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Abstract: In this study, the oscillation
technique was applied in a multi-tube
heat exchanger with baffles. The Nusselt
number was investigated in the heat
exchanger (HE) over a wide range of
operating conditions, Reynolds number
(Re =205-3200), and oscillatory flow
Reynolds number (Reo =0-3800). The
results showed a significant
enhancement in the tube-side Nusselt
number, Nu. 5-fold heat transfer
enhancement was achieved at maximum
oscillatory and flow rates, the maximum
Nu=180 at Re =1500 and Reo=3800.
The flow rate had more impact on the
heat transfer enhancement than the
oscillatory flow by 1.25 when Re>1000.
The thermal performance of the heat
exchanger, TH, was also evaluated. TH
decreased with the increasing flow rate
and oscillatory flow due to the increase in
the AP due to the increase in the mixing
intensity. A high value of the thermal
performance, TH=4.5, was achieved at
Re=205, Reo=1500. According to the
literature, this TH value indicated a
significant improvement in heat transfer
enhancement.
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1. INTRODUCTION

The main goal of the advanced thermal systems
design is to obtain the highest efficiency and
effectiveness in heat transfer. It has become
imperative to reduce the amount of energy lost
through efficient use in energy production and
transmission to avoid economic loss and to
maintain workers’ safety [1]. A heat exchanger
is a device that thermal energy is transferred
between fluids at significantly different
temperatures [2]. The heat exchanger is widely
used in industries such as chemical, petroleum,
HVAC system, automotive, aerospace,
electronics, power generation, and processing
industries [3]. Due to the extensive uses of heat
exchangers, their thermal performance
significantly impacted energy requirements
and system efficiency. Therefore, the thermal
design must be developed to enhance heat
transfer and reduce the low pressure within the
heat transfer equipment. As a result, the energy
demand of the fluid handling equipment within
a system will be reduced [3,4]. Heat transfer
devices are used to convert and recover heat in
many industrial and domestic applications.
Over the past decades, researchers have
combined their efforts to develop a heat
exchanger design to reduce energy
requirements and save materials and other
costs. Many types of heat transfer devices are
used in industry, such as twin tube heat
exchangers, tube and frame heat exchangers,
air cooler heat exchangers, and fin heat
exchangers. Heat transfer devices are used in
chemical process plants due to STHE's high
level of durability, diverse materials used in
construction, ease of maintenance, and wide
range of operating conditions [5]. Some
techniques have been applied to enhance heat
transfer by decreasing the thermal resistance by
increasing the transfer surface area or fluid flow
pattern within the device. Rough surfaces are
used to increase the effective surface area.
However, rough surfaces require higher

pumping forces, which increases costs [6].
Baffles are commonly used to improve the flow
pattern of fluids to enhance the mixing rates,
i.e., heat and mass transfer. The baffles play a
vital role in increasing the contact surface area
and thus increasing the effective heat transfer
rates [7]. Baffles’ different configurations, such
as integral, central, helical with rounded edges,
and sharp helical edge; have been used to
enhance heat and mass transfer [8]. Recently,
the oscillatory flow technique has been used to
improve the flow patterns by generating
vortices due to interaction with baffles; as a
result, the radial mixing of fluids and improved
transport rates are improved [9-11]. The
oscillation technology is one of the new
methods that provide a uniform flow pattern,
good mixing, high heat, and mass transfer. The
oscillatory flow induces the radial velocity
necessary to enhance the heat distribution in a
vessel [12-14]. Few studies have been presented
in thermal fields in oscillatory baffled reactors
OBRs [11, 13, 15]. Mazubert et al. [11]
numerically studied the diaphragm design
effect on the pressure drop and energy density
of 15 mm OBR. Gonzalez-Juarez et al. [15]
reported the orifice baffle design effect on
pressure drops as the pressure drop increased
by 3-fold in a 43-hole design compared to a
single-hole. When scaling and designing heat
transfer devices, it is necessary to overcome
problems arising from operation at an
inefficient fluid heat transfer rate, which results
in a high process cost due to the extended
cooling or heating time required to reach the
fluids’ required temperatures. Therefore,
adding a new technology to heat exchanger
designs has become necessary to achieve
efficient heat transfer rates in a shorter time. As
an alternative, a shell-and-tube type heat
exchanger can be used with an oscillating flow
inside the tubes to enhance the Nusselt number
(Eq. 1) in a shorter time during the process.
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2. EXPERIMENTAL SETUP

The flow of water inside the tubes is controlled
by the water flow rate represented by Reynolds
number (Eq. 2) and oscillation conditions (Eq.
3) [7, 8].

—ho
Nu = p (6))

— pub
Re = . (2)

— (2rfAo)puD (

Re
° u

3)

where h is the heat transfer coefficient
(W/(m2-K), D is the pipe diameter (m), k is the
thermal conductivity (W/m-K), p is the fluid
density (kg/m3), u is the net flow velocity (m/s),
u is the fluid viscosity (kg/m s), A, is the center-
to-peak amplitude of oscillation, and f is the
frequency of oscillation (Hz).

2.1.Apparatus and Procedures

The heat exchanger used in the present study
was connected with the required apparatuses to
facilitate, obtain, and analyze the experimental
heat transfer data. A shell-and-multi tubes heat
exchanger (HE) was used in the vertical
orientation to heat transfer experiments (Fig. 1
(a and b). The tube used was stainless steel 316
with a 50 mm inside diameter. Coils were
inserted in the tubes to enhance the heat
transfer rate. Four 6 mm diameter
programmable digital thermocouples were
connected to the heat exchanger terminals to
record the temperature data. Two rotameters
were used to set the OBR net flow and shell-side
flow rate. The heat exchanger was insulated to
avoid experimental error. The operating
conditions ranges are listed in Table 1, and the
schematic diagram is shown in Fig. 1. The
average standard deviation was estimated for
the Nu results (£6.4%) and for the AP data (<
7.3%).

Table 1 List of equipment and fluids used.

Equipment Made Properties
Homemade Stainless-steel
Heat exchanger
system 316.
- Homemade Disc diameter=
Oscillation system
system 100mm
Thermocouples K-type +0.5°C
with data logger DS18b20 - precision
Germany
Gems Sensors 1-12bar

Pressure sensor

- USA Accuracy +1.5%
Water bath Germany Temp -0-120 °C
Rotameters ZYIA and LTZ 0-6 L/min
G-15
Water pump China Q max=35L/min
Fluid inside the _ Cold water (tap
shell water)
Fluid inside the ) Hot water at °C
tubes

R .
a) Shell outlet maizinlisl

Shell

Tubes.

‘Water bath

‘

S_) Themocoupl
Pressure fransducer St
v LUU LU [ snenintet

Pressure m.sm;q'-'
] Oscillation

gl (MO,

Reciprocating electric motor

b) Temp. \g-m".-___’,

Fig.1(a) fhe test rig setup sheaticdiagra '
(b) Photography.

3.RESULTS AND DISCUSSION

3.1. Nusselt number

3.1.1. Effect of oscillation on Nu

Fig. 2 shows the Nusselt number, Nu, results
under a wide range of flow rates (Re=205-1500)
and oscillation conditions (Re,= 200-2000).

180

e Re=205
=@ Re=500
el Re=1000
gy Re=1500
130
80
. A /
30 —— T T - - -
300 500 700 900 1100 1300 1500 1700 1900

Reo
Fig. 2 Effect of Oscillation on Nusselt Number.
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It can be seen from Fig. 2 that Nu increased
with increasing the oscillation and flow rate
conditions. The oscillation effect increased the
redial mixing rather than the axial mixing,
which increased the contact area. As a result,
the heat transfer rate was improved. The
maximum Nu achieved was 171 at Re=1500 and
Re,= 1870, indicating a 4-fold heat transfer
enhancement. It can be noticed from Fig. 2 that
at a low flow rate, Re=205, Nu slightly
increased with oscillation. However, at
Re>205, Nu sharply increased, especially at
Re,>1000. This behavior could occur because
the required turbulence in the flow was
achieved at Re>205 and Re,>1000.

3.1.2. Effect of flowrate on Nu
Fig. 3 shows the Nu results for Re=205-3200
and different oscillation conditions.

e—gr—— Re0=1000
250 4 —— Reo=500
@ Re0=250

— Re0=0

200 -
150 A
=

100 A

50 o

0 4 T T T T T

200 700 1200 1700 2200 2700 3200

Re
Fig. 3 Effect of Flowrate on Nusselt Number.

Fig. 3 shows a clear dependence of Nu on the
oscillatory flow. A 4-fold enhanced at the
oscillation condition, Re,=500, and Re=3200.
This enhancement was caused by the vortices
generated that improved the temperature
distribution and thus enhanced the heat
transfer. It can be observed that at low net flow,
Re<1000, Nu sharply. Then at higher flowrates
values, Re>1650 for all oscillation conditions,
Nu slightly increased. Nu behaved like that due
to diminishing the oscillation effect as the
oscillation increased until the net flow
dominated the flow structure. Therefore, the
oscillation had an insignificant effect on heat
transfer. This behavior agrees with that in the
literature [14]. The oscillation effect decreased
with increasing the net flow associated with a
counter flow. As a result, less contact surface
area was achieved, causing less heat transfer
enhancement. According to the above results,
the oscillation application significantly
increased Nu because the turbulence caused by
the oscillatory flow dominated the flow
structure. In Fig. 3, the enhancement in Nu is
apparent at Re,=0, i.e., no oscillation,
compared with that at Re,>0, i.e., with
oscillation, which indicated the role of applying

the oscillation technique [14]. Heat transfer was
enhanced by 4-fold. Therefore, it can be
confirmed that Nu was strongly dependent on
the oscillatory flow.

3.2. Thermal Performance (TH)
The thermal performance (TH) of the OBHE
was evaluated using the proposed correlation

(Eq. 4) by [20].
Thermal performance (TH) = (]:]VTu) / (AA?P)l/ 3 (4)

where Nu is the OBR-side Nusselt number, Nu,
is the smooth tube-side Nusselt number at
Re,=0, AP is the OBR-side pressure drop (bar)
at Re,>0, and AP, is pressure drop (bar) for the
smooth tube at Re,=0.

3.2.1. Effect of flow rate on TH

Fig. 4 (a and b) shows the flow rate effect on the
thermal performance of the HE at a range of
Reynolds number 205-3500 and different
oscillation values.

5
a) —@— Re0=200

== Re0=350

Thermal performance

1 T T T T T

200 700 1200 1700 2200 2700 3200
Re
5
b) —@— Re0=1000
g Re0=1250
4 1 —#— Re0=1600
54
=
=4
£ 3
e
3
(=9
=
g2
5
=
o
1
0

150 650 1150 Re 1650 2150 2650 3150

Fig. 4 Effect of Flowrate on the Thermal
Performance at Amplitudes = (a) 0,002m, and
(b) 0.004m.

As seen from Fig. 4 (a and b), the thermal
performance gradually decreased with the flow
rate increasing until Re = 2000, when TH
became constant. The reduction in TH occurred
due to the significant pressure drop due to the
initiation of turbulence in the flow. Also, the
pressure drop penalty increased faster than the
Nu improvement, which increased with Re. As
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a result, the overall thermal performance
decreased. The maximum TH achieved was 4.4
at the lowest oscillation condition and highest
flow rate, indicating the dual effect of the flow
rate and oscillation on the heat transfer rate and
flow pattern [13]. The minimum TH achieved
was =1.0 at the highest flow rate indicating the
lowest effect of oscillation [13-17].

3.2.2. Effect of oscillation on thermal
performance

Fig. 5 (a and b) shows the effect of oscillation on

the thermal performance of HE for a range of

flow rates.

4
a) @ Re=500

T
E3
3
c
©
£
2
a2
]
£
b5
=
=

1

150 350 550 750 950
Reo
b) —@— Re=500

E e Re=1000
o = Re=1500
=
=1
£
g2 1
5
-
=
£
Bt
21
=

0 T T T T T

200 700 1200 1700 2200 2700 3200
Reo
Fig. 5 Effect of Oscillation on Thermal
Performance at Amplitudes: (a) 0.004m, and
(b) 0.006m.

Fig. 5(a and b) shows that TH decreased as Re,
reached its minimum value, TH=1.5, at Re,
=950 and Re> 1500, indicating the dominance
of the flowrate over the flow behavior resulting
in a slight effect of oscillation on the heat
transfer enhancement [14-17]. In contrast to
Fig. 4(a and b), the trends in the thermal
performance data in Fig. 4 changed due to the
fluid characteristic flow pattern when
oscillation was applied, in which vortices were
formed [13,18, 19]. However, beyond Re,=400,
TH significantly decreased due to the high
intensity of the oscillation, which produced a
chaotic flow pattern resulting in low heat
transfer enhancement [9,11].

4.CONCLUSIONS
The Nusselt number in a modified design of
heat exchanger was experimentally studied

over a wide range of Reynolds numbers,
Re=205-3200, and oscillatory Reynolds
number, Re,=0-4000. The results showed the
importance of adding baffles and oscillations to
the heat exchanger to enhance the heat transfer
rate. A high value of Nu, 171, was achieved
(compared to literature) at Re = 1500 and Re, =
1500. In addition, at lower flow rates, Re >
2000, the oscillatory flux significantly affected
TH as the oscillatory effect gradually decreased
for Re>2000. The thermal performance (TH) of
the heat exchanger was also investigated. The
results showed significant enhancements in Nu
at all operating conditions, especially with
applying oscillation. It was found that TH
decreased with the flow rate and oscillatory
flow due to the increase in AP due to the mixing
intensity increase. The highest TH value
achieved was 4.5 at Re=205 and Re,=1250
indicating the ability of the design used in this
study to achieve a significant heat transfer rate.

NOMENCLATURE
Symbol Description Unit
Ao Oscillation m
amplitude
f Oscillation Hz
frequency
D Diameter M
u Velocity m/s
Re Reynolds number -
Re, Oscillatory Reynolds )
number
Nu Nusselt number -
TH Thermal )
performance
HE Heat exchanger -
AP Pressure drop bar
h Heat transfer
coefficient W/(M=.K)
Greek letters
u Dynamic viscosity Pas
p Density kg/m3
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