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Abstract. It has been found out that heat exchangers with longitudinal grooves produce better
heat transfer than those without longitudinal grooves. However, up to now, there have been few
investigations and applications of longitudinal grooves in relation to heat transfer associated with
friction from the annulus of a heat exchanger. The present investigation examined the effects of
longitudinal grooves in a double pipe heat exchanger on the characteristics of heat transfer and friction.
Longitudinal rectangular grooves were carved into the outer side of a tube at a specified depth (t) and
width (l). The effect of the number of longitudinal grooves, Reynolds number (Re), on the thermal
and hydraulic performance was evaluated based on the heat exchanger experimental data. A total of
four pipes were used: one pipe with 2 grooves, one pipe with 4 grooves, one pipe with 6 grooves and
one pipe with 8 grooves. Water, hot and cold, was used as the working fluid. The test was performed
with the cold water as the working fluid, with the Reynolds number from about 33 000 to 46 000 in a
counter-flow scheme. The result showed that the number of grooves improved the heat transfer and
caused a pressure drop. The increase in heat transfer ranged from 1.05 to 1.15, and the pressure loss of
the system reached almost 30% as compared with the smooth annulus, the annulus with no groove.
The installation of longitudinal grooves in a heat exchanger system enhanced the process of the heat
flow through the boundary but provided a compensation for the pressure loss, which was correlated
with the friction and pumping power.
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1. Introduction
A heat exchanger is the most significant industrial
equipment widely used for handling thermal en-
ergy [1, 2]. One type of a heat exchanger that is
widely used is the double pipe heat exchanger. Such
a heat exchanger has a compact structure that can
effectively transfer heat. A special interest has been
spurred in designing and manufacturing a heat ex-
changer that is compact in its structure yet efficient in
terms of costs, material, and energy. There are some
significant performance parameters of a double pipe
heat exchanger, such as the temperature of the hot
and cold fluid, the flow rate of each working fluid, and
pressure difference [3]. The thermal performance of a
double pipe heat exchanger can be improved by a heat
transfer enhancement technique. The heat transfer
mechanism in a heat exchanger can potentially be
improved fundamentally by generating turbulence in
the fluid flow, for example, by adding a corrugated
tube [4, 5], a twist tape [6, 7], a groove [8, 9], etc. This
method is widely known as the passive technique, a
technique that extends the surface heat transfer area
through a surface modification and surface extension

with minor changes in the diameter, without using any
additive and energy input, yet is easy to install [10].
Grooving, with its thermo-hydraulic performance,

is the most promising passive technique. Such a tech-
nique has been extensively studied in engineering ap-
plications. Over the last few decades, numerical and
experimental investigations have been carried out to
examine various types of an internally grooved pipe
within thermal and fluid science [11–14]. The grooves
potentially improve the heat transfer by extending the
surface area with a slight change in the pipe diameter.
Although it offers a considerable enhancement of heat
transfer, the internally grooved tube usually causes
an increase in friction and pressure drop [15, 16]. The
interaction that occurs between the grooves and the
fluid flow inside the heat exchanger system is a very
important mechanism. Many studies have been car-
ried out to examine various parameters of grooves.
The details of the flow structure have been shown to
be able to control and improve the flow condition [17].
Using various parameters, [18] investigated a spirally
corrugated tube. Moreover, the spirally-grooved tube
was very feasible for an application in seawater de-
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salination and caused an enhancement of the heat
transfer [19]. Another shape of grooves [20] used for
transversely grooved tube using molten salt as the hot
fluid flowing through the inner concentric tube with
the range of the Reynolds number from 300 to 60 000
was found to cause a heat transfer enhancement by 1.6.
[21] investigated the flow pattern and heat transfer
in the transversally grooved channel for a pulsatile
flow. They found that the heat transfer enhancement
factor was 2.74 when the oscillatory fraction was 1.4.
[22] investigated the implementation of nano-fluid and
found that it greatly enhanced the heat transfer of a
helically corrugated tube. [23] explored the roughened
tube surface and found that 2.73 was the maximum
increased value. Some researchers have examined the
performance of rectangular grooves [24–28], and dis-
covered that the rectangular grooves influenced the
thermal and hydraulic performance. [29] studied the
micro-grooved surface to examine whether it could
enhance flow boiling. Grooves were found to gener-
ate bubbles increasing the heat transfer coefficient
by about 10 % − 15 %. [30] studied the effects of
horizontal and vertical surface grooves on hydrody-
namic performance of heated and non-heated spheres
at room temperature and found that the horizontal
grooves had a remarkable effect on the performance.
[31] investigated the thermal behaviour of chamfer
V-grooves used as a vortex generator to affect the flow
in a heat exchanger channel at Reynolds number rang-
ing from 5 300 to 23 000. The findings of the present
study corroborated those of [31] that a heat exchanger
with grooves performed better than that without any
grooves. For an application in the renewable and clean
energy field, the grooving technology should improve
the thermal systems. [32] conducted a study to inves-
tigate the thermal performance of a material enriched
with square, circular and trapezoidal internal grooves
and discovered that the structure could increase the
heat transfer rate by 27%. According to these re-
searches, the application of differently shaped grooves
generally leads to an increase in the amount of heat
transfer.

Although several papers have studied the heat trans-
fer in heat exchangers using modified surfaces, the
influence of a longitudinal rectangular groove pattern
on the heat transfer and pressure reduction has not
been comprehensively studied. The axial/longitudinal
corrugated surface has been found to increase the heat
transfer by 15 − 30% with a constant pumping power
in the laminar flow [33, 34] and turbulent airflow [35].
The axial/longitudinal and radial grooves also bring
benefits to the heat pipe, the drag in pipe flow, reduc-
tion of aerodynamic noise, and the pressure difference
between the projectile head and the concrete wall [36–
41]. [42] examined a longitudinally grooved channel
to enhance the diffusive transport on moderate Re
and discovered the saturated flow that could intensify
spanwise motions enhancing the advective transport.

There have been few investigations into heat trans-
fer in terms of friction, especially in a longitudinally
grooved heat exchanger. The grooved annulus room
of a double pipe heat exchanger has received lit-
tle attention, especially those using a high Reynold
number (Re). However, the features of longitudinal
grooves have not been clarified yet, which motivates
the present investigation. Therefore, a special consid-
eration has been given to increasing the heat trans-
fer with a minimum pressure loss penalty by using
longitudinal grooves. The novelty of the findings of
the present study lies in the number of longitudinal
grooves installed in the annulus used for the intensi-
fication of the heat transport at high (Re > 33 000)
values of the Reynolds number. The specific objective
of the study was to evaluate the effectiveness of such
a technique, identifying the number of the transfer
unit (NTU), the enhancement of heat transfer, and
friction of heat exchangers constructed using a lon-
gitudinal rectangular groove pattern to improve the
thermo-hydraulic performance of the heat exchanger.

The next section (section 2) presents the experimen-
tal procedure, describing the details of the experiment.
Moreover, well-defined mathematical equations used
in this study in the data reduction part are also pre-
sented. Subsequently, the results and discussion are
presented from the experimental data (section 3). The
last part (section 4) contains the conclusion of the
present study.

2. Experimental method
The outline schema of the experimental test rig is
shown in Figure 1 below. It mainly consists of three
major groups, namely a heat exchanger test section,
hot and cold fluid loop and an instrumentation or data
acquisition monitoring system. Figure 2 shows the
horizontal orientation of a double pipe heat exchanger
test section equipped with longitudinal grooves. To
allow changes and modifications of the test section for
experimental design parameters, the test rig was di-
vided into test sections of the heat exchanger, namely
the flange assembly connections of the test section
and the piping loop system. Furthermore, the loop
component consisted of a hot- and cold-water centrifu-
gal pump that circulates the fluid within the loop,
a full set of rotameters used to adjust the flowrate
to the desired level and control it and storage tanks
that contained the working fluid circulating within the
loop. Meanwhile, the data acquisition device digitally
recorded the temperature and pressure of the inlet
and outlet of the annulus. All of the instrumentation
equipment was installed at each important measure-
ment point in the test section of the experimental
apparatus. This investigation used the counter flow
schema in a double pipe heat exchanger so that the
hot fluid entry section came in contact with the cold
fluid exit section and vice versa. To avoid a heat loss
from the heat exchanger to the ambient, all loop and
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Figure 1. The outline of the experimental apparatus.

Figure 2. Test section.

test section surfaces were well insulated by a thermal
insulator.

The temperature of the hot fluid was 50±0.5 °C and
that of the cold fluid was 30 ± 0.5 °C. The cold fluid
volume flowrate varied from 11 litres per minute (lpm)
to 15 litres per minute (lpm) in a direct correlation to
the Reynolds number (Re) between 33 000 and 46 000,
respectively. In addition, the Reynolds number of the
hot fluid was kept constant at around 30 000.

2.1. Specification details of groove
The configuration of the geometrical features and the
details of the groove are shown in Figure 3. The 50 cm
long test section was a double pipe heat exchanger
placed horizontally. The tube was made from alu-
minium tube with a 19.8mm outer diameter. The

shell was made of an acrylic tube with a 27.5mm inner
diameter.

The outer surface of the aluminium tube was etched
using longitudinal-rectangular grooves. The grooves
were created using a conventional etching technique,
with a groove depth (t) of 0.3mm and groove width (l)
of 1mm. The experiment was carried out with 4 pipes,
one with 2 longitudinal grooves, one with 4 longitudi-
nal grooves, one with 6 longitudinal grooves and one
with 8 longitudinal grooves. The longitudinal grooves
were incised into the pipe walls using conventional
techniques. In this investigation the smooth annulus
was used as the control parameter.

2.2. Measurement
K-type thermocouples with 0.3mm in diameter were
used to measure the temperature of both the entry and
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Figure 3. Groove cross sectional view on double pipe heat exchanger.

the exit points of the working fluid in the test section.
A data logger was used to digitalize the thermocouples’
signal and record for 600 s. To measure the pressure
of the cold fluid section, the pressure transducers
MPX 5050 D were used at the frequency of 10Hz. A
rotameters were used to measure the flowrate of the
hot and cold fluid loops.

2.3. Data reduction and uncertainty
analysis

In this study, important parameters were calculated
to evaluate the effect of the number of longitudinal
grooves on a heat exchanger at different Reynolds
numbers.

Qh = Qc (1)

Given that the difference between Qh and Qc was
less than 5%, the actual heat transferred from the
hot water to the cold water flowing in the annulus
room was calculated from the cold fluid side using the
following equation,

Q = ṁ · C · (∆Tc) (2)

Q = ρ · V · C · (Tc out − Tc in) (3)

The other indicators of the heat transfer perfor-
mance were the Reynolds number (Re), friction factor
(f), real heat transfer (Q), heat capacity ratio (c),
Number of transfer unit (NTU), and effectiveness (e).
The Reynolds number (Re) was computed using

the equation below:

Re = u ·Dh

ν
(4)

The annulus hydraulic diameter was calculated using
the equation below:

Dh = D2 −D1 (5)

The friction factor (f) inside the annulus was calcu-
lated from the value of the pressure drop using the
equation below:

f = 2 ·Dh · ∆P
l · ρ · u2 (6)

The enhancement of the heat transfer process and the
heat capacity ratio was estimated using the following
equations:

Eh = Qgroove

Qsmooth
(7)

c = cmin

cmax
(8)

The NTU, Effectiveness, and UA values were com-
puted using the equations below,

NTU = U ·A
cmin

(9)

ε = 1 − exp(−NTU(1 − c))
1 − c exp(−NTU(1 − c)) (10)

Q = U ·A · ∆Tlm (11)

2.4. Uncertainty analysis
The accuracy level of the temperature data acquisition
was about 0.4%. The difference between the pressure
inlet and outlet of the annulus being measured by
pressure transducers had a level of accuracy of about
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Figure 4. Validation test for friction of smooth pipe.

2.5%. Then, a rotameter with an accuracy level of
about 5% was used to measure the working fluid
volume flow rate. The uncertainty of these physical
and flow parameters was calculated by the method
offered by [43].

um = ±
ñÅ∆T

T

ã2
+
Å∆p
p

ã2
+
Å∆V
V

ã2ô1/2

(12)

Using equation (12), it was found that this experi-
ment’s uncertainty was less than 5%.

3. Results and discussion
3.1. Validation test of friction of

smooth annulus experimental data
Firstly, the result obtained in this experiment on the
characteristics of the pressure drop in the smooth an-
nulus was verified in terms of the friction factor using
equation 6 above. To achieve the level of confidence in
the experimental procedure, the friction factor value
from the smooth annulus was compared to Blasius
equation [44].

f = 0.448Re−0.275 (13)

The flow resistance of the smooth annulus, shown
as the friction factor, is presented in Figure 4. It
was found that the experimental value of the friction
factor corresponded with the predicted result from the
Blasius equation. The absolute deviations obtained
for f ranged from 1% to 6.5%.

3.2. The effect of the number of
longitudinal grooves on the heat
transfer

Figure 5 shows the value of the heat transfer in the
annulus for various cold fluid Reynold numbers. As
presented, the heat transfer rate increased as the
Reynolds number of the cold water increased. This
phenomenon is caused by the heat transfer process,

which depends on the heat capacity of the cold fluid,
through the tube surface. As Figure 5 shows, the heat
transfer of the annulus with 8 grooves was higher than
that of the annulus with 2 grooves, 4 grooves and
6 grooves. And it can be seen that the heat transfer
that occurred in the latter three types of annuli were
higher than that occurring in the annulus without
any grooves. The highest increase of heat transfer
occurred at the highest Re, and the observed heat
transfer increase in the annulus with 8 grooves was
1.05 − 1.15. Due to the resulting turbulence intensity,
the intensity of the heat transferred and heat absorbed
by the cold fluid in the annulus with 8 grooves was
higher than in the case of other annuli.

Figure 6 shows the pattern of relationship between
the overall heat transfer coefficient and Reynolds num-
ber of the cold fluid. It is evident that the trend of the
U value was similar to the patterns of the heat transfer
trend in Figure 5. In this case, the same justification
described for Figure 5 can be made for Figure 6. The
turbulence intensity, recirculation region and fluid mo-
mentum are the phenomena that will tear the thermal
boundary layer so that the obstacle of heat transfer
will be thinner. It was also found that the increase in
the real heat transfer was accompanied by a similar
increase in the cold-water mass flow rate indicating an
overall increase in heat transfer. Looking at Figure 7,
which describes the correlation between the number
of transfer unit (NTU) and effectiveness, it can be
seen that the number of grooves affected the NTU
and effectiveness. The increase in the heat transfer
and the U value was the product of increasing the
number of grooves, from the smooth pipe to 2 grooves,
4 grooves, 6 grooves and 8 grooves.
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Figure 5. Real heat transfers with various Re for different numbers of grooves.

Figure 6. Overall heat transfer coefficient on various Reynold number.

3.3. Comparison of the effectiveness
and NTU obtained from the smooth
pipe and that of grooved pipes on
the enhancement of heat transfer

Figure 7 shows the relationship between the NTU and
effectiveness obtained from the smooth pipe and the
longitudinally-grooved pipe. Numbers 1 through 5
denote the heat capacity ratio at a specified Reynolds
number in this experiment. It is obvious from Figure 7
that at a specified heat capacity ratio, the correlation
point between the NTU and effectiveness from the
grooved pipe was located more towards the right side
as compared with that obtained from the smooth
annulus. The point getting towards the right side
and higher up in Figure 7 indicates an increase in the
effectiveness and NTU.

The actual increase in the heat transfer was indi-
cated by the increase in the effectiveness value. The
increase in the NTU value represents the increase in
the (UA) value of the annulus system. Looking at
Figure 7, it is clear that the correlation between the
effectiveness and NTU of the grooved annulus, indi-
cated by the dot and dash line, was almost similar to
the result obtained by [45]. Increasing the number of
longitudinal grooves in the annulus led to the increase
in the NTU and effectiveness. Figure 7 also shows
that the annulus having eight grooves had the highest
NTU and effectiveness. The swirl flow generated in
the groove valley was increased by increasing the num-
ber of grooves. This secondary flow was responsible
for weakening the thermal boundary layer.
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Figure 7. Relationship of NTU and effectiveness for different numbers of grooves.

Figure 8. Friction factor and Reynolds number correlation for various numbers of grooves.

3.4. Comparison of the friction factor
of smooth annulus and grooved
annuli

Figure 8 indicates the assessment of the friction pro-
duced in the smooth annulus and the annulus with
different numbers of grooves. It was evident that
the friction slightly decreased with the increase of
Reynolds number of the cold water in the smooth
annulus, and a similar decrease also occurred in the
grooved annulus with the Reynolds number being con-
stant. The flow characteristics of the grooved annulus
was more complex in the grooved annuli as compared
with those occurring in the smooth annulus. The fric-
tion factor was generated by swirls and augmented
turbulence on the surface of the annulus and in the
groove valley area. This phenomenon increased the
velocity gradient inside the groove, sheared stress on
the surface of the tube and the recirculation region.

Moreover, it also increased the pressure drop and the
friction factor of the grooved annulus.
As expected, the friction obtained from all cases

in the grooved annulus was significantly higher than
those obtained in the annulus with no grooves. The
value of the friction factor was affected by the for-
mation and interaction of large-scale and small-scale
fluid motion. The increase in the energetic small-
scale fluid motion increased the velocity gradient and
shear stress at the tube surface and inside the groove
valley. It is well identified that the square of the ve-
locity is proportional to the pressure drop. Figure 8
also reveals that the annulus having four grooves had
the highest friction factor as compared to the others.
Meanwhile, the annulus with eight grooves had a mod-
erate friction and had the lowest thermal resistance.
It is indicated by the value of the heat transfer inside
the heat exchanger shown in Figures 5, 6, and 7.
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Figure 9. Heat transfer enhancement, friction factor enhancement and Reynolds number correlation for various
number of grooves.

3.5. Compensation of heat transfer and
friction

Let us now turn to the heat transfer performance
and the compensation for the friction occurring in the
grooved annulus tubes compared with the annulus
with no grooves. Figure 9 shows the compensation for
the heat transfer and friction. The analysis conducted
under the constraints of an identical Re showed that
the heat transfer performance of the annulus with
eight grooves increased by up to 15% and was much
better than that of the annulus without any grooves
and others with fewer numbers of grooves.

Meanwhile, the friction performance of the annulus
with four grooves increased by up to 27% and was
much higher than that of the annulus without any
grooves and the others with fewer numbers of grooves.
The point of the heat transfer enhancement should
have a higher position relative to the point of the fric-
tion enhancement to be considered a good agreement
of compensation. The increase in the gap between
these two parameters should constitute the indicator
of increasing the overall grooved system performance.
In the present study, the annulus with eight grooves
was the best candidate for the compensation for the
heat transfer and friction.

4. Conclusions
This study examined how a heat transfer enhancement
and friction occurred in a double pipe heat exchanger
with longitudinal grooves. The effects of the number of
longitudinal grooves in an annulus, the cold-water flow
rate and the friction factor were measured. The swirl
flow and turbulence augmentation occurring near the
annulus’ surface and inside the groove valley caused
the convective heat transfer within the grooved an-
nulus to be higher than that of the smooth annulus.

The study found that the annulus with eight grooves
produced good results (compared with the smooth
annulus) with a better compensation between the
heat transfer, which increased by about 15%, and the
friction, which increased by about 16%. This study
showed that incising the longitudinal-grooved struc-
ture on an annulus of a heat exchanger influenced the
flow on the pipe surface leading to the increase in the
heat transfer enhancement and the friction factor as
well.
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List of symbols
A surface area [m2]
c heat capacity ratio
Cmin the smallest heat capacity rate [W/°C]
Cmax the highest heat capacity rate [W/°C]
Dh hydraulic diameter [m]
D1 outlet diameter of tube side [m]
D2 inner diameter of shell side [m]
ε effectiveness
Eh heat transfer enhancement
Ef friction enhancement
f friction factor
l pipe long [m]
ṁ mass flow rate [kg/s]
NTU number of transfer unit
Pa pressure [p]
Q heat transfer [J]
Re Reynolds number
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T temperature [°C]
u velocity [m/s]
U overall heat transfer coefficient [W/m2°C]
um uncertainty
ν kinematic viscosity [m2/s]
V volumetric flow rate [m3/s]
∆p pressure drop [Pa]
∆T fluid temperature difference in time period [°Cs]
∆V volumetric flow rate difference [m3/s]
ρ density [kg/m3]

Subscripts
c cold fluid
h hot fluid
in inlet
lm LMTD
out outlet
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