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ABSTRACT Enhancing the overall performance of these heat exchangers
The reduction in energy consumption and improvement of and operating them at relatively low cost is vital to achieving
productivity in industries, particularly in industrial heat industrial goals where these devices have found greater
exchangers, has become a concern worldwide. One of theapplication. One of the enhancement techniques is the insertion
readily available methods of achieving this is by operating heat of twisted tapes into the heat exchangers, although this is
exchangers in the transitional flow regime. This regime accompanied with increased pressure drop[2]. However,
encourages the use of small pump size as compared to theperating in transition flow regime helps achieve better
turbulent flow regime; thus encouraging energy efficiency by performance and reduced pressured drop as compared with
the reduction of associated energy consumption. This paperturbulent flow regime. This reduced pressure drop translates to

presents the results of an empirical investigation of fully reduced energy consumption and related costs.

developed diabatic friction factors of flow in a smooth circular There are three flow regimes in fluid mechanics and heat
heat exchanger equipped with twisted tape insert with a twist transfer engineering. These are laminar, transitional and
ratio of 5. This experiment was conducted using water as theturbulent flow regimes. The transitional flow regime occurs in
working fluid over a range of Reynolds numbers of 500 to between laminar and turbulent flow regimes. Research
10 000 spanning the laminar, transitional and turbulent flow investigation of this regime has been neglected because of
regimes and Prandtl numbers of 3.9 to 6.7 with a square-edgereasons such as limited or incomplete understanding [5],
inlet. The results were also validated with correlations of unreliable prediction[6] and inherent uncertainty and
previous studies on smooth tubes. The diabatic friction factor instability [7].

results with heat flux of 2 kW/tnare presented in this paper. However, in the past two decades, both computational and
The commencement of transition was observed at a Reynoldsempirical investigations are now placing emphasis on research
number of 2 700 and ended at a Reynolds number of 3 187 forinvestigations in the transitional flow regime. This is because
the smooth tube. The transition range during the enhanced tubeghe pressure drop in this regime is lower than that of the
experimentation started at a Reynolds number of 750 and endedurbulent flow regime. Of particular interest to this paper are
at 2 082. The commencement of transitional flow regime was the previous studies by Ghajar and his co-workers from
earlier with twisted tape insert compared with ordinary smooth Oklahoma State University [8-11] and the research work of
tube. The early transition of this enhanced tube indicates thatMeyer and his students from the University of Pretoria [1, 12-
heat exchangers can now be designed and operated at relativel$4]. However, many of these studies are carried out using

low pressure thus encouraging energy management. smooth tubes.
These researchers have identified various factors
INTRODUCTION responsible for the commencement of transitional flow regime

Heat exchangers with improved performance and low in smooth circular tubes. Some of these influencers include
energy consumption are now desired in this present age. Theswarying tube diameters[1l] and three different inlet
requirements are necessary as both the domestic and industriatonfigurations [8, 10, 11, 15, 16]. These inlet sections are
sectors are now facing difficult energy challenges with respect classified as re-entrant, square-edge and bellmouth. Each of
to availability and access. One of the methods of achieving thisthese inlets influence the occurrence of the critical Reynolds
improvement both in design and operations of heat exchangersnumbers from laminar to turbulent.
is by operating these devices in the transitional flow regime. The work of Meyer and Olivier [1] shows that transition

Heat exchangers over the years are found in many started for the square-edge inlet at a Reynolds number of 2 600.
engineering applications and research studies. Some of thesélowever, the boundary condition considered in the study was
include domestic services[1l], process and chemical constant wall temperature. The influence of tube diameters on
reactors [2], fossil fuel power plants and concentrated solar the critical Reynolds number was published in the work of
power plant station [3], food processing [4] to mention a few.  Olivier and Meyer [14], Meyer, et al. [17]. The study
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considered two smooth circular tubes under constant wall EXPERIMENTAL SETUP
temperature boundary condition with inner diameters of The test section consisted of a single 5 m heat exchanger
15.88 mm and 19.02 mm. Transition was reported to have tube of copper material with an inner diameter of 19 mm and
started at a Reynolds number of 7 000 and 12 000 for thewall thickness of 1.5 mm. The twisted tape was manufactured
15.88 mm and 19.02 mm respectively. from copper plate of 1 mm thick. The width and pitch of the
On the use of twisted tape inserts as a passive enhancemeritvisted tape were 18 mm and 90 mm respectively. The heated
technique in heat exchangers, some studies have been donkength of the test section was considered for only fully
including development of correlations in the laminar [18-21] developed region. This means that, the laminar and transition
and turbulent flow regimes [22]. The first authors to investigate heated length was 2.45 m and for the turbulent was 4.8 m. The

thermohydraulic enhancement in laminar flow, Hong and

Bergles [19] recommended tests in the transitional flow regime
for the development of composite correlations for all the flow

regimes. On the transitional flow regimes, previous studies
have only stated arbitrary region of transition with the use of

twisted tape inserts without specifics [23, 24]. However, to the
best of the knowledge of the authors of this paper, no detailed
research work has been carried out on the influence of inlet
section on the transitional flow regime in heat exchangers with
twisted tape inserts, hence the purpose of this study.

The focus of this paper is to present new results of the
influence of square-edge inlet configuration on the occurrence
of transition of adiabatic and diabatic friction factors in smooth
tubes with water as working fluid in a horizontal smooth
circular copper tube.

The criteria used in this paper for the identification of the
critical Reynolds number in heat exchangers with twisted tape
insert is similar to that of the smooth tube. The first criterion is
the pressure drop fluctuations observed as compared with
laminar and turbulent flow regime. These fluctuations were
repeated in all the heat fluxes considered and even in adiabatic
conditions with different tape geometries. The second criterion
is curve fitting.

NOMENCLATURE

D [mm] Diameter of the test section
L [m] Length of the test section
m [kals] Mass flow rate

p [kPa] Pressure drop

T [°C] Temperature

u [m/s] Velocity

X [m] Distance from tube inlet

Greek symbol

p
u

[kg/m]
[kg/m.s]

Density of the working fluid
Dynamic viscosity

Dimensionless variable

f
Re

Friction factor
Reynolds number

[-]
g

Special characters

A [1 Change
Subscripts

b Bulk

e Exit

f Fluid

h Heating

i Inlet

m Mean or average
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schematic diagram of the test loop is presented in Figure 1.
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Figure 1 Schematic diagram of the friction factor experimental
setup with twisted tape insert

Water was used as the working fluid, over a wide range of
Prandtl numbers of 3.9 to 6.7 and Reynolds numbers of 500 to
11 200. The inlet temperature of the working fluid was
maintained at an average of°@0 The working fluid was
circulated with two positive displacement pumps, one with a
maximum volume flow rate of 1 34/h, which was used to
pump the working fluid into the test section from a 1 060ld
reservoir equipped with a 15 kW chiller unit and the other
pump with a maximum volume flow rate of 2ZB which was
used to circulate the fluid from the exit of the test section to a
chiller. A 1¢ standard valve accumulator with a maximum
volume flow rate of 14 000h equipped with bladders
containing air was installed to assist in the reduction of
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pulsation associated with the electronically controlled positive minimum and maximum Reynolds numbers are 0.46% and

displacement pump and to ensure constant pressure process. 0.26%; and the uncertainties of the diabatic friction factors
Two coriolis flow meters were installed in parallel before corresponding to the minimum and maximum Reynolds

the test section. One coriolis flow meter has a maximum numbers are 60% and 1.5% respectively.

volume flow rate of 10&h; this was used during measurement

at low mass flow rate. The other coriolis flow meter has a DATA REDUCTION

maximum volume flow rate of 2 18(h; this was used during The Reynolds number in the heat exchanger was obtained

the high mass flow rate measurement. The working fluid flows from the specified mass flow rate measured from the flow

through one of these flow meters at a time depending on themeter, the inner diameter of the heat exchanger, the dynamic
mass flow rate being considered. viscosity calculated at the bulk temperature of the working fluid
Leaving the coriolis flow meter, the working fluid flows to ~ and the cross sectional area of the test section. The Reynolds
the calming section and square-edge inlet section and thennumber is expressed as
entered the test section. The water leaves the test section back
into the 1 00@ cold water reservoirs. Re = myD;
The diabatic friction factor was achieved by heating two UrAc 1)
electrically insulated wires with a wire diameter of 0.81 mm
connected in parallel and coiled round the outer surface of the  The properties of the working fluid were calculated using
smooth copper tube. the average (bulk) temperatures from the inlet and outlet PT100
The inlet and exit temperatures of the working fluids were probes as shown in Egn. (2). A linear variation in the
measured with an aid of two PT100 probes installed. The inlet temperature of the working fluid from inlet to outlet was
PT100 was installed at the mixing well of the calming section, obtained when these diabatic measurements were conducted.
the exit PT100 was installed at the exit mixing well after the This is in line with previous studies [7]. This bulk temperature
test section. Each of these PT100s was calibrated with awas calculated using
thermobath before proceeding with the actual experiment and
data collection. The tube was thereafter insulated with armaflex
insulating material. The overall thickness of insulation used
was 0.144 m. With this insulation thickness, the heat loss

during the experimentation was less than 1%. ~ The properties of the working fluid calculated are the
On the test section was installed three pressure taps. Thisdensity, the dynamic viscosity, the specific heat capacity and
was achieved by drilling a hole of 1.6 mm through three the thermal conductivity. These properties were calculated

4.6 mm tubes soldered on the test section in the upwardaccording the mathematical expressions published by Popiel
direction. The diameter of each of these holes drilled on the testand Wojtkowiak [26].

section was ensured to be less than 10% of the inner diameter Then the friction factors, which is a function of the inner

of the test tube. This decision was made to ensure that flow diameter of the test section, the pressure drops, the length of the
obstructions |ead|ng to eddy formlng that will affect the values pressure drop, the density of the Working fluid and the square

pressure drOpS at the taps within the test tube do not occur. ThQ)f the Ve|0city of flow were then calculated using the Darcy_
first pressure tap was placed at about 100 mm from the entranceyelsbach equation

of the test section, the second tap was located at about
2 350 mm from the first tap and the third pressure tap was 2D;Ap (3)
installed at a distance of 2 450 mm from the second tap. The = oLy UZ

purpose of the first two taps was for the measurement of the Ap¥m

pressure drops in the developing region, while the fully ALIDATION WITH PREVIOUS STUDIES
developed flow pressure drops were measured from the seconcy The results of the present experimental data were compared

and third pressure taps. Only the adiabatic and diabatic .f”Ct'Qn with some available correlations in the laminar and turbulent
factors for the fully developed results are presented in this flow regimes

paper. The pressure _drop between these two pressure taps ware The diabatic friction factors, the laminar result of this
measured with the aid of pressure transducer equipped with a

dianhraam of 1.4 kPa diaphragm present study were compared with the correlations of Ghajar
pA cogm rehénsive un(?ertaignt. analysis was carried out on and Madon [8] and Test [27]. The turbulent results were
pren . y analy - . compared with equations of Blasius [7] and Allen and Eckert
the all the variables considered during the experimentation andé28]
dgta reduction as the square root of t_he sum of the square of th The validation results of the non-isothermal friction factors
bias and the precision. The bias was taken as thef he fully developed . ith d il
instrumentation uncertainty provided by manufacturers, while or the fully developed region with square-edge inlet
- . i configuration in smooth tube are presented in Figure 2. This
the precision was calculated according to the suggestions of]c v develooed | h f h d of th
Dunn [25]. The precision was calculated for each of the ully developed length was 2.45m from the end of the test
. L S .~ _section. This presents the pressure drops between the second
instrumentation from a sample data containing 400 data points

o 7 ~and the third pressure taps. The range of Reynolds number
as _the product of stanqlard deviation of the p0|nts_ar_1d student tconsidered was from 1 300 to 11 200. The Prandtl number also
variable at 95% confidence level. The uncertainties of the

T, — T,
Tb=Ti+[e -
h

L ]*x ®
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varied from 4.56 to 6.66 as a result of the application of heat numbers. The curve of the present data as shown in Figure 3 on
and increase in the difference between the inlet and the exita log-log scale is a polynomial of order 5 with adjustable R-

temperatures of the working fluid. Square value of 0.99993.
0.055 A Present study 0.5 A Present study
3 ——Blasius [7] E —— Manglik and Bergles [29]
E —— Ghajar and Madon [8] 3 —— Laminar
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Figure 3 Diabatic friction factors for circular tube with

Figure 2 Diabatic friction factors for smooth circular tube with twu;ted tape inserts and square-edge inlet in the fully developed
) . ) region at the heat flux of 2 kw/m
square-edge inlet in the fully developed region at the heat flux

of 2 kw/n? 50 —
®
In the laminar flow region, the diabatic results were ] 'f‘w’ W”""' ] a::wm
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compared with the correlations of Ghajar and Madon [8] and : e g;

Test [27]. The minimum and maximum absolute deviations 40 W A

obtained between the present experimental data and these twoCU 'g‘;:t

correlations are 0.07% and 4.7% respectively. ‘;l’ ] f ‘ 18;;

Transition commenced at the Reynolds number of 2 700 8 30 1136
and progressed the Reynolds number of 3 187 was reached,CD
signifying the beginning of turbulence.

The diabatic friction factor data in the turbulent flow
regime is compared with the correlation of Blasius [7] and o 204
Allen and Eckert [28]. The results show that the present data
are in excellent agreement with these correlations.

*;
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RESULTS 1

The results of the diabatic friction factors of the tube with 25
twisted tape insert at the heat flux of 2 kW/are shown in .
Figure 3. This result is also compared with the friction factor Time (s)
correlations of Manglik and Bergles [2.9.] developed under Figure4 Pressure drops of the diabatic friction factors for
constant wall temperature boundary condition. circular tube with twisted tape inserts and square-edge inlet in

Although the absence_ .Of dlscontlm_uty as compared_ with the fully developed laminar and transitional flow regimes at the

smooth tubes of the transition from laminar to turbulent in the

. o ; ..~ heat flux of 2 kW/m
diabatic friction factors of heat exchangers equipped with
.tW'StL?d tape insert '.Z evlgentd_lnt_Flgi_ure 3b’ tthe two tﬁ”telna _used Linear curve fit carried out on the diabatic friction factor
Itn .'? palperdptrO\g Ie tf? Istinction Tﬁ er."eT 'te faminar, ohows the three different flow regimes. The results show that
t:wanﬁl |otnat.an .urthu e:OO ow reglm%s. de tlrs cnterion yvgs fthe laminar, transitional and turbulent flow regimes do not have

€ fluctuations In the pressure drop data over a period Ol gqme gradient even though the adjusted R-Square values
20s. The peak-to-peak amplitude or the change of the .

itude of the diff £ th d t were very close to unity.

trEagnl u g Of the 2(') ergn::he ci e.tpresISthlre rop pa _erlrw]_s '?ver The laminar flow regime was fitted with four data points

€ perlodto thet fIS In the rags: |(:)na|1 tO\fl;/ regime 1s 'g_”fr with slope and adjusted R-Square of -0.4872 and 0.99284
compared to that of laminar and turbuient Tlow regimes. N respectively. The pressure drops measured against time as
second criterion is linear curve fitting at different Reynolds
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shown in Figure 4, for the laminar regime from the Reynolds
number of 550 to 678 are relatively steady.
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The possibility of the present data in the transitional flow
regime indicate that, heat exchangers found in different
applications today can now be enhanced with twisted tape
inserts and be operated in this regime efficiently. The pressure
drops in this flow regime are lower compared with that of the
turbulent flow regime. This reduction translates to lower energy
consumption of pumps being used to transport the working
fluid through the heat exchanger and also the associated energy
costs. This shows an effective way of reducing pressure drop in
heat exchangers. Designing and operating heat exchangers in
the transitional flow regime will help in the advancement of
energy management.
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Figure5 Pressure drops of the diabatic friction factors for

circular tube with twisted tape inserts and square-edge inlet in REFERENCES

the fully developed transitional and turbulent flow regimes at
the heat flux of 2 kW/rh (1]

The transitional flow regime contains 14 data points. The
slope and adjusted R-Square of this regime are -0.569 and
0.99958 respectively. The fluctuation of the pressure drop in an (2]
unsteady manner started at the Reynolds number of 750 as
shown in Figure 4 and continued up to a Reynolds number of
2 082, as presented in Figure 5, where the steadiness of the
pressure drops with time continues. [3

The pressure fluctuations inside the heat exchanger tube
with twisted tape insert presented in the Figure 4 and Figure 5
signify the region of transition from the laminar to turbulent
flow regime. In the transitional flow regime, this peak-to-peak
pattern in the amplitude of the pressure drop against time is [4]
more noticeable compared to the laminar and turbulent flow
regimes. This is also similar to the pressure drop characteristics
in smooth heat exchanger tubes in the transitional flow regime.

In the turbulent flow regime, 53 data points were recorded.
The gradient and adjusted R-Square of the linear curve used in>]
this regime are -0.554 and 0.999 respectively. In Figure 5, the
turbulent flow regime shows the steadiness of pressure drops
with time continued as the Reynolds numbers increased and
were not scattered as observed in the transitional flow regime.

CONCLUSION

In this paper, an experimental investigation of the influence (7]
of square-edge inlet section on the commencement of critical
Reynolds numbers inside a smooth tube with twisted tape insert
from laminar to turbulent was carried out and presented. The [8]
study provided new set of data for the diabatic friction factors
with water as working fluid. Two criteria of pressure drop
fluctuation and linear curve fitting have been used to
distinguish the three flow regimes.
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