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ABSTRACT

Numerous tests are recently conducted to assess vibration's role in accelerating the heat
transfer rate in various heat exchangers. In this work, the enhancement of heat transfer by
the effect of transfer vibration and inclination angles on the surface of a double pipe heat
exchanger experimentally has been investigated. A data acquisition system is applied to
record the data of temperatures, flow rates, and frequencies over the tests. A compound
technique was adopted, including the application of a set of inclination angles of (0°, 10°, 20°,
and 30°) under the effect of frequency of vibration ranging from sub-resonance to over-
resonance frequencies. The results showed that the overall heat transfer coefficient
enhances by applying the compound technique at all the working fluid's temperatures and
flow rate ranges. The maximum increase in overall heat transfer coefficient occurs at an
angle of 30° and the resonance frequency. Moreover, the effectiveness of the double pipe
heat exchanger gradually expanded when temperature, inclination angles, and vibration
amplitude rosed. But the effectiveness value declined as the hot working flow rate increased
considerably. Finally, the enhancement factor demonstrated that the combined strategy
(vibration frequencies and inclination angles) had been the most effective technique in
improving and enhancing heat transfer and was superior to the other ways. Additionally, the
extremes improvement in overall heat transfer coefficient, effectiveness, and enhancement
factor are 183.4, 191, and 164.4 %. The improvement was situated at the resonance
frequency with a 30° inclination angle.
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Enhancement factor, Effectiveness.

*Corresponding author

Peer review under the responsibility of University of Baghdad.
https://doi.org/10.31026/j.eng.2023.05.07

This is an open access article under the CC BY 4 license (http://creativecommons.org/licenses/by/4.0/).
Article received: 12/10/2022

Article accepted: 15/11/2022

Article published: 01/05/2023

90


http://www.joe.uobaghdad.edu.iq/
https://doi.org/10.31026/j.eng.2023.05.07
http://creativecommons.org/licenses/by/4.0/
mailto:hameed.lafta@spu.edu.iq

Volume 29 Number 5 May 2023 Journal of Engineering

oa LSpal) L) A0S0l V) Edia s bl Bl QU il Ades Al
) Luglys amdl Siziay)

daaa olaie *254) ggd dsas
iieale callls o553 ¢2e Losa 3ind
ASSaal) danigl) aud LS0Sal) dunigl) ol
daal) dnledad) daals daal dledad) daals
DAl

G AR L)l eV sball b ghall JU) Jaee poped 3 cFeY) e anil Page CHLEAYT (e aaell hal &
Gha ol mhaus e Jaall Uy ys Aayal) eVl alatials shall Jl Jujail Llee by eha) cadi ¢ Zuhyall 528
D ma¥) s ¢ 3l cNaras ¢ Bhall clayy Gl e Jpeanll dudy daghiie alatind & .l z93%
°20 ¢ ° 10 ¢ ° 0) g Jaal) Llg) (10 Ao ama (3ualad oty (532llg 4S5l Aitil) alie) 3. Aodeall G )LESY) elyal
IS ¢ bl copelal L (Ldladl claajlly il oy, duatiie Clasg) (e duaped) cliza¥l il casy (° 30
celall 38l Y snay Bhall oy paen 8 LSl Al uls DA e 30 L sall Jil delea o ¢ ale
Jaluall ddlad i ¢ @l e sdle il a5 vies das 30 Lshi A Bl JU) Jalae 8 (gpeail] bl uaas
Cadass Alladll dad (g 1Y) daey Jaad) Ulggg Hhall da aidsi Lavie ¢ Lay s 2135 dasayall canliBU (gl
SlpaY) @) Al Ll dasliad o ol delee sl ¢ Bl L € < calud) el 335 Jaes 5245 e
) ALY L (39 Bl e dige culSy ¢ plhall JU) ey et 8 Aol ol ST el (Jadl Wy
183.4 Ao el daleag Hal) Jas) dled Jaleag U 8all Qi) Jalead Zanailly Gpenil] o8 Juad) oIS ¢ lly

A3 30 dae ghy oyl 258 die a5 i) e % 164.4 5 ¢ 191«

Aol ¢ Gogell Qales ¢yl 2355 ¢l &)y czsia (@b dabe tduandyl) cilalsl)
1. INTRODUCTION

The heat exchanger is a system for managing heat and is vital to numerous industries.
Typically, heat exchangers effectively transfer heat from one medium to another, with the
transferring media including gas, steam, vapors, and various other liquids (Addepalli et al.,
2015). The tubular heat exchanger is utilized for larger fluid systems than the plate type,
and they are both available in plate and tubular configurations. Several crucial factors,
including corrosion resistance, thermal conductivity, material strength, and cost, are
considered when choosing materials for heat exchangers. Heat exchangers efficiently
transfer heat between two fluids with or without separating a solid wall. Evaporation,
condensation, or a phase shift alone could transfer heat between two fluids. When a
temperature difference occurs, energy is transferred in heat, which can either be sensible
heat or latent heat in thermal energy storage, which utilizes the latent heat of phase-change
materials.

Shell and tube heat exchangers are most frequently employed in industrial cooling systems,
water power plants, nuclear power plants, lubrication oil coolers, and petrochemical and oil
industries (Ghayad et al., 2015; Fathi and Mussa, 2021). Numerous earlier attempts have
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been made to improve the heat transfer of double-pipe heat exchangers. Enhancing
techniques effectively lower the thermal resistance in a typical heat exchanger by
encouraging a better convective heat transfer coefficient with or without surface area
increases. Enhancement methods can often be divided into three categories: passive
techniques, active techniques, and compound techniques. These techniques typically include
changing the flow channel’s surface or geometry, inserting a substance or an extra device
allowing for the desired flow alteration, and the ensuing increase in the heat transfer rate
(Sarafraz et al., 2016; Hamzah and Nima, 2019).

Many researchers have identified vibration as one of the active strategies for improving heat
transfer. Incorporating vibration in heat exchangers increases the heat transfer rate and
turbulence intensity in boundary layers. In addition, vibrations promote fluid mixing, which
raises the heat transfer coefficient. Up to a 20-fold increase in heat transfer coefficient
compared to stationery tubes, depending on oscillation amplitude-to-tube diameter ratios
and vibration Reynolds numbers (Rohsenow et al., 1998). Examples of typical applications
for active heat transfer enhancement techniques include the employment of an external
force to accelerate heat transfer, such as reciprocal plungers, surface vibration, and
electromagnetic fields (Zhang et al., 2012). Since the late 1930s, much research has focused
on creating sufficiently strong surface vibrations or oscillations to promote heat or mass
transmission, especially in the free convection mode. In the active approaches,
electromagnetic fields are also used by an outside force along with surface or flow vibration
to speed up heat transfer. Active processes that need external power include fluid vibration,
surface vibration, injection, suction, and electric or acoustic fields. One of the best active
strategies for accelerating heat transfer rates is surface vibration (Hosseinian et al., 2018;
Mohammed, 2020).

Increasing the efficiency of heat exchangers has received more attention from researchers.
Various heat transfer enhancement methods are discussed and explored to reduce the heat
exchanger size and increase performance. These techniques can generally be divided into
three major categories: active, passive, and compound, depending on whether they require
external power. The literature reviews in the present work are devoted only to introducing
and discussing the active and compound methods. The first way in the active methodology
is flow-induced vibration, discussed by (Cheng et al., 2009). They have produced a
vibration inflow by changing the center of curvature of the coils that carry the flowing fluids
and using the theory of changing the natural frequency of each alternate coil. Beyond an
increase in heat transfer coefficient, the main advantage of flow-induced vibration is a
reduction in the fouling factor, a problem caused by scale buildup at heat exchanger walls
that prevents heat exchange with the influx of vibration. The second type is ultrasonic wave-
induced vibration, which produces a phenomenon known as acoustic streaming when
ultrasonic vibrations pass through a liquid (Slama et al., 2019). The advantages of
ultrasonic vibrations for increasing the effectiveness of fluid-to-fluid heat exchangers have
been comprehensively discussed by (Legay et al., 2012). They assert that acoustic waves
homogenize the sub-flow velocity vectors in pipes, reducing the fluid’s surface tension at the
borders, which increases thermal resistance and result in a notable performance boost.
Thirdly, surface vibration causes an increase in the boundary layer turbulence by speeding
up the heat transfer rate using a double pipe heat exchanger with surface vibration
(Hosseinian et al., 2018) conducted research and presented some intriguing findings. As
vibration intensity rises, the heat transmission rate increases, reaching a maximum increase
of 97%. In some related work, Lin and others (Lin et al.,, 2008) found that vibrating
sidewalls in rectangular horizontally heated walls increased heat transfer. In an
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experimental study of surface vibration on tube bundles, (Lee et al., 2004; Michaelides et
al,, 1986) found that the vibration causes the average heat transfer coefficient of the tube
bundles to increase dramatically when fluid mixing increases. The improvement of heat
transfer in a water-water rectangular channel heat exchanger is also examined. According
to their research results, increasing of vibration intensities can somewhat improve heat
transmission qualities. Compound techniques increase heat transmission by combining
active and passive methods. (Zhang et al., 2015) investigated the effects of mechanical
vibration on forced convection heat transfer for Silicon dioxide (SiO2-water nanofluids).
Their results show that a 182 % increase in the heat transfer coefficient is achieved. One of
the hardest issues limiting the usage of nanofluids in business is the aggregation of
nanoparticles and it is predicted that the presence of vibration in nanofluids will lessen
nanoparticle agglomeration.

The literature review concludes that applying the compound technique to heat exchangers
to raise the heat transfer rate is a relatively new technique that lacks investigation and needs
more research to explore their effects on the performance of double pipe exchangers. Thus,
the mutual effect of surface vibration and inclination at counter-flow conditions has been
studied extensively for a double-pipe heat exchanger in the present work. The effect of
various vibration frequencies and inclination angles on overall heat transfer coefficient,
effectiveness, and enhancement factor is carried out experimentally.

2. MATHEMATICAL APPROACH

The present section introduces the essential mathematical relationships and formulas to

determine the different parameters that reflect the double-pipe heat exchanger

performance. Also, the following assumptions are adopted to carry out the mathematical

formulations:

1. The working fluid was treated as an incompressible flow.

2. The heat transferred by radiation was considered negligible, being two.

3. The cold-water temperature and flow rate are considered to be constant.

4. The transverse vibration is applied to the perpendicular direction of the heat exchanger
plane.

2.1 Experimental Estimation of the Overall Heat Transfer Coefficient

The experimental estimation of the overall heat transfer coefficient mainly depends on the
temperature measurement of the hot and cold-water temperatures and flow rates. The heat
transfer rate between the hot-water Qn and the cold-water Qc can be found by the following
relations (Cheng et al., 2009).

Qn = mp X Cop (Thin — Thout ) (1)
Q¢ = m¢ X Cpc (Teout — Tcin) (2)
where

Cpc and Cph: specific heats of the cold and hot water.

Thins Thout: inlet and outlet temperatures of the hot water.

Tein» Tcour : inlet and outlet temperatures of the cold water.

And the mass flowrates of the cold and hot water ( m, my,) are given by:

.o Ph
my = Vp X 3600000 (3)

93



Volume 29 Number 5 May 2023 Journal of Engineering

oY Pc
me = Ve X 3600000 (4)

where

Vi, V.. are the volume flow rates of the hot and cold water.

Pn, Pc are the densities of the hot and cold water.

The convective heat transfer coefficient hi can be evaluated from the expression presented
by (Murshed and Lopes, 2017):

0.8
ih

where

v, is the velocity of hot water inside the inner pipe.

Diy is the inner tube characteristic diameter of the hot water.
Th avg is the average temperature of hot water.

The Nusselt number (Nuh) can be expressed as follows:
Nuy, = =2 (6)
Kp
where
Kn is the thermal conductivity of the hot-occupied water.
Dj,n is the inner tube characteristic diameter of hot occupied water.
The inner and outer overall heat transfer coefficients are employed for the heat exchanger
as follows:

_ Qavg
Uiexp = AsiipXLMTD (7)
U _ Qavg (8)

O€XP ™ Agoip XLMTD

where

Asiip, Asoip are inner and outer surface areas of the inner pipe.

Whereas Qavg is the average heat transfer capacity and LMTD is the logarithmic mean
temperature difference for counter-current flow and are calculated by:

Qn+Qc
Qavg = h2 9)

LMTD = (Th in_TC(?ut-)iS‘Th out—Tcin) (10)
m{hmicout)}
(Th out~Tc in)
The effectiveness of the heat exchanger is calculated by using the following expression:

actual heat transfer _ Qavg

(11)

maximum heat transfer Qmax

where Q,ax represents the maximum heat transfer, and it is given by (Khalil et al., 2019):
Qmax = riflh X Cp min(Th in — Tc in) (12)

where Cp min is the minimum value of the specific heat for hot and cold water.

2.2 Theoretical Prediction of the Overall Heat Transfer Coefficient

The theoretical prediction of the overall heat transfer coefficient, including the
determination of the Reynolds numbers for hot water and cold-water side at inner and outer
pipe surfaces and may be calculated by:
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(13)
(14)

where

Dy, D, is characteristic diameters of the occupied hot and cold water.

Vi, V¢ is the velocities of the hot and cold water.

U, K is dynamic viscosities of the hot and cold water.

Ph, Pc is the densities of the hot and cold water.

It is important to note that the characteristics of water, including thermal conductivity,
density, specific heat, and dynamic viscosity, are all measured at the average water
temperature (k, p, Cp, u). The Nusselt number of the hot-water and cold-water sides are
given by the Dittus-Boelter equation for heating and cooling liquids (Kreith et al., 2011):

Nu;,, = 0.023 X (Reh)0'8 X (Prh)°'3 (15)
Nu. = 0.023 x (Re.)?® x (Pr.)%* (16)
where

Prnh and Prc are Prandtl numbers for hot and cold fluid based on average hot and cold water.
In this work, heat is transferred from hot water to the tube wall by convection, through the
tube wall by conduction, and from the tube wall to cold water again by convection. Thus, the
second method adopted to calculate the overall heat transfer coefficients at the inner and
outer surfaces is given by (Cheng et al., 2009; Holman, 2010; Rajput, 2007):

1
Ui theo = { 1 }+{(Toip_riip)Asiip}+{A Asiip } 4

H Kijp *Asm soip * he

_ 1
Us theo = {i}+ {(roip—riip)Asoip}+ { Asoip }

ho kip *Asm Asiip *hp
where hc and hn represent the convection heat transfer coefficients of the cold and hot water
and are given by:

(18)

__ NupxKp

hy, = =2 (19)
h = S (20)

Also, kj,represent the thermal conductivity of the inner pipe and Asm represent the
logarithmic mean area difference and it is given by:

Asoip)—(Asii
Asm = (Asoip)~{Asiip) (21)

Asoip
ln(Asiip)
2.3 Practical Prediction of Enhancement Factor

In the present work, to better understand how the application of the compound technique
(inclination angle and transverse vibration) on the performance of the double pipe heat
exchanger, a definition of an enhancement factor can be introduced, such that (Hosseinian
etal., 2018):
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(22)

Uit represents the inner overall heat transfer coefficient calculated at various effects of the
temperatures and flow rates of the hot water under the application of the mutual transverse
vibration and inclination angle. The Ui represents the inner overall heat transfer coefficient
calculated at different temperatures and flow rates of the hot water under conditions of zero
inclination angle and without vibration.

3. EXPERIMENTAL SETUP

The current experimental test rig is designed and implemented to explore the effect of
compound techniques (transverse vibration and inclination angles) on the performance of a
double-pipe heat exchanger and their accompanying parameters related to the evaluation
process of the heat exchanger performance. The experimental setup is schematically
represented in Fig. 1. At the same time; the overall view is presented in Fig. 2. The
experimental test rig consists of three parts: the double pipe heat exchanger unit, the
temperature and flow rates data acquisition system, and the vibration exciter apparatus. The
double pipe heat exchanger is made of copper material and has a dimension of (8 mm inner
pipe diameter, 15 mm outer diameter, 2 mm inner and outer pipe thickness, and an overall
length of 1.596 m). The inner tube carries the hotter flow, while the outer shell confines the
cooler flow. A 28-liter hot water tank is used to hold the heated hot fluid. A heater with a
2000 Watt power range controls the hot water temperature, and a pump under control
allows for various hot fluid flow rates during the experimentation time. During all
experimental test runs, cold water is pumped at a constant flow rate and temperature from
a controlled temperature tank with a 100-liter capacity to maintain a constant temperature.
The heat exchanger is supplied with a digital flowmeter to monitor and regulate the flow
rate of hot water inside the heat exchanger. The hot and cold water flow rates are measured
using a turbine flow meter. The fluids in a twin pipe heat exchanger may commonly be
adjusted to counter the current flow type.

The data acquisition system monitors hot and cold fluids' inlet and output temperatures. The
temperature sensor, data logger, and software comprise the bulk of the data-collecting
system. The temperature measurement represents the major method used in the current
study to determine how well the heat exchanger works. Thus, the temperature measurement
system must exhibit quick response times and precise temperature readings. A
thermocouple of type K consisting of Chromel and Alumel wires was employed. The
thermocouple has the broadest operating temperature range of 0 °C to 1000 °C.

Avibration exciter is used to generate sinusoidal side wall transverse vibration for the firmly
fixed base of the double pipe heat exchanger. The type of vibration exciter is a mechanical
actuated one and provides a wide range of frequencies and amplitudes with a payload of 50
kg weight (Lafta et al., 2018). At the same time, the shaker table has a tilting mechanism to
set the required inclination angles. The excitation motor is equipped with various
frequencies digitally controlled up to (60 + 0.01) Hz. Consequently, a portable vibration
meter was used to measure the vibration’s amplitude. Also, a frequency-amplitude test was
conducted to determine the system’s total natural frequency (Murad et al., 2019).
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selection

Thexrmocouple-1
Thot in

Figure 1. Schematic diagram of the test rig (temperature in °C and flow rate in lit/ hr).

All the measurement instruments are calibrated to evaluate their performance and accuracy
measurement. Also, the uncertainty uranalysis was carried out to determine the percentage
error of readings. The statistical analysis shows that the thermocouples temperature
measurement has an accuracy of + 0.42 °C, and the flowmeters are to be + 1 lit/hr. While for
the vibration meter used in the present experimental work is an unused new one, and it is
provided with a calibration manufacturer certificate that explains the displacement accuracy
within *+ 0.001 mm and the frequency controller it is accuracy reading within + 0.01 Hz

Figure 2. Overall view of the test rig
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4. RESULTS AND DISCUSSION
4.1 Validation of Experimental Setup

Firstly, the experimental setup must be validated for the results to be trustworthy. Thus a
validation test of the experimental is presented and shown graphically in Fig. 3. For
validation purposes. The experimental results included the calculation of the inner overall
heat transfer coefficient (Ui) at conditions of V},, = 100 lit/hr, inclination angle 30°, at a
vibration frequency of (6.89 Hz), and amplitude of (3.993mm), cold water flowrate and
temperature are constant at a value of (50 lit/hr and 20 °C), and the theoretical overall heat
transfer coefficient calculated from Eqgs. (17, 18) for temperatures of (40, 55, and 70) °C. The
results show that the experimental method has good dependability compared with the
theoretical one, with a minimum difference of 1.26 % and a maximum difference of 7 %.

4.2 Effect of Compound Technique on Heat Exchanger Performance

The effect of compound techniques (transverse vibration and inclination angle) on the
overall heat transfer coefficient, enhancement factor, and effectiveness is reported. A
combination of parameters is studied, namely: vibration frequencies (sub-resonance 3.89
Hz, resonance 6.89 Hz, and over-resonance 9.89 Hz), inclination angles of (0, 10, 20, 30°) for
a range of hot water temperatures of (40, 55, 70)°C and flow rates of (50, 75, 100) lit/hr,
which experienced a range of Reynolds number of (4000 to 12000). The effect of the
vibration frequency on the overall heat transfer coefficient at different inclination angles,
temperatures, and flow rates is shown in Figs. 4 (a) to (i), respectively.

1800
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=

£ 1600

o

o

39

n o

E 51400

£z

©

()

< 1200

o

g Ui, Experimental Ui, Theoretical
1000 T T T T T T

40 45 50 55 60 65 70

Temperature (°C)

Figure 3. Experimental and theoretical overall heat transfer coefficient results

In general, the results show that a sudden increase in the temperature of a hot fluid under
any scenario was the primary cause of the increase in the total heat transfer coefficient
significantly. Since the temperature is more conducive to heat transfer, thermal
characteristics also rise, increasing the heat transfer coefficient. For all runs, the maximum
values of the overall heat transfer coefficient are attained at the resonance frequency of 9.89
Hz because the maximum vibration energy is experienced at the natural frequency,
providing maximum shaking energy and improving heat transmission.
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Vibration may quickly lower the boundary layer and encourage the radial mixing of the fluid.
Consequently, when angles of inclination increase, the overall heat increases valuably,
especially at a higher temperature. And the increase is attributed to the fact that the
components of buoyance force and gravitational force suddenly increase in the opposite
direction of the fluid flow, which increases friction between the thermal boundary layer and
the internal surface diameter of the inlet pipe. As a result, more heat is transferred to the
wall diameter in that situation than from the fluid. Conversely, the results indicated that the
amount of heat transfer moderately decreases as the volumetric hot working flow rate
increases significantly under the influence of vibration. Additionally, as the hot working
flowrate entered the turbulent regime (Re = 10,000), the effect of vibration on the
performance of the double pipe heat exchanger decreased in comparison to the laminar and
transition regime, which is in good agreement with the assertion made by (Setareh et al.,
2019).

The enhancement factor variation with the inclination angle for various vibration
frequencies, different temperatures, and flow rates of the hot water is shown in Figs. 5(a)
to (i), respectively.

The interlay experimental results of the enhancement factor demonstrated that the most
significant improvement in heat transfer occurred at resonance frequency 6.89 Hz, the
inclined angle of 30° for a flow rate of 75 lit/hr, and a temperature of 70 °C. The enhancement
percentage value may exceed 183.4% compared with zero inclination angle and no vibration
condition. Also, numerous researchers have demonstrated that an increase in frequency
causes an increase in the enhancement factor because vibration increases fluid mixing and
improves heat transmission (Hosseinian et al., 2018). Finally, the results demonstrated
that the enhancement factor dramatically increased with increasing inclination angles from
0° to 30° which attributes to the fact that with increasing the inclination angle, the
component of inertia and gravitational forces opposite the direction of fluid flow increases,
leading to higher heat transfer and soaring of enhancement factor.

The variation of the effectiveness of the double pipe heat exchanger with vibration
frequencies for various inclination angles and at different temperatures and flow rates of the
hot water is illustrated in Figs. 6(a) to (i). At the same flow rates, the significant increase in
temperatures from 40 to 70 °C increases effectiveness due to increasing the heat transfer
coefficient, which is directly proportional to the temperature difference increase. In contrast,
it was discovered that when the volumetric hot water flow rate increases considerably at the
same temperature, heat exchanger effectiveness drops because the mass of flow increases.
The heat transfer gradually increases at tiny temperature changes between intake and exit.
However, when the mass flow rate increases beyond the transition Reynolds number, the
maximum heat transfer immediately increases, and the actual heat transfer decreases
considerably. In all cases and for different inclination angles, the results showed maximum
efficacy at the resonance frequency of (6.89 Hz). This may be attributed to the fact that when
the vibration frequency progressively increases toward the resonance one, the real heat
transfer increases and the exchanger’s effectiveness increases.
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Figure 6. Variation of the effectiveness with vibration frequencies at different inclination
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Also, the effect of vibration frequency is maximized with the increase in the hot water
temperature and at a low volumetric flow rate. It shows a maximum effectiveness value of
0.465 at a frequency of (6.89 Hz), an inclination angle of 30° at a hot water temperature of
70 °C, and a flow rate of 50 lit/hr. As well as the results emphasize the fact that at low
temperatures and flowrate, the application of transverse vibration and inclination angles
can improve the heat exchanger's effectiveness by more than 40 % compared with that at
high temperatures and flow rates.

5. CONCLUSIONS

In the current work, the impact of vibration frequencies and inclination angles on the
functionality of a double-pipe heat exchanger was studied experimentally, and the following
inferences from these findings are possible:

1. The double pipe heat exchanger's heat transmission is improved by varying the
inclination angles. The largest amount of heat transfer occurs at angles of 30° compared
to other inclination angles.

2. Increasing heat transmission depends on the vibration amplitude and gets the
maximum value at the resonance amplitude.

3. As the volumetric flow rates increase, the influence of vibration on heat transfer
decreases.

4. A double-pipe heat exchanger becomes more efficient as temperatures rise, and further
rises in efficacy occur with increasing the inclination angle and vibration frequency.

5. The overall heat transfer coefficient increases with increasing vibration frequency and
inclination angles, and it has an extreme improvement of (183.4 %).

6. At angles of 30° under the vibration influence atthe resonance frequency, the
effectiveness of the heat exchanger had a maximum improvement of 191 %.

7. The enhancement factor indicates that applying the combined technique improves heat
transfer, and it is exceeded (164 %).

8. The effectiveness of a double pipe heat exchanger increased with picked-up
temperature and amplitude, but it went down with growth in hot working fluid flow
rates.
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