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The purpose of this paper was
to determine the single phase
heat transfer and pressure drop
chara-cteristics of an angled spi-
ralling tape inserted into the

annulus of a tube-in-tube heat
exchanger. Experimental meas-

ure-ments were taken on four
set-ups: a normal tube-in-tube
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heat exchanger used as a refer-
ence and three heat ex-
changers with different angled spiralling tape in-
serts. From the results correlations were developed
that can be used to predict and com-pare heat
transfer and pressure drop characteristics. It was
concluded that the angled spiralling tape inserts
resulted in an increase in the heat transfer and
pressure drop characteristics.

NOMENCLATURE

A area(m?)

C constant

CP pressure drop coefficient

Cp specific heat J/kgK)

D diameter for outer tube (m)

D, hydraulic diameter (m)

d diameter for inner tube (m)

d, equivalent diameter [(D} - d2,)/d,] (m)
EF enhancement factor [Nug,,.,imenat / Npiain 7ube-in-Tobe)
f friction factor

10 function of

g() function of

h heat transfer coefficient (W/m?K)

k thermal conductivity (W/mK)

L length of test section (m)

l length as shown in Fig. 2 (m)

m, mass flow rate (kg/s)

Nu Nusselt number

P constant

PF pressure drop penalty factor [CPp,,,.nenar/ CPpiain 1upe.

in- Tube]
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Figure 1: Schematic Representation of an Angled Spiralling Tape Heat Exchanger

Pr Prandtl number

Ap pressure drop/difference (Pa)

0 heat transfer rate (W)

Re; Reynolds number in the inner-tube based on the inner-
diameter

Re, Reynolds number in the annulus based on the hydrau
licdiameter (D,)

r tube radius (m)

T temperature (°C)

AT temperature difference (°C)

t tape thickness (m)

U overall heat transfer coefficient (W/m*K)

v velocity (m/s)

w tape height (m)

y twist ratio [Z/2D))

VA pitch (mm)

Greek Letters

o tape angle (°)

] tape leaning angle (°)

p density (kg/m®)

" viscosity (Ns/m?)

Subscripts

ave average

c cold water

cu copper

h hot water

i inside/inner

IMTD  Logarithmic Mean Temperature Difference

o outside/outer

w wall

Introduction

Heat transfer enhancement is the process of improving the
performance of a heat transfer system, generally by means of
increasing the heat transfer coefficient. Bergles' gives a com-
prehensive survey of heat transfer enhancement. According to
him heat transfer enhancement has been studied since the first
documented study of heat transfer. For example, Newton sug-
gested in 1701 “... not in a calm air, but in a wind that blew
uniformly uponit...”, which was an effective way of increasing
the convective heat transfer. Bergles1 states that Joule was the
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Previous work to improve the heat

transfer coefficient in annuli was done

by Van der Vyver and Meyer*. They

used a round tube inside a twisted

1 square tube. The function of the twisted
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> square tube was to induce a rotational
component in the annulus, which in-

Figure 2: Experimental Set-up of Tube-in-Tube Heat Exchanger with Locations of Temperature

and Pressure Measuring Points

first to use second-generation heat transfer in 1891, when he
reported significant improvement in the overall heat transfer
coefficient for in-tube condensation of steam, when a helically
coiled wire was inserted into the cooling jacket. The only
second-generation enhancement device that was used in the
1800s with any regularity was the twisted tape insert. In 1896
Whitham, who placed twisted tape inserts into the tubes of a
fire-tube boiler, reported an increase of up to 18% in the boiler
efficiency.

In many cases heat transfer enhancement in tubes may be
supplemented by heat transfer augmentation on the outside
wall of tubes, as for tube-in-tube heat exchangers. An applica-
tion is in vapour compression hot-water heat pumps where an
axially coiled tube-in-tube heat exchanger is used for heating
water in the condenser of a hot-water heat pump. The condens-
ing refrigerant may typically flow in the inner tube and the water
to be heated in a
counterflow direction in

creased the heat transfer coefficient
by up to 50%. At the same time the
friction factor increased by up to 9
percent.

Another method used by Herman and Meyer® was to use a
spiralling tube inside the annulus of a tube-in-tube heat ex-
changer. Three tubes were thus used: Except for the inner and
outer tube, the third tube was spiralled in the annulus of the
other two and also formed a flow passage. The mechanism of
heat transfer enhancement was thus also to cause swirl move-
ment of the flow in the annulus. The enhancement increased the
heat transfer coefficient in the annulus by an average of 600 per
cent and the friction factor by 84 per cent.

A third method was investigated by Coetzee et al.® and Dirker
etal.”, which is simpler, is the use of thin wires in the annulus
that are spiralled around the inner tube. Several studies *° were
done to determine the spiral angle and the optimum wire
thickness. Recently Kriiger'*investigated the mechanism of the
heat transfer enhancement by making use of computational
fluid dynamics and found that
there is a strong correlation be-

the annulus. Heat transfer
enhancement on the inner
or outer tube decreases the

temperature difference A gainst
between the condensing
refrigerant and water to be Curvature

heated, whichis an advan-

tween the wire angle and the ro-
tational velocity in the annulus.
She concluded that the heat trans-
fer enhancement is primarily
caused by the flow rotation and
not by an increase in turbulence
of the flow over the wires.

Along
Curvature

tage as higher hot tempera-
tures may be delivered.

In a review paper by
Liebenberg et al.” it is shown that a lot of work has been done
in heat transfer enhancement on the inner wall of tubes. How-
ever, in the case of water heating with refrigerants flowing in an
inner tube and water through the annulus, heat transfer en-
hancement on the outside wall is important. The heat transfer
from the refrigerant to the water through the tube is influenced
by three components, namely: the thermal convection resis-
tance of the condensing refrigerant on the inside of the inner
tube (1/hA,), the conduction resistance of the tube wall (In(r,/
r)/(21kL)) and the convection resistance (1/h,A,) of the water
in the annulus.

The tube wall is thin and has a high thermal conductivity (k)
as it is generally manufactured from copper or stainless steel.
Theresultis that the wall’s thermal resistance is negligibly small
in comparison with the two convection resistance terms. The
heat transfer coefficient of condensing refrigerant (4,) is usually
relatively large in comparison with the convection coefficient
(h,) of the water in the annulus. Therefore, the thermal resis-
tance is the highest on the annulus side of the wall and that is
the reason why heat transfer enhancement on the outside wall
of the inner tube can make an important contribution to deliver
higher hot-water temperatures.

Tape

Figure 3: Flow in the Annulus Against and Along the Curvature of the

Most of the methods of en-
hanced heattransfer use the same
mechanism to enhance heat trans-
fer, and that is to force the flow in
the annulus to rotate. ‘Bergles' has found that devices that
induce swirl flow and turbulence in the flowing fluid are particu-
larly attractive enhancement techniques for forced convective
systems. Another method that makes use of this principle was
recently patented by Meyer and Coetzee"'. Anangled spiralling
tape as shown in Fig. 1 is used in the annulus to induce swirl.
This method of heat transfer enhancement was specifically
developed for hot-water heating in heat pumps, although many
more applications exist.

In the case of water heating with a heat pump for which the
heat transfer enhancement technique was developed, the re-
frigerant will flow in the inner tube and the water in the counterflow
direction in the annulus. The purpose of this paper is to
determine experimentally the heat transfer and pressure drop
characteristics of single phase water in the annulus of the
angled spiralling tape heat exchanger and to develop correla-
tions that describe each of these characteristics.

Experimental Method

Facility
The experimental set-up consisted of a closed system, using
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Foam insulation with a thickness of

i “ L ' (% 10 mm was used to minimize heat
losses to the atmosphere. Hot water

1600 %@) £ 84% . flowed in the annulus of the heat ex-
Z=100mm (along) :70% ¢ changer, while cold water flowed inan
LRSI Geanst) IR0t opposite direction in the inner tube.

e ;:2;:22”0{'20 .:7177;:% Also shown in Fig. 2 is a schematic
Z=62mm (;g:l'tg) - 70% representation of the temperature and

1200 - . pressure drop attachment points of the
. o test section through which the water

. "s flows. Two mercury manometers were

LU Ehig: ° connected to the experimental set-up
z o & to measure the pressure drop over the
800 - . ! . : annulus and inner tube. The distance
= 0 © over which the pressure drop was mea-

L 5%, o ' sured for the inner tube (1)) was = 3.11

SLL 2 m, while for the annulus (1) the dis-
tance was + 2.87 m.

400 - Four calibrated K-Type thermo-
couples (z 0.1°C accuracy) were in-
stalled on the surface of the hot- and

AL cold-water, inlet and outlet points. The

§ thermocouples were attached tightly
0 ‘ x T . . i onto the tube surfaces with insulation
0 5000 10000 15000 20000 25000 30000 | tape. Insulation was placed over the
thermocouples to minimize heat trans-

g ; R.e . fer to the atmosphere.

4 Plain Tube-in-Tube ¢ 7= 100mm (against) © Z=100mm (along)

+ Z=25mm (against) o Z=25mm (along) " Z=62mm (against) The flow through the heat ex-
o Z=62mm (along) — Linear (Plain Tube-in-Tube) 1l A changer was calculated by means of

two normal positive displacement

Figure 4: Nusselt Number Comparison for Flow Against and Along the Curvature of the Tape

both a hot-water and cold-water cycle. The heat exchanger was
tested with water in both the inner tube and annulus, as it is not
necessary to use refrigerant in the inner tube for the determina-
tion of the annulus characteristics. Both the hot-water and cold-
water systems consisted of the following: the test section (Fig.
2),areservoir, pump, two valves, a positive displacement meter,
a flow control valve and a rotameter. The cold-water tank was
connected to a chiller to cool the water, while the hot-water tank
had an electric resistance heater connected to heat the water.

The tube-in-tube heat exchanger consisted of two con-
centric, hard-drawn, copper tubes, used primarily in the
refrigeration industry. The outer tube had

meters (+ 2% inaccuracy) installed at
the hot- and cold-water outlets. Using
a stopwatch and the amount of water that had flowed through
the system over the given time, the mass flow could be deter-
mined accurately. Rotameters (+ 4% inaccuracy at full scale)
were used for setting the flow to different flow rates. As the
accuracy of the rotameters was not as high as with measuring
flow with the positive displacement meters, the rotameters were
only used for adjusting the flow to approximate predetermined
values. The rotameters were also used to confirm the calcula-
tions from the positive displacement meters.

an outside diameter of 15.88 mm and an

inside diameter of 14.26 mm. The inner tube 151(5) ] .

had an outside diameter of 9.53 mm and an 05 .

inside diameter of 8.11 mm. The total length ’ L

of the heat exchange areas was 2.97 m. All = 351 s ! o o ©

the spiralling tape inserts were constructed | & 3-0 7 © o 0 0o0ge oo’ .

from copper plate with a thickness of 1 mm. 2.5 9 CEA RS P

The tape inserts were cut to a height of 2.2 2.0 7 g . st 8 5 g6 ®

mm to give a bit of clearance between the 1.5 R E S g gzt B =®

annulus inner wall and the tape inserts. The 1.0 . . T . — i
first heat exchanger constructed had no 0 5000 10000 15000 20000 25000 30000
spiralling tape inserts, while the other three Re

heat exchangers had tape inserts with a —_
pitCh (Zin Fig. 1)of 25 mm, 62 mmand 100 mm [ * Z=100mm (against) © Z=100mm (along) ® Z=25mm (against)
respectively. These pitches correspond to 222 25mm (alone) e cZmn (gainst) 22~ 62mm (along)

twist ratios (y) of 0.731, 1.799 and 2.878

respectively. of the Tape

Figure 5: Enhancement Factor Comparison for Flow Against and Along the Curvature
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Experimental Procedure and Data
Reduction

Heat Transfer

To obtain a reference base for comparison purposes the plain
tube-in-tube heat exchanger was considered first. The heat
transfer through both the inner tube and annulus was deter-
mined from inlet and outlet temperature measurements and
mass flows (Q = m CpAT). The average value (Q,,.) between
the annulus heat transfer and inner tube heat transfer was
considered as the correct value. The energy balance error was
determined by comparing the annulus and inner tube heat
transfer to this value, and resulted in errors below 5%.

With this heat transfer value the overall heat transfer coef-
ficient can be determined from Eq. (1). The logarithmic mean
temperature difference can be determined from the temperature
measurements.

Qave = UvoTLMTD (1)
where
1 1 In(d,/d) 1
= + ) @
U,A, Ah, 22k, L  Ah,

The two heat transfer coefficients in Eq. (2) are not known
and can be determined with Wilson plot-type methods. The
modified Wilson plot technique described by Briggs and Young'?
was used. The Sieder-Tate equation '’ -format was used for both
the inside heat transfer coefficient (Eq. (3)) and the outside heat
transfer coefficient (Eq. (4)).

0.14
N = hodeq = C Re’pr®3| £

k, i,

“)

(]

Three sets of experiments were conducted where the Reynolds
number in the inner tube was increased from 3 000 upwards,
while the Reynolds number in the annulus was held constant
at about 3 000, 4 500 and 7 000.

These results were plotted on a x-y coordinate system, from
which the C;and C, multipiiers were calculated for each indi-
vidual experiment. The average value from the three experi-
ments was used to determine the two multipliers.

The value of C; was 0.01923 which corresponds well with the
value of 0.027 of the original Sieder-Tate' equation. The value
of C, (the other multiplier) was 0.0726 and the value of P (Eq.(4))
was 0.8. With these values and Eq. (1) the theoretical heat
transfer was calculated and compared to measurements. The
average error between the theoretical and experimental results
was 2.9% with a standard deviation of 1.9%.

When angled spiralling tape is considered, the heat transfer
correlation for the inner tube given in Eq. (3) would still be valid.
Therefore similar experiments as before were done for each of
the three heat exchangers with angled spiralling tapes. Each one
was considered with flow against the curvature of the tape and
along the curvature of the tape as shown in Fig. 3.

During the experiments the flow rate through the inner tube
was kept constant at a Reynolds number of approximately 16
000. The flow rate in the annulus was varied from a Reynolds
number of 3 000 to approximately 25 000. From the temperature
readings the heat transfer, logarithmic mean temperature differ-

h d 0.8 0333 M ok ence and overall heat transfer coefficient could be determined.
Ni U, = k = C Re r I; T (3)  With the heat transfer coefficient of the inner tube known from
i Ey i Eq. (3), the heat transfer coefficient in the annulus
could be determined.

45 P um— Pressure Drop :
Z= 100mm (against) : 69% The pressure drops were determined
40 s 4, ;: m“‘(g:f')) ; 25:;2 from the differences of the manometers
s o Z=25mm (along)  :162% from which the pressure drop coeffi-
35 - 0 e R ?:gm Eﬁ‘;" :.772(::2 cient was determined from CP = Ap/(1/
K ’ ) ] s, ) .. ’ 2pv?). For verification purposes the
30 .o S e s s a ks v " b4 pressute-drop coefficients for the in-
°o° © %o v 3 o % e o ner tube and annulus were also deter-
& 25 1 o ‘:.; G mined analytically. The friction factor
-3 " %c’ : oge needed to determine the pressure drop
20 ? r:'m.a' coefficient was determined from the
. o?ﬂo. 3243 & o b 6,8 . E".d' . = o Swamee and Jain equation' for the
15 1 M 8y o° s o inner tube. For the annulus the
S A P Petukhov equation'® was used to cal-
10 1 I culate the friction factor. The Petukhov
equation was based on the hydraulic

3 ' ' ' ' ' ' diameter.
0 5000 10000 15000 20000 25000 30000 35000
Re Results

- InFig. 4 the heat transfer results for the
4 Phain Tube-in-Tube ~— Plain Tube-in-Tube (Theo) ~ ® Z = 100mm (against) © Z=100mm (along) three experimental set-ups are plotted
| ¢ Z = 25mm (against) © Z=25mm (along) ® Z=62mm (against) 0 Z=62mm (along) against the Reynolds number. The
Nusselt number results for the plain

Figure 6: Pressure Drop Coefficient Comparison for Flow Against and Along the Curvature of

the Tape

tube-in-tube heat exchanger are also
shown for comparison purposes (Eq.

R & D Journal, 2003, 19 (2) incorporated into The SA Mechanical Engineer
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__EyEapey TNAT[a[" -5 T curvature.

el | - Furthermore, the experimental set-
2.8 1 2 0 e s 0 8 s e s & | ups with a twist ratio of 1.799 (Z= 62
257 »-pi o G oo | mm)and 2.878 (Z= 100 mm) correlated
2 N o 0 0o 0o 0 0 © ©°F° ° ' well with each other, with only a slight
2.2 - o © °° difference between the average in-
2.0 A creases in Nusselt numbers and en-
1.8 1 hancement factors. A possible expla-
1.6 1 ST s 4 L., " LI . nation for this correlation is that the

- I i .
1.4 Lu 285800 S M40 rhre ¢ 8 R performance follows a hyperbolic ten-
12 - © % 6 6 6 6 & o e dency as the pitch increases. From the
1.0 . . . : i — results obtained it is assumed that the
0 5000 10000 15000 20000 25000 30000 best performance with angled spiral-
ling tape inserted into the annulus of a
- Re tube-in-tube heat exchangeris obtained
o e ° :Zz k] e SamBmmre at the smallest pitch of the tape. At the
) e small pitch the flow through the annu-

Figure 7: Pressure Factor Comparison for Flow.Against and Along the Curvature of the Tape

).

Since all the experiments were conducted for turbulent flow,
theresults liein aReynolds numberrange of 3000 upwards. The
experimental and theoretical results obtained from Eq. (4), for
the plain tube-in-tube heat exchanger correlate well with each
other. These results form an almost linear tendency, since the
Nusselt number is directly proportional to Re®. However, the
results for the heat exchangers with angled spiralling tape
inserts tend more to a parabolic correlation.

An average increase of 206% in the Nusselt numbers was
noted from a plain tube-in-tube heat exchanger to a heat
exchanger witha twistratio of 0.731 (Z=25 mm) and flow against
the curvature of the tape. The heat exchangers with a twist ratio
0f1.799 (Z=62 mm)and 2.878 (Z= 100 mm) produced very similar
results. The average increase in the Nusselt number for these
two set-ups was in the order of 80% for flow against the
curvature of the tape and 70% for flow along the curvature.

In Fig. 5 the enhancement factor is plotted against the
Reynolds number for all the conducted experiments. The en-
hancement factor was calculated as the ratio of the measured
Nusselt number for a tape insert to the Nusselt number of a plain
tube heat exchanger. The Nusselt number for the plain tube-in-
tube heat exchanger was determined with linear interpolation,
when a value was not available at the Reynolds number where
measurements were taken for the configuration with tape in-
serts.

The enhancement factor decreased slightly to a minimum
value for each experiment. From a Reynolds number of about 6
000 the enhancement factor increased with an increase in the
Reynolds number. The highest increase in the enhancement
factor was produced for the experimental set-up with a twist
ratio of 0.731 (Z=25 mm) and flow against the curvature of the
tape. The enhancement factor decreased from just below 3 to
about 2.5, before increasing to about 4.5.

From Figs. 4 and 5, it was concluded that for Reynolds
numbers below 11 000, the Nusselt numbers and thus enhance-
ment factors for flow along the curvature of the tape were higher
than for flow against the curvature for each experimental set-up.
The situation switched for Reynolds numbers above 11 000,
where the Nusselt numbers and enhancement factors for flow
against the curvature of the tape were higher than for along the

lus is induced with more swirl and
turbulence by the tape inserts.

In Fig. 6 the pressure drop coeffi-
cients for the three experimental set-ups with twisted tape are
given. Also included are the measured pressure drop coeffi-
cients for the plain tube-in-tube heat exchanger, as well as the
theoretical estimates of the plain tube-in-tube heat exchanger.

As in the case of the heat transfer characteristics, all the
experiments were conducted for turbulent flow. As the Reynolds
number increases, the pressure drop coefficient values for the
three experimental set-ups slightly decrease and then stay
constant. The experimental and theoretical results for the plain
tube-in-tube heat exchanger show some tendency to correlate
well with each other. These results, as well as the results for the
heat exchangers with angled spiralling tape inserts decreases
sharply as the Reynolds number increases, before becoming
almost constant.

The lowest average increase in the pressure drop coeffi-
cients for the heat exchangers with angled spiralling tape insert
of 58% was obtained from the experimental set-up with twist
ratio of 2.878 (Z =100 mm) and flow along the curvature of the
tape. This set-up resulted in similar results for the heat ex-
changer with a twist ratio of 1.799 (Z = 62 mm).

ForReynolds numbers below 8 000 the results start to scatter
slightly from the power regression tendency. The probable
cause is a measurement error of the manometer, since at these
Reynolds numbers the pressure drop comprises of only a
couple of millimetres in height.

The pressure factor for the three experimental set-ups was
determined as the ratio of the measured pressure drop coeffi-
cient value for a tape insert to the pressure drop coefficient of
a plain tube-in-tube heat exchanger. If necessary the pressure
drop coefficient value for the plain tube heat exchanger was
determined with linear interpolation, if a value was not available
atthe Reynolds number where measurements were taken for the
configuration with tape inserts. The pressure factor compari-
son for all the experiments conducted are illustrated in Fig. 7.

The experimental set-up with a twist ratio of 2.878 (Z= 100
mm) and flow along the curvature of the tape resulted in the
lowest increase in the pressure factor. The pressure factor starts
at just above 1.6 and gradually decreases until just below 1.4.
The other experimental set-ups resulted in an increase in the
pressure factor.
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1800

determined, the experimental set-ups

Average Error (Against) = 4%
Std Deviation {(Against) =3.7%
Average Error (Along) =3.6%
Std Deviation (Along) = 3.4%

1600 -
1400 -
1200 A
1000 -

800 -

Nu Experimental

600 -
400 -
200 -

*%

wereinvestigated asa whole. In Table
1, acomparison of all the experiments
conducted on the heatexchangers with
angled spiralling tape inserts are
shown.

Only aslight difference isachieved
between the average increase in the
Nuss-elt number results and the aver-
age increase in the pressure drop coef-
ficient results compared to those of a
smooth tube. The highest increase in
the Nusselt number results of 206%
was achieved for the experimental set-
up withapitchof 25 mm (y=0.731) and
flow against the curvature of the tape.
This set-up also resulted in the high-
est increase in the pressure drop coef-
ficients of 203% as can be expected.

7.7%

-1.7%

0 . .
0 500 1000

Nu .Theoretical

1500

' The experimental set-up with the low-

est increase in the pressure drop coef-
ficient values was the set-up with a
pitch of 100 mm (y = 2.878) and flow
along the curvature of the tape, which

2000

¢ Against 0 Along

| produced an average increase of 58%.

An average increase in the Nusselt

Figure 8: Error Calculation for the Nusselt Number Comparison for Flow Against and Along the

Curvature of the Tape

The experimental set-ups with a pitch of 62 mm and 100 mm
(y=1.799 and y=2.878) correlated relatively well with each
other, with only a slight difference between the average
increases in pressure drop coefficients and pressure factors. A
possible explanation for this correlation is that the performance
follows a hyperbolic tendency as the pitch increases. It can be
assumed that the best performance for the pressure drop
coefficients with angled spiralling tape inserted into the annu-
lus of a tube-in-tube heat exchanger is obtained at the largest
pitch of 100 mm.

Comparison of Results
With the heat transfer and pressure drop characteristics

number results of 70% was achieved.

Similar conclusions can be drawn
from the enhancement factor and pres-
sure factor results. The highest increase in the enhancement
factor results is noted for the experimental set-up with a pitch
of 25 mm (y=0.731). The enhancement factor starts at about 2.5,
slightly decreases and then rises to about 4.5. The pressure
factor, however, starts at about 2.3, increases until levelling off
at just above 2.5. Even though the enhancement factor and
pressure factor begin at relatively the same values, a large
difference results at the end.

This is the case for all other experimental set-ups, except the
set-up with a pitch of 25 mm and flow along the curvature of the
tape. For this set-up the enhancement factor and pressure factor
stay relatively parallel to each other, with the enhancement
factor starting at just below 3 and increasing to just above 3.

From Table 1 it can be con-
cluded that the experimental set-

Experimental | Pitch | Twist | Curvature Increase ups with pitches of 62 mm (y =
Set-up Z | Ratio | Flow 1.799) and 100 mm (y=2.878) re-
mm) | ¥ Nu cp EF PF sulted in very similar results for
both the heat transfer and pres-
Against 84% 69% 15-25 +1.5 sure drop characteristics. Only a

1 100 2.878 q 5
Along 70% 58% +175 A15-4 15 slight filfference'between the av-
erage increases in pressure drop
Against 206% 203% 25-45 |225-425 coefficients and Nusselt numbers
2 25 0.731 could be noted, which resulted in
Along 170% 162% V3-1M3 |225-V25 similar results for the enhance-
- ment factors and pressure factors.
5 o 1 700 e G G e An explanation for this is that the
Along 70% 70% vo2-12|s15 performance of the he:flt exchang-
ers follows a hyperbolic tendency

+ : Results remain in vicinity; 4 : Results are just above indicated value;

V' : Results are just below indicated value.

as the pitch increases. Thus the
best performance for the Nusselt

Table 1: Heat Transfer and Pressure Drop Characteristics Comparison
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numbers is achieved at a small pitch and the best performance
for the pressure drop coefficients is achieved at a large pitch.
This tendency could have been anticipated.

~ Fromthe experimental results itis concluded that the experi-
mental set-up with angled spiralling tape with a pitch of 25 mm
(y = 0.731) produced the optimum performance. The highest
increase in the Nusselt numbers over a plain tube-in-tube heat
exchanger was achieved with this set-up. Unfortunately the
highest increase in the pressure drop coefficients was also
obtained with it. From the enhancement factor and pressure
factor results, it was determined that a higher increase in the
enhancement factor was achieved related to the increase in the
pressure factor. This was not the case for the other two
experimental set-ups studied.

Correlations Development

The procedure to develop the heat transfer coefficient correla-
tion and friction factor correlation is similar. The experimental
data was first plotted against the Reynolds number. Using
curve fittings on these graphs, equations for each of the twist
ratios studied was determined.

It was concluded that these equations incorporated func-
tions dependent on the twist ratios. Using matrix algebra these
functions were solved. Inserting these functions back into the
equations resulted in the correlations for the prediction of the
heat transfer and pressure drop characteristics. A detailed
explanation is illustrated in Coetzee'.

Heat Transfer Coefficient

Equation (4) was determined to predict the heat transfer coef-
ficient of a plain tube-in-tube heat exchanger. Since this equa-
tionis in the form of the Sieder-Tate equation, only a correlation
to the tape geometry needs to be added. Thus, this equation
forms the basis to develop an equation to predict the heat
transfer coefficient for a heat exchanger with angled spiralling
tape inserts. Eq. (5) depicts the final heat transfer correlation.

Nu =0.0726 Re"® pr®3% (ﬂij | [fl (MRe’+ £,(y)Re+ £, (y)]

w

where for flow against the curvature of the tape: (5)
fi)=2.256x10°y*-10.989x 10°y + 16.03 x 10° ©6)
£, ()=-21.04x10°y*+125.27x10°y -211.33x 10" @)
f:(»)=0.449y*-2.329y+4.503 €]

and for flow along the curvature of the tape, the functions are
given by:

fi()=-0.3969x10°y*+1.233x10°y+3.369x 10° ©))
£,()=4.866x10°y*-26.27x 10%y -54.17 x 10 (10)
f:(3)=0.449y*-1.969 y+4.021 11

The comparison of the experimental Nusselt numbers and
the Nusselt numbers obtained from Eq. (5) for flow against and
along the curvature of the tape is illustrated in Fig. 8.

It was determined that the correlation results in an average
error of 4% with a standard deviation of 3.7% for flow against
the curvature of the tape. In the case of flow along the curvature

of the tape an average error of 3.6% was determined with a
standard deviation of 3.4%.

Friction Factor

Equation (12) depicts the final friction factor correlation devel-
oped for tube-in-tube heat exchangers with angled spiralling
tape inserts.

f=8 () Re#? (12)
where for flow against the curvature of the tape:

8 (»)=0.3618y*-1.047y+0.9186 (13)
8,(»)=-0.0669y*+0.1656y - 0.2282 14)

and for flow along the curvature of the tape, the functions are
given by:

8:(»)=0.6283y*-1.6519y+1.1939
8,(»)=-0.0797y*+0.1814y - 0.2392

15)
(16)

The comparison of the experimental friction factors and the
friction factors obtained from Eq. (12) for flow against the
curvature of the tape is illustrated in Fig. 9.

The correlation results in an average error of 3.7% with a
standard deviation of 3.7% for flow against the curvature of the
tape. In the case of flow along the curvature of the tape an
average error of 4.3% was determined with a standard deviation
0f3.3%.

Conclusion

To study the heat transfer and pressure drop characteristics of
angled spiralling tape augmentation devices, four experimental
set-ups were constructed. Three tube-in-tube heat exchangers
were manufactured with angled spiralling tape in the annulus
withapitch of 25 mm, 62 mmand 100 mm. The fourth experimen-
tal set-up was a plain tube-in-tube heat exchanger to be used
for comparison purposes.

It was determined that the heat exchanger with a pitch of 25
mm and with flow against the curvature of the tape resulted in
the highest increase in the Nusselt number, with an average
increase of 206%. This heat exchanger also had the best
enhancement factor increase. As penalty this heat exchanger
also had the highest increase in the pressure drop, with an
average increase of 203%. The heat exchanger with the lowest
increase in the pressure drop, was for a pitch of 100 mm and flow
along the curvature of the tape. The average increase was 58%.

The experimental set-ups with a pitch of 62 mm and 100 mm
correlated well with each other for both the heat transfer and
pressure drop results. A possible explanation for this correla-
tion is that the performance follows a hyperbolic tendency as
the pitchincreases. From the results obtained it is assumed that
the best heat transfer performance is obtained at the smallest
pitch of the tape. The opposite is assumed for the best pressure
drop performance, where the lowest increase should be ob-
tained at the highest pitch of the tape.

This heat exchanger with a pitch of 25 mm resulted in the
highest increase in the Nusselt numbers over a plain tube-in-
tube heatexchanger. Unfortunately, an increase in the pressure
drop coefficients close to the Nusselt number increase was also
obtained. However, a higher increase in the enhancement
factor was achieved than the increase in the pressure factor.
This was not the case for the other experimental set-ups, thus,
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Curvature of the Tape

it is concluded that the heat exchanger with a pitch of 25 mm
produced the optimum performance.

With the experimental results concluded, a correlation to
predict the heat transfer coefficient and friction factor for a heat
exchanger with angled spiralling tape inserts was developed.
Both the correlations developed resulted in average errors
below 8% for flow against and along the curvature of the tape.
Since the experimental results correlated well with the values
predicted by the equations, it is concluded that the correlations
are accurate enough to predict the heat transfer and pressure
drop characteristics for a heat exchanger with angled spiralling
tape inserted into the annulus.
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