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The potentt al of a simple and xnerpensiue method of heat
augmentation that could be manufactured relatiuely easily
by small manufacturing companies is inuestigated. It con-
sisls of a tube that is turned spirally and tightly around the
outer surface of the inside tube of a tube-in-tube heat etr-
changer. The alm is to increase the heat transfer between
the flow in the inner tube and the flow in the annulus by in-
creasing the heat transfer coefficient in the annulus. This
inuestigation was conducted with met,surements taken at
frr, different twist angles: the first without a spiralled tube
and the rest twisted at angles corcesponding to a pitch I D,
2D, 3D, and 4D. The Ir{usselt number and friction factor
itt the o,nnulus of each case study u)ere nleasured as func-
ttons of the Reynolds number, while the Prandtl nuTnber
'u)as kept constant, and fo, iach heat erchanger configura-
tion an eq.uation u)as deduced that describes this functional
re lat'ionship . It was f ound in g eneral that the g eometry
c o ttsidered is eppropriate f o, heat transf er enhancement
and that the highest heat transfer per unit purnping pouer
occurs at a pitch of 4D. It is recomrnended that more work
should be conducted on this geornetry, specifically at pitches
of 4D and higher.

Nomenclature

length of rnajor elliptical axes
of the twisted tube [-]

'4 cross-sectional flow area in the annulus [-,],4i inside area of inner tube [-r]
Ao outside area of inner tube [-r]
b length of minor elliptical axes of the
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hi convection coefficient in the
inner tube [W/-,.K]

ho convection coefficient in the
annulus [W/-'.K]

k
k1

L
IIIl
Nu
P

V
Wp
p

p

thermal conductivity of inner tube [W/-, .K]
thermal conductivity of water in the annulus
at annulus bulk temperature [W/-, .K]
length of inner and outer tubes [-]
constant in Equation 2

Nusselt number in the annulus (h"Dn I kr) I l
total length of the wetted perimeter in
the annulus [m]

Pi length of wetted perimeter of inner tube
on the outside diameter [-]

Pr Prandtl number in the annulus at bulk
temperature (Cpp lkr) [ ]

P, length of wetted perimeter of twisted tube
measured on outside of the tube [-]Lp pressure drop of water in the annulus [Pu]

A heat transfer to the annulur [W]
t pitch of twisted tube [*]
Re Reynolds number for the annulus (pV Dn I p)
Uo overall heat transfer coefficient based on Ao

for the annulus [W/-,.K]
velocity of water in annulus [m/s]
pump power tW]
density of water in annulus at bulk
temperature [kg/-t]
viscosity of water in annulus at bulk
temperature [Ns/m2]

twisted tube [m]
Cp specific heat of water at constant rntroduction

pressure [Ukg'xi Techniquesl applied to improve the efficiency of heat ex-c'cr'cz constants used in Equations 2 and 3 Jr"urrg"r, or to augment heat transfer can be classified asD outside diameter of inner tube [ml
D11 hydraulic diameter of th" ,rrnul, ', ' 

passive methods which require no direct application of ex-

Di inside diameter of inner ,rru" J-Jt 
t*l ternal power' or as active schemes which ,"qrri.. external

Doi inside diameter orouter t,,b. [*] tXXjl;*X"T$"JJi,::::'ff.;il::irr",H:::13:#X*,:.;
f Oarcy-Weisbach friction factor

(20,^r,p1p v',) r r - 
h"j:"J;.,T:T',ffi:i:'ffi1":1;.:,,:,,::llrr:,T;,'.::il:l'
fields. The effectiveness of a given augmentation technique
depends largely on the mode of heat transfer, which may
range from single-phase free convection to dispersed-flow
film boiling, or on the type of heat exchanger to which it
is applied.

Several examples of passive tube-in-tube heat ex-
changers with augmentation techniques are described
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in technical literature .r-7 Rough surfaces of the spiral-
repeated rib variety are widely used to improve in-tube
heat transfer with water, &s in flooded chillers. The rough-
ness may be produced by spirally indenting the outer wall,
forming the inner wall, or inserting coils. Internal fins in
tubes, longitudinal or spiral, can be produced by extrusion
or formitg, with a substantial increase in the surface area.
Twisted tape can be inserted as original equipment or as a
retrofit device and is one of the most i-portant members
of passive heat transfer augmentation.s

Although all these techniques of heat transfer en-
hancement exist, they are usually not economically viable
for small companies manufacturing original equipment (i...
chillers, heat pumps, air-conditioners, etc.). The reason is
that the manufacturing processes are too complicated and
expensive because of the low production volumes.

An exception is twisted tape which is one of the sim-
plest of the various augmentation devices and can be fab-
ricated in any moderately equipped workshop. Two other
exceptions were published recently.e- 10 Van den Vyver
and Meyere investigated the heat transfer augmentation
in the annulus of a heat exchanger consisting of a round
tube inside a twisted square tube whilst, in a preliminary
study, Swanepoel and Meyerl0 investigated the heat trans-
fer augmentation by means of spiral wires in the annulus
of tube-in-tube heat exchangers. It was concluded in both
cases that the heat transfer can be substantially increased.

The purpose of this paper is to investigate the po-
tential of another very simple and inexpensive method of
heat augntentation which could be used by small manu-
facturing companies. The heat exchanger is similar to a
tube-in-tube heat exchanger but with an additional tube
with a relatively small diameter spiralled tightly around
the inner tube in the annulus. The aim is therefore to in-
crease the heat transfer in the annulus by swirl flow. The
aim is, however, not only to increase the heat transfer in
the aunulus by swirl flow but also to increase the cross
flow area, since some of the flow will not only be through
the annulus but also through the spiralled tube. The ge-

ometry considered in this study of which different twists
are examined is shown in Figure 1. The advantage of this
method when compared to spiralled thin wires is that no
flow can occur through a wire since it blocks the flow. The
disadvantage, however, of using a spiralled tube is that al-
though the flow is not blocked, similar tube diameters of
similar diameters of thin wires are not readily available,
causing a higher pressure drop than with thin wires.

In this paper, the heat transfer characteristics and
pressure drop are determined for the said method of heat
transfer enhancement in the annulus. The heat exchange
considered will be limited to single-phase (water-to-water)
experiments and only parallel flow will be considered. The
outline of this paper is as follows: in the next section the
experimental set-up is described; this is followed by a de-
scription of the method used to determine the convection
coefficient and pressure drop in the annulus; thereafter the
results of the different experimental case studies are given.

These case studies are discussed, whereafter the paper is
concluded.

Experirnental set-up

The heat exchangers consist of three standard refriger-
ant soft-drawn copper tube sizes. They consist of a g.b3

mm (3") tube inside a 19.05 mm (1") iube. The twisted
tube inside the annulus is a 6.35 mm tube (i") which was
twisted tightly by hand at a fixed angle around the inner
tube before the outer tube was placed over it. The twist-
ing was conducted by hand and no special tools were used.
Care was taken to ensure that the twisting of the tube was
uniform and that the inlet and outlet of the twisted tube
were fully open. It is estimated that the tube angle was
kept constant within *10o. It was found that the geometry
of the twisted tube changed from round to approximately
elliptical and that the minor axis of the ellipse decreased
with an increase in twist angle.

The thermal conductivitylO of the copper tubes is
taken as 386 W/m.K. All heat exchanger lengths are 3

m, insulated on the outside from the atmosphere with 50
mm fibreglass wool. The assumption is therefore made
that the insulation ensures an adiabatic heat exchanger.
Five heat exchanger configurations were constructed: the
first without any twisted tube and the other four at twist
angles of 18o, 45o, 59o and 67o. These angles correspond
at a pitch of lD, 2D,3D, and 4D,, respectively. A typical
example showing the pitch between two spiralled tubes is
shown in Figure 1.

For each heat exchanger configuration considered,
four K-type thermocouples were fixed onto the inlet and
outlet surfaces of the two tubes by insulation tape. The
thermocouples were connected to a Fluke microprocessor-
based digital thermometer with an accuracy of +0.1oC.
The thermocouples' readings were used for measuring the
inlet and outlet water temperatures on the inside tube and
in the annulus. The hot water flowed through the inside
tube and the cold water through both the annulus and
twisted tube.

The water was heated with a heat pump and stored
in a 200 litre insulated storage tank at a temperature of
approximately 50o to 550C. The hot water was connected
to the inside tube of the heat exchanger and circulated
with a pump from the bottom of the tank through the
heat exchanger and back to the top of the storage tank.
The flow rate of the hot water was measured by discon-
necting the return pipe at the top of the hot-water tank
and measuring the time to fill a S litre calibrated bucket,
without changing the height of the outlet during experi-
ments. During this time the change in the water level and
the inlet pressure at the pump were negligible. This mea-
surement was conducted regularly to ensure that the flow
rate of the hot water through the annulus remained con-
stant. Tap water at an average inlet temperature of 13o to
15oC flowed through the annulus of the heat exchanger to
drain. The flow rate could be adjusted with a globe valve.
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Figure 4 The f riction f actor in the annulus at diff erent
twisted tube pitches as a function of the Reynolds number in
the annulus
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Figure 5 Heat transfer rate per unit pumping power versus
Reynolds number in the annulus as a function of different
twisted tube pitches

Figure 1 Schematic representation of the tube twisted
spirally at a pitch of 1 D around the outer surface of the inside
tube of a tube-in-tube heat exchanger

Figure 2 The Nusselt number in the annulus at different
twisted tube pitches as a function of the Reynolds number in
the annulus

Figure 3 Nusselt number as a function of twisted tube pitch
for different Reynolds numbers

3tt0

300

= 
2so

€ 2oo

=c
5 150
ll
iz r0o

50

0

8r8888
Rcylroldr n,-*rl ,

88ooNI
FF

250

200

L

t iso
E
:l
C

i roo

t-
50

o

123
Pidt ldLnrfrrt

R & D Journal, 1998, I4(3) 45



The flow rate of the water was determined by taking the
time it took to fill a calibrated 10 litre container, with-
out changing the height of the outlet during experiments.
The pressure drop through the annulus was measured with
a mercury U-tube manometer connected to the inlet and
outlet of the annulus.

Convection coefficient in the annulus

For each heat exchanger configuration the mass flow of
the hot water through the inner tube was kept constant.
Different mass flows were, however, used for different con-
figurations. The flow varied between 200 and 500 ks/h
The mass flow of the cold water through the annulus var-
ied between 30 and 200 kglh.At the lower mass flow the
Reynolds number was larninar although most of the exper-
iments were conducted in the turbulent flow region which
is usually of more i-portance in practice. For each ex-
periment the inlet and outlet temperatures of the water
in the inner tube and annulus were measured, &s well as
the mass flow of the water through the annulus. To ensure
steady state conditions sufficient time was allowed to pass
before measurements were taken. With each experiment
the heat transfer to the annulus was calculated and en-
ergy conservation to the heat transfer from the inner tube
was checked. When the heat transfer to the annulus and
from the inner tube were compared, all errors attributed
to measuring inaccuracies were less than I0%.

With the heat transfer known the following procedure
was used to determine the convection coefficient in the an-
nulus. With the inlet and outlet temperatures known, the
logarithrnic mean temperature difference was calculated
and then the overall heat transfer coefficient based on the
outside area of the inner tube, using

of the convection coefficient is less than 4%.Therefore the
approximation, that the film temperature in the petukhov
equation is equal to the bulk temperature, is made in this
study.

Although the Dittus Boelter equationl l would have
been much easier to use, the maximum standar,c deviation
between experimental data and predicted values is of the
order of 25Tor2 to 40%o.r3 The accuracy of the petukhov
equationl2 is +r0%, but the inside wall temperature must
be known for the calculation of the film properties. There-
fore, the need for the above approximation arises from the
difficulty of measuring the inside wall temperature. To
ensure that this approach gives correct convection coeffi-
cients in the atrnulus, five sets of ten measurements were
done at arbitrary Reynolds numbers on a tube-in-tube
heat exchanger (without a twisted tube in the annulus)
and compared to theoretically predicted heat transfer co-
efficients. The measured and predicted values according to
the method of Petukhovl l as used in this study are given
in van den vyver and Meyer.e The data correspond well
since the average absolute error between the measurements
and predictions was +6.5%; therefore, the apparatus in-
strumentation and calculation of parameters were ratified.

Results

The Nusselt number and friction factor data points of the
measurernents in each configuration were used in a com-
mercially available curve-fit program to generate equations
as a function of the Reynolds number similar to the Dittus
Boelter format:

IVu - C rRe-' Pr' with n - 0.4

With the overall heat transfer coefficient in Equation 1

known, the only two unknowns were the two heat transfer
coeffic.ients. If the coefficient in the inner tube could be
calculated the heat transfer coefficient in the annulus could
be determined.

The inside convection coefficient was calculated using
the expression of Petukhov,ll evaluated at the film tem-
perature. The average bulk temperature of the hot and
cold water in the inner tube and annulus were of the order
of 40oC and 28oC, respectively. The average wall temper-
at,ure was then approxirnately 34oC. Therefore, the tem-
perature difference between the inside wall temperature of
t,he inner tube and the water bulk temperature in the in-
ner tube, was in the region of 6oC. For this temperature
difference the maximum changes in water viscosities, ther-
mal conductivity, densities, and specific heats were 12.6Yo,

0.3To, and 0.I%, respectively. From these values it can
be shown from a sensitivity analysis that, should the film
temperature be assumed to be equal to the bulk tempera-
ture, the maximum influence it will have on the calculation

and
Lp - Cz&ec

Both the Reynolds number and the Nusselt number in
Equations 2 and 3 are based on the hydraulic diameter
of the annulus taking the twisted tube into account. The
hydraulic diameter was estimated with the well-known re-
lationship

1

(2)

(3)

(4)

(5)

(6)

LIo (1)

where

D1-, - 4+'P

A-I[(p", 2-D')-"b]

The second term in Equation 5 represents the area of
the twisted tube in the annulus. This area was found by
approximating it to the area of an ellipse; the shape forrned
after being twisted around the inner tube. The lengths of
the major (a) and minor (b) axes were measured for each
different configuration. The length of the wetted perimeter
(P) in Equation 4 is

P-rDa+R+Pi
The wetted perimeter of the twisted tube (Pr) and

inner tube (Pi) was measured by opening the tube-in-tube
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heat exchanger. The reason it was measured and not cal-
culated was that it was found that the wetted perimeter
of the twisted tube is less than the perimeter of an ellipse
as the contact between the twisted tube and inner tube
is not a small contact point. The hydraulic diameters for
the spiralled tubes corresponding to a pitch of 1D, 2D, 3D,
and 4D were 1.9 mm, 2.8 mm, 4.I mm,4.0 mm, and 3.8
mm, respectively.

The reason Equation 2 was not used in the same for-
mat as the Petukhov formula is that the format is easier to
work with. The constants for Equations 2 and 3 are given
in Table 1. It was found in all cases that the maximum
standard deviations between the Nusselt number equations
and mea^surements are less than II% and less than 7To for
the pressure drop values. The results of the equations are
presented in Figures 2 to 4 at a Prandtl number of 7.3.

Table 1 Constants used in Bquations 2 and 3

any twisted tube in the ratio of the pumping power to
the rate of heat transfer as an evaluation index. la The
rate of heat transfer was evaluated from the temperature
rise through the annulus and the pumping power from the
product of the volumetric flow rate through the annulus
and the pressure drop across the test section.

The results show that all twist angles increase the
heat transfer rate per unit pumping power although it de-
creases with Reynolds number. It can be deduced that a
twist angle equal to a pitch of 4D should be used when a
round tube is used in annuli of tube-in-tube heat exchang-
ers. It is recommended that more experiments should be
conducted at higher pitches (5D and higher) to obtain the
pitch where the optimum heat transfer enhancement takes
place. This was not done in this study owing to time con-
straints and owing to the fact that the higher the pitch the
more difficult it gets to manufacture the heat exchangers.

Conclusions

In this study the influence of twist angle of a heat ex-
changer consisting of a twisted tube inside the annulus of
a tube-in-tube heat exchanger was investigated. Five ge-
ometries were investigated, one without any twist and the
rest with twist angles corresponding to pitches of lD, 2D,
3D, and 4D,, respectively. It was found in general that the
heat transfer increases as the pitch and Reynolds number
increase, except at a pitch of 3D, where results that can-
not be explained were obtained. The heat transfer rate
per unit pumping power was used as an evaluation index.
It was concluded that all twist angles increase the heat
transfer rate per unit pumping power although the rate
decreases as the Reynolds number increases. The highest
heat transfer per unit pumping power was obtained at a
pitch of 4D. It is recommended that more work should be
conducted, firstly, to explain the phenomena at a pitch
of 3D and, secondly, to obtain the optimum pitch which
should be at a pitch higher than 4D.
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