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FRICTION AND FORCED CONVECTION HEAT TRANSFER
CHARACTERISTICS IN TUBES BY USE OF

HELICAL-WIRE-COIL INSERTS.
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ABSTRACT

This work csummarizes the results of experimental investigation of

convective heat transfer and friction loss characteristics of air
flow in a horizontal circular copper tube of diameters 13.5/22

mm., using helical wire-coils ,of diameter 1.4 mm , inserted 1n.
Thhe helix angle (ol of the helical-wire-coil is varied from 65°% to
86.7°. The outer surface of the test tube is heated by
superheated steam {(degree of superheat 2:3 °Cy  at atmospheric
pressure. Dwing ithe experimental work, FReynold's number is
changed from &000 to 120000 and Prandtl number is about ©.7. The
heat transfer enhancement of the inserted helical-wire-coil is
ranging from 30 4 to 143 %. However, A guantitatively increase in
hydrodynamics resistance is noticed. Correlations of Nusselt
rmumber and friction factor has been made. It was found that the
nusselt number and Friction factor were dependent on both
Reynold®s number and helix anale.

INTRODUCTION

The trend in heat exchanger design continues to be in the
directicon of higher heat transfer rates per unit valume. In the
usuwal cammercial filuid-—-to-fluid heat exchangers, there is an
ahvious econamic incentive to reduce equipment size. This

accomplished by introduction of more sur face area and/or
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augmenting heat transfer coefficients. Gther devices, such as
microwave power tubes, high field electromagnets, and electron
accelerator targets, involve high heat generation rates which must
be dissipated through relatively small surface areas. in these
high heat {flux systems, the surface—to—-fluid temperature
differences must be kept moderate to avoid melting or other
structural f2ilure of the heated surface. These situations have
simulated interest in development of +techniques to augment or
enhance heat transfer.

A variety of argumentative techriques ( surface treatment ,
displaced promoters, vortin flow, surface ‘vibration, Ffluid
vibratien, electrostatic Ffields, and addi tives) has been
investigated. The use of rough surfaces 1s ong of several
enhancment technigues reported by Bergles [1], Dipprey and
Sabersityy [23 and Nikuradse [3], through which it is paossible to
achieve a two Fpold objections of obtaining the wsaximum heat

transfer rates with a minimum frictional pressure draop. These
devices can be employed either to increase the heat transfer rate
cr to reduce the pumping power or heat transfer area.

Considerable work has been also reported on turbulent promoters,
such as transverse rib-roughned tubes [4-61, spiraly corrugated
tubes [7,8] and converging diverging tubes [9-10]. However, very
limited work has been published on the thermchydraulic performance
of helical wire inserted tubes, especially for convective heat
transfer applicaticns. Sethumadhavan and Rao [(11]J investigated
esperimentally the heat transfer in a 25 mm inside diameter copper
tube fitted with helical-wire—coil inserts of varying pitch (F),
helix angle (&) and wire diameter (d). They correlated their
results in an imperical formula and they made an optimization
study on the basis of maximization of the bheat transfer rate and
alspo minimization of pumping power and heat exchanger frontal area
to identify the most efficient tube within the matrix of data.
Sethumadhavan and Rao [11] study gave a considerable increase in
heat transfer rate without a significant increase in friction
power, with water and S0 % glycerol as working fluid and hot water
as heating medium. MNag and Rao [12] studied the friction and heat
transfer performances, and developed a suitable correlations for
momentum and heat transfer roughness functions, based on frictian
and heat transfer similarity laws. The working fluid in their
study was R-12 and the test tube was heated electrically. The
experimental studies of Uttrawar and Raja Rao (131 have been
carried ocut on  isothermal pressure drop and convective heat
transfer to servotherm medium grade oil in laminar flow in seven
wire-coil inserted tubes of varying wire diameter and pitch of
wire coil. Their results indicated that as much as four fold
improvement can be obtained in laminar flow heat = transfer
coefficient using these tubes.

From the review of literature, one may observe that most studies
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of flow inside horizontal tubes, using helical-wire-coil inserts,
have been heat transfer and friction measurements for high Prandtl
number fluids ( 5.2 < Fr - 32 heated electrically or wusing hot
water. The helix angle of the helical-wire-corl inserts was in
the range 0% « <75%.

The present work was therefore undertaken:

(i) To obtain turbulent flow heal transfer and friction results
for air ( Fr nearly egual to 0.7 ) flowing through
helical-wire—-coil inserted tubes and to develop correlation for
predicting heat transfer and friction coefficients for helix angle
in the range &5°< x X 86.7°.

{ii) To compare the heat transfer and pressure drop performancas
of helical-wire-coil inseried tubes with the performance of the
smoogth tube under similar gperating conditions.

EXPERIMENTAL APPARATUS AND OPERATING PROCEDURE

Helical-wire-ceil inzerts were developed for testing in circular
tube test sections. The tubes are of copper , with 13.3 m» inside
diamekter and 22 mm outside diameter. The bhelical-wire-coil
inserts are preparad fraom commercially available copper wires,
which 13 used inm the electrical transformers, of 1.4 mm in
diameter. Thie study concerns with the determination of heat
transfer rates and friction losses on eight helical-wire—coils of
pitch—to~wire diazamneter (P/d)  wvaries From 1.0 to 8.0 -.The
characteristic parameters, which define the roughness geametry of
the eight helical wire-coil inserted tubes are given in Table 1.

Table 1 ¢ Characteristic dimenslons of helical-wire-coils
e {mm) 1.40 1.%6 2.32 2.80 4,20 5. 60 8. 40 11.20
P/d 1.0 i.4 i.e 2.0 3.0 4.0 &£.0 8.0
o (deg) B86.7 85.4 E4.0 83.4 8o0.2 7B8.0 70.9 65.2
T/m 714 St 397 357 238 178 1149 av

One smooth tube was used to standardize the experimental set—up
and alsoc to evaluate the increase in tube side heat transfer
coefficient and friction factor in the eight helical-wire-coil
inserted tubes, relative to the smooth one.

Fig. (1) shows a schematic diagram af the euperimental test-rig.
The actual test section consisted of a 980 mm long double pipe
heat exchanger, the inner tube of which was gither the smooth tube
or helical-wire——coil inserted tubes under test. The outer tube
of the test rig is 50 mm inside diameter made of galvanized iron
pipe, was fitted with a tube of an insulated material and the =set
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wacs insulated with a glass wool of 50 mm thickness, having twe
ports pne of them was for the inlet superheated steam and the
other was for the outlet of the condensate.

The experimental tesk rig fig. (1} was an apen loop, the &sir which
is coming fraem the laboratory ropm was drawn through the system by
a downstream blower (13).The flow rate was rontrolled by a wvalve

(2) and measured by a caliparated orifice neter (21). The
piressure drop through the test tube (20) was measured by a
prezssure transducer (3} connected to digital readout (5).

Slightly superhealted steam at atmospheric pressure was used as a
heating medium in the annulus of the heat exchanger so as te give

constant metal wall temperature. The steam was generated in  an
electric beoiler (17) and superfeated by means of an electric
superheater (11). The steam flowed From the boiler to the heat’
axchanger (27) through a steam line, thermally insulated by glass
wool . The condenrsate was diescharged in a cellector (9} in  order
to be able to calculate the heat rejected from the steam , i.e the
heat added to the air flow . The temperatures of the air filow at
the test section inlet and outlet were measured by a 0.235 mm
di ameter copper—-constantan thermocouples (18,23) . The

temperatures of the inner surface or the test tubse were measured
by thermocouples at four points (T}, distributed along the tuhe

anig, The wused thermocouples connected to a 12-point self
switching temperature recorder, having a full scale of 200 °c. in
order to measure the pressure and temperature in the boiler ({17),
a calibrated presswe gauge (16} and a mercury thermometer (12)
with scale divisions of 0.1 °C, wereused. An  augmentation coil

(22} is inserted inside the test tube (20) as shown in Fig. (1-b).
The augmentation coil have pitch-to-coil! diameter ratioc (P/d)
ranges between 1 to 8,.corresponding to a range of helix angle
(x}, which is varied between 86.7° to 65°.

There were two unheated straight tubes (8,3) , each of length 730
inm. These tubes were located before and after the test section
(4}, in order to stabilize the fluid flow. The twe stabilizing

tubes were conneclted to the test tube by two teflon flanges (24),
in order Lo avoid the back conduction effect.

The air flow velocity in the itest tube was calculated on the basis
of the bare tube diameter. The physical properties of air were
taken at the arithmetic mean flow stream temperature. The heat
gained by the working +luid was calculated from the enthalpy
change of the air and checked by the enthalpy change of the
condensed steam. The difference between the two guantities was
about 5 %.

RESULTS AND DISCUSSION ;

Friction Factor The fanning friction factor was calculated From
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the following equation:

Ap 1}

(L/D) (ov’rD)

The nonisothermal friction factor data were cbtained for Re= 400G
: 1200060 and Pr nsarly equal to .7, for both the smooth tube and
the eight helical-wire-coil inserted tubes. The smooth tube
nonisothermal friction facter data for the turbulent flow of air
agrees, within - B %, with the isothermal fricticon factor given by
BElasius [14]1, as shown in Fig. (2).

The turbulent flow friction factors +For the helical-wire—coil
inserted tubes were found to increase substantially when these
tubes replaced the smooth tube.Fig. (2) shows the variation of ()
with (Re} for the eight helical-wire—-coil inserted tubes and the
smooth one. It is clear from the Figure that the increase in
fricition factor ranges from S0 % for tube 1 (fitted with a
helical-wire-coil of pitch 1.4 mm), to as high as 250 % for tube 4
(fitted with helical-wire—coil of 2.8 mm pitch) compared to the
smooth tube. The other tubes preduced friction factor enhanhcment
intermediate between S0 and 250 X.This order of increasse ir  the
friction factor wes also reported earlier by Sethumadhavan and
Raja Rao £(11.

Fig, (3) shows the relation betwsen cecil pitch to diameter ratio
(p/dY , and friction factor (f), it is shown from the figure that,
as the value of p/d increases the friction Factor increases
rapidly and reaches a maximum valuz nearly at p/d = 2 (a = 83.4%)
and then slightly decreases with further increase in p/d . The
friction facker variation may be due to the effect of increase of
surface aresa, the effect of increacse of the disturtance in  the
main core of the flow and the effect of swirl Flow generated in
both the main core of the flow and the laminar sub layer o The
combination of these effects explains thoz above mentianed
variation of friction factor with { p/d).

Heat Transfer, The tube side heat transfer coefficient was
calculated by the fellowing equation:
8 =nha (T -7, (2
w f

and an average of inlet and outlet bulk temperatures was used to
calculate the property values of test fluid.

The tube side heat transfer coefficient h , calculated in terms of
Nusseit number (h D /k), was plotted against Reynolds number in
Fig. (4) for the smooth tube and the eight helical-wire—-coil
inserted tubes for turbulent Flow of air. The smooth tube
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experimental values of Nusselt number for turbulent flow of air
agrees, within - & %, with ‘the Hekheyev [133 heat transfer
equatian for turbulent flow of air.

Mu=0. 018 (Re) ©.8 (3

From fig. .(8), it can be seen “that the enhancement in Nusselt

number for air in case of helical—-wire-coil inserted tubes was |

between 30 to 145 percent, depending on the coil pitch-to-diameter
ratio {(p/d) (i.2. helix angle o }. The increase in heat transfer
cagfficient can not only be accounted for by  the temperature
profile effect in the wall region due to the location of the
belical-wire—coil inserts relative to the wall where laminar sub
layer exists, but alzo for the increase in heat transfer surface
area.lt is evident from the Fig. (4) that, the Nusselt number for
the helical-wire—~coil inserted tube 1is a function of Reynolds
number and coil pitch-to-diameter ratie (p/d).

Fig.(3) shows the relation hetween Nusselt number and the
pitch~to~diameter ratio (p/d). From the figure one may observe
that, as the value aof (p/d) decreases Nusselt number increases up
tp a_value of (p/d) equal teo T { corresponding to an {a) equal to
80.2° ) and then decreasses with further decrease in {(p/d).

The basic data for the Nussgelt number and friction factor that
tbave heen presentsd here can be used as input te the computations
of the enhancament characteristics of swirl affected pipe flows.
Such enhancement evaluations may be performed far a wide variety
of constrains ( e.g. fixed heat duty, fixed mass flow rate, Fixed
transter surface area, fixed pumping powsr, etc.). The actual
execution of the enhancement evaluations is bevond the scope of
this paper.

The present heat transfer and friction factor results could not be
compared with those of the available literatures, because it was
not possible to find a common ground for the characterization of
the swirl.

CORRELATIONS

An attempt was made to correlate the results chiained 1in the
present study, such a correlation is quite useful from the
designers stand point. The average HNusselt number and the
friction factor were correlated with the other relevant gaverning
paramgters, namely Reynolds number (Re) and Heli angle (a). The
following correlations were abtained:
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Heat transfer correlation.

Nu= C1 Re®- © (4)

where:
60 00 £ Re 120000, &5

°< o < 847

o

and d/D = 0.128

The above correlation predicts the values of Nu which agrees with
results within - &6 %4 .

Friction Factor Correlation.

¢ = £2 Re0-205 (5)

where: )
6000 < Re £ 120000, 65°< a < 86.7°, and d/D=0.139

The above caorrelation predicts the value of frictiun factor (f)
which agrees with the experimental results within - B8 X%,

The factors C1 and C2Z of equations (4) and (5) for wvarious helix

angle (o) are plotted in Figs. (S} and (3) and listed in table
(2).

Table (2> Values of factors Cl1 and C2

P/d 1.0 1.4 1.8 2.0 3.0 4.0 6.0 8.0
Cix100 2.31 2.99 3.60 3.85 4.06 3.35 2.84 2.69
C2%x10 2.85 4.82 5.94 6.2 S.63  S.16  4.62 4.5!
CONCLUSIONS

Experimental investigation of a group of helical-wire-coils used
as heat transfer augmentative device in the heating of air flow
was carried out. The following concliusions can be drawn from the
results of this investigation:

1- The helical-wire-coil inserts can increase the tube side heat
transfer coefficient significantly. Nusselt number increases with
the increase of helix angle (a} up to & value of 83.4°% ¢
corresponding to p/d of 3} and then decreases with further
increase 1n {(a). ’

2= The ratio of the heat transfer coefficient of the qir flow in a
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helical ~wire—-coil inserted tubes to that of the bare tubg was
ranging from 1.3 to 2.45 in the range of Reynolds numher between
000 and 120000 and helix angle between 65° and 86.7°.

3- The friction factor incregses with the increase of helix angle
up ta a value of {(a} of BO.Z° (corresponding to p/d of 2} and then
decreases with further iocrease in (al.

4~ The ratio gf the friction Ffactor For the helical-wire-caoil
inserted tubes to that of the bare one was ranging from 1.5 to 2.5
in the range of Reynolds number betwesn &000 and 120000 and helix
angle between &5° and 895.7°.

NOMENCLATURE

C1 factor defined by equation (4},

C2 factor defined by sguation (3),

Cp specific heat of fluid flow at constant pressure, L[kJ /kg CJ
inside diamster of the bare tube, {m1]

coil wire diameter, [ml

tube inside heat transfer coefficient, (W /me K1

thermal conductivity, (W /m k1l

tube length, (ml

Nusselt anumber base on bare tube inside diameter, L[hD/kl
p/d coil pitch~-to-diameter ratio,

Fr Prandtl number, [uCp/kl

Re Reynolds number based on bare tube inside diameter, C(vD/v3
T temperature, [ °ca

T/m number of twns per meter, [(1/m].

l_?._'l""IVZrD.U

Greek symbcls

o helix angle, [Degreel

1% dynamlc viscosity, [N m_~ s%)

U kinematic viscosity, [m #s].
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B)-Test tube assembly

Fig. (1> Experimental Test Rig.

1- damping chamber, 2- alr control valve, 3~ oubletb
slabillizing tube, 4- tesl sectian, 5~ pressure
transducer, 6- dlgltal readout, 7- oriflce meter,
B8 ~inlef stabilizing tube, ©- collector, 10~ steam
control valve, 11~ superheater, 12~ thermomeler,
13-~ alr blower, 14- condensale collector, 15~ steam
trap, 15~ pressure gauge, 17~ electrlc boller,
18,23 and T~ thermocouples, 10- steam inlet, 20-test
tube, 21 - galvanized iron plpe, 22- augnentation

coll, 24~ teflon.flange, 25~ pressure Ltap, 20- glass

wool insulaflon, 27~ heat exchanger, 28- condensatw
oullet.
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