is due to the
bonding of the turbulator with the inner surfacetw tube. When the steam is allowed in the annulus
region of the concentric tube heat exchanger, thersurface of the inner tube of the heat exchange
picks the heat and the heat is conducted throughviil of the inner tube. The turbulator coil which
is bonded with the inner surface picks heat andhéte will conduct through the coil of the turbolat
to the centre rod of the turbulator. Hence the wetee which is flowing in the center receives heat
due to the bonding effect.
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Fig. 8. Nusselt number vs. Reynolds number for wire coiled coil matrix turbulator of different pitches
with bonding.

Due to the above mentioned reasons the heat traraéeis high when compared with the
turbulator without bonding which can be seen fréwa fig.10. This is due to the air gap between the
turbulator and the inner surface of the tube indage of turbulator without bonding. But in theecas
of turbulator with bonding the air gap is filledttvisoldering, so there is metal to metal contaetck
the heat is transferred both by conduction and ection. From fig.11 it can be seen that there Ig on
marginal increase in friction factor for turbulataith bonding when compared with turbulator
without bonding.

Lz
1.6 & Flain Tuhe
2+ ¥ % ¥
14 J ¥ Tud *
1.4 + + + = 4 ¥ w
g . +Tus o+ 4 *
% 1.2 o+
=
g % Tud xom
ot 1 A s
= LA R
E 0.8 o
Tt
= 0
=
0a A
0.2 -+
0 . @] L8] oo o B e B+ B o B v
OO0 10000 15000 20000 28000

Fevnolds Number

Fig.9. Friction factor vs. Reynolds number for wire coiled coil matrix turbulator of different pitcheswith
bonding.



200

4 *
180 ©Plaintube " " ;
. 160 - iy
= ATul w @ E E
< 140 - 5 ©
= OTul * g o [}
S 120 - 0
2 < Tu3 g o] ©
= 100 4 B (o]
= o]
g 80 - *Tud
Z 60 1 +Tus
40 4 =Tus
20 T T T
5000 10000 15000 20000 25000

Reynolds Number
Fig.10. Comparison of experimental Nusselt number for the entireturbulator configuration.
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7.5. Empirical correlation for WCCMT with different pitches without bonding

The data were fitted by the following empirical iations
Nu = 0.613 Re®57 p0-071 (23)

f = 1946 Re02%4p-0o71 (24)

The fitted values of Nusselt number by éf3) and friction factor by eq24) are compared with the
experimental values and are shownfigs.12 and 13 respectivelyrhe fitted values coincide with
experimental data within 3, and +4%, respectivldy Nusselt number and friction factor.
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7.5. Empirical correlation for WCCMT with different pitches with bonding

The data were fitted by the following empirical iations
Nu = 0459 Rgtete p-0o72 (25)

f =2643 Be0I58 p-0.189 (26)
The fitted values of Nusselt number by E26) and friction factor by Eq(26) are compared with the
experimental values and are shown in Figs.14 ande4pectively. The fitted values coincide with
experimental data within 6, and £3%, respectivldy Nusselt number and friction factor.
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8. Conclusion

For practical application of thermal systems opegatinder turbulent flow conditions WCCMT are
desirable in order to increase the heat transter Experimental investigations of heat transfet an
friction factor characteristics of a circular tufited with full-length WCCMT of different pitches
have been studied for the turbulent regime, Re=20Q3 000 and the following conclusions were
drawn.

(1) Experimental data obtained were compared thibise obtained from the theoretical data of plain
tube.

(2) The maximum Nusselt number for pitch 5 mm whtmed which indicates that heat transfer
coefficient increases with the decreasing pitcthwibnding of the turbulator.

(3) The friction factor also increases with theréasing pitch.



(4) The empirical correlations developed relatiitglpand Reynolds number were matching with the
experimental data withifi6, andt13% for Nusselt number and friction factor respesyi.

(6) The above findings indicate that the use akweoiled coil matrix turbulator in the tube-in-gib
heat exchanger enhances the heat transfer witlidevable pressure drop.

Appendix A. Nomenclature

A; inside surface area of test section aréh [m
Co specific heat at constant pressure [KJ €]
D, inside diameter of test section [mm]
f friction factor
h average convective heat transfer coefftd/m? ‘C*]
k thermal conductivity of fluid [Wri ‘C*]
L length of the test section [m]
Nu Nusselt numbeNu = hiDi/k
Re Reynolds number based on internal diametdreotfutbe
AP pressure drop of fluid (NA
Q heat transfer rate [KW]
T. average wall surface temperature in the tesiose[C]
Ty local wall temperatureé]
Ti inlet temperature of fluidd]
To outlet temperature of fluidd]
Tp bulk mean temperature of watéC]

m bulk average fluid velocity [r$

Pitch of the wire coil matrix turbulator [mm]

m mass flow rate of water [ks
Greek |etters

p density of fluid (kg/m)
Hy Viscosity at bulk mean temperature of fluid [N§m

By Viscosity at average wall surface temperature [Rlsm
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