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ABSTRACT

M. Sc. Thesis

INVESTIGATION ON EFFECT OF PITCH RATIO FOR FINNED TUBE IN
CROSS-FLOW HEAT EXCHANGER ON FLUID FLOW AND HEAT
TRANSFER

Mohammed Khalid Jar AL-ISAWI

Karabik University
Institute of Graduate Programs
Department of Mechanical Engineering

Thesis Advisors:
Prof. Dr. Kamil ARSLAN
Prof. Dr. Zena Khalefa KADHIM
August 2022, 153 pages

Heat exchangers are very important engineering applications in practical life. This
situation has led researchers and scientists to study the types of heat exchangers, to

develop new types and to increase their efficiency.

In this study, it was used integral medium finned tube with variable pitch fin to get the
perfect aspect ratio that gives the largest possible amount of heat transfer, where a
smooth model has been chosen to compare with three models with fin pitch. This study
includes two parts; the first part consists of a theoretical study, where a designing
program (SolidWorks 2018) and a simulation program (ANSYS Fluent 19R2) have

been used to design and simulate the model, respectively.



Four different models (smooth tube, tube with pitch fins of P= 1.6, 2.5, and 3.75 mm)
have been used for the numerical analyses. Also, different water (2, 3, 4, 5, and 6
L/min) and air (1, 2, 3, and 4m/s) velocity conditions have been tried with different
inlet temperatures (50, 60, 70°C). Variations of water and air velocity magnitudes and
inlet temperature on convective heat transfer characteristics have been determined.
The theoretical results show that the best model that gives the highest heat transfer rate
is the finned tube with a fin pitch of (P=1.6 mm) compared to other models and
according to the Enhancement Ratio (ER= 341.84%). The effectiveness of the four
models have been determined as 2.36%, 11.47%, 9.07%, 8.3% for the tubes of smooth,
P=1.6, 2.5, and 3.75 mm, respectively.

In the second part of the study, experimental analyses have been carried out for the
condition of tube with P=1.6 mm condition. Variations of water and air velocity
magnitudes and inlet temperature on convective heat transfer characteristics have also
been determined in this section. It was obtained in the experimental analyses that; The
value of pressure drops increases as the flow rate of hot water increases, the difference
in water temperature decreases. The rate of heat transfer (Q) increases with the increase
in the temperature of entering the hot water and the increase in air velocity for all
models. Increasing the air velocity increases the temperature difference of hot water
and air and increases the rate of heat transfer. The Nusselt number of the air increases
with the flow rate of hot water and the velocity of the air. The finned tube is better than
the smooth tube by the ratio of Nu number comparing with smooth tube of 68.1%,
73.5%, 80.4% for the models of P=3.75, 2.5, and 1.6 mm, respectively.

At the conclusion, it was determined that the case of the finned tube with a fin pitch of

P=1.6 mm has been determined as the best case for this study.

Key Words : Cross-Flow, Heat Exchanger, Heat Transfer, CFD, Integral Finned
Tube.

Science Code : 91412



OZET

Yiksek Lisans Tezi

CAPRAZ AKISLI ISI ESANJORUNDE KULLANILAN KANATLI BORU
ICIN KANAT ACIKLIK ORANININ AKIS VE ISI TRANSFERINE
ETKISININ INCELENMESI

Mohammed Khalid Jar AL-ISAWI

Karabiik Universitesi

Lisansiistii Egitim Enstitiisii

Makine Miihendisligi Anabilim Dah

Tez Damismanlari:
Prof. Dr. Kamil ARSLAN
Prof. Dr. Zena Khalefa KADHIM
Agustos 2022, 153 sayfa

Is1 esanjorleri pratik yasamda ¢ok onemli miihendislik uygulamalaridir. Bu durum,
arastirmacilarin ve bilim adamlarini 1s1 esanjorlerinin tlrlerini incelemeye, yeni turler

gelistirmeye ve verimlerini arttirmaya yonelik ¢calismalar yapmalarina neden olmustur.

Bu calismada, miimkiin olan en biiyiik miktarda 1s1 transferi saglayan miikemmel en-
boy oranini elde etmek i¢in degisken hatveli kanat¢ikli kanat oranlarina sahip kanath
boru kullanilmis ve kanat aralikli iic modelle karsilastirilmistir. Bu c¢alisma iki
bolimden olugmaktadir; ilk boliim, sirasiyla bir tasarim programinin (SolidWorks
2018) ve bir simiilasyon programinin (ANSYS Fluent 19R2) modeli tasarlamak ve

simiile etmek i¢in kullanildig1 teorik bir calismadan olusmaktadir.

Vi



Sayisal analizler i¢in dort farkli kanatgikli boru (P= 1,6, 2,5 ve 3,75 mm) dlz boru
kullanilmistir. Ayrica farkli su (2, 3, 4, 5 ve 6 L/dk) ve hava (1, 2, 3 ve 4m/s) hiz
kosullar farklr giris

sicakliklar1 (50, 60, 70°C) ile denenmis, su ve hava hizi buyiikliikleri ile giris
sicakliginin tasinmimla gerceklesen 1s1 transfer Ozellikleri iizerindeki degisimleri
belirlenmistir. Teorik sonuglar, diger modellere gore ve lyilestirme Oranina gore (ER=
%341,84) en yliksek 1s1 transfer oranini veren en iyi modelin kanat araligi P= 1,6 mm
olan kanatli boru oldugunu gostermistir. DOrt model (diiz boru ve P=1,6, 2,5 ve 3,75
mm) i¢in etkinlik oranlari sirastyla %2,36, %11,47, %9,07, %8,3 olarak belirlenmistir.

Calismanin ikinci bolimiinde P=1,6 mm kosulunda kanat¢ikli borunun durumu igin
deneysel analizler yapilmistir. Su ve hava hiz1 biiytikliiklerinin ve giris sicakliginin
taginimla 1s1 transfer 6zellikleri lizerindeki degisimleri de bu bolimde belirlenmistir.
Deneysel analizlerde sicak suyun akis hizi arttik¢a basing diisiislerinin degerinin arttigi
ve su sicakligindaki farkin azaldigi belirlenmistir. TUm modeller icin sisteme giren
sicak suyun sicakligin artmasi ve hava hizinin artmast ile 1s1 transfer hizinin (Q) arttigi
goriilmiistiir. Hava hizinin arttirilmasi, sicak su ve havanin sicaklik farkini arttirdigi
ve 1s1 transfer oranini arttig1 tespit edilmistir. Havanin Nusselt sayisi, sicak suyun
debisi ve havanin hiz1 ile arttig1 belirlenmistir. Kanatli boru (P=3.75, 2.5 ve 1.6 mm)
modelleri icin Nu sayisinin artig1 diiz boruya kiyasla sirasiyla %68.1, %73.5, %80.4

olarak elde edilmistir.

Sonug olarak, kanat araligi P= 1,6 mm olan kanatli boru modeli bu ¢alisma i¢in en iyi

durum olarak belirlenmistir.

Anahtar Kelimeler : Capraz Akis, Esanjor, Is1 Transferi, HAD, Kanatgikli Boru.

Bilim Kodu : 91412
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PART 1

INTRODUCTION

1.1. BACKGROUND

The heat exchangers can be defined as a device which is used to exchange heat between
two fluids without mixing them. This device is considered one of the primary parts for
the heat systems. There is an increasing demand for heat exchanger for wide
applications in various areas of life such as, aviation, automobiles etc. Heat exchanger
is mainly used in power generation, ecological building, air conditioning systems,
electronic chip cooling, refrigeration, ventilation, and heating. An air conditioning unit
improvement depends on the performance of its devices consisting of the heat
exchangers, compressors, and fans. Most researchers and scientists work to improve
the performance of heat exchanger and reduce its consumption of the electrical power.
There are many techniques used to increase the thermal performance of heat
exchangers and thus increase its energy and decrease the size and cost. The mentioned
techniques are named the heat transfer enhancement techniques and they usually

include three classifications [1]:

e Passive Methods: This type of techniques does not require external power. It
includes gaseous additives, surface-tension devices, evacuated improvement
devices, swirl-flow devices, treated surfaces, liquids additives, extended
surfaces, coiled tubes, and rough surfaces.

e Active Methods: This type of techniques requires external power and includes
electrostatic fields, mechanical aids, injection involves, fluid vibration, and
surface vibration.

e Compound Methods: This type of techniques includes two or more techniques

including active and passive concurrently to improve the devices of heat transfer.



The above-mentioned enhancement techniques are used to reduce the thermal
resistance of heat exchanger and obtain higher heat transfer coefficient. This requires
the reduction of size, heat exchange increase and reduce the pumping heat exchanger

power [2].

Finned tubes are used to improve the performance of the heat exchanger by excess
of the surface space (area) to tubes of heat exchanger. There are several types of fins

such as cylindrical, square, rectangular, pin and annular fins [3-5].

1.2. MEDIUM INTEGRAL FINNED TUBE

The integral finned tubes are tubes which are formed by the ring fins on their outside
surface to improve heat transfer [6]. Area rate is typical in order to determine the type

fins:

e Low integral finned tube (Ac/Ai=3)
e Medium integral finned tube (Ao /Ai=5)
o High integral finned tube (Ao /Ai=14)

The ratio means the total exterior surface area of the tube with fins to the total interior
tube area [7]. These include fin height more than pitch (Figure 1.1). These types of
integral finned tubes are used to heat the pressurized gases and condensation water
bath treatment and hydrocarbons cooling [8]. Medium integral finned tube has been
used in this study.
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Figure 1.1. Different types of integral finned tubes.

1.3. MOTIVATION

The high uses and importance of heat exchangers in manufactural applications
motivated many researchers to think about enhancing the heat exchangers
performance. The goal of this study is to decrease the thermal resistance of heat
exchangers and get higher convective heat transfer coefficients and decreasing the
exchanger volume using the finned tubes with different pitches. Enhance the heat
transfer coefficient of heat exchanger by the use of different pitches ratio to the fins on
the air side. In order to reach the goal specified in the research, the study involves the
implementation of a survey of previous research literature relevant to the research topic

in addition to the following:

The numerical side includes the following:

e Using computational fluid dynamic program (ANSYS Fluent 19.2R2) to
simulate 3D geometry for smooth tube and integral finned tubes with various
pitch for cross flow heat exchanger.

e Find the best pitches which give the maximum heat transfer coefficient.

e Comparing the results with the smooth tube as well as with the findings of
literature.



The experimental side includes the following:

e Smooth tube and integral finned tube of P=1.6 mm have been used for the
experiments.

e Studying the effects of various inlet water temperature, air and water velocities
on the convective heat transfer of a smooth and integral finned tube.

¢ Finding the cases that improve the heat transfer of many ranges of air and water
velocities.

e Developing the experimental correlations for Nu and f of integral finned tubes as
a function of Re.

e Comparing the experimental results with the findings of other researchers in the

literature and numerical results.



PART 2

LITERATURE REVIEW

2.1. INTRODUCTION

This part of our study shows many prior related studies to improve the heat transfer
rate in crossflow heat exchangers. The main objective of using integrated fins on
smooth tubes of heat exchangers is to raise the area exposed to heat transfer by these
fins and from this idea is presented in previous investigations and studies to improve
heat transfer, where the focus will be on a number of experimental and theoretical
studies regarding the improvement of heat transfer by the use of various approaches

and techniques.

2.2. NUMERICAL STUDIES

Mon and Gross [12] investigated numerical study for the effects of fin spacing on tube
bundles in-line and staggered arrangement. Three different fins have been used with
pitches of (P=1.6 mm, P=2 mm, and P=4 mm) at a fixed height of 5 mm with a tube
diameter of 24 mm. The boundary in the fins and the surface of the tube depends
largely on the aspect ratio (spacing of the fin relative to its height). For using P=1.6
mm spacing Reynolds number (Re= 8.6x10%) two boundary layers were found from
the front edge of the fins to the highest thickness near the intersection of the base of
the fin in the middle of the tube where these vortices develop at the intersections, which
are more visible in large distances (P=2 mm and P=4 mm) mm, and after increasing
the Reynolds number to (Re= 4.3x10%) at a distance of 4 mm spacing, with increasing
speed. The result shows that the coefficient of heat transfer raises in both tube arrays

when aspect ratio was raised.



Jung and Assanis [13] studied the development of a predictive numerical model for
the crossflow fin type crossflow fin heat exchanger, depending on the rate of total
transfer and air flow resistance on the design of fins and vents. The final goal of
studying the design of the heat exchanger is to maximize the heat expulsion rate while
reducing the flow resistance. Two cases were studied to evaluate the performance after
obtaining the results where the dimensions of the cooler core were changed from 0.5
to 1.5 while keeping the interface area. The front as it is 0.25 shows that the heat
expulsion rate increases by 8% when increasing the percentage of (0.5 to 1.5 mm) with
the same basic volume of air velocity 8 m/s because the coolant is exposed to more
heat transfer during the passage of air flow through longer tubes.

Wais [14] presented a three-dimensional numerical study of fluid flow in the heat
exchanger of the strongest finned tube, where three models of radial fins were used,
ignoring the resistance generated among the base of the fin and the surface of the tube,
as the fin was homogeneous from the same metal tube, and the distance between the
fins was 2.6 mm and the distance between the diameters of the tubes 80 mm and a
variable air inlet velocity (0.5, 1, and 1.5) m/s and an air inlet temperature of 10°C and
a liquid inlet temperature of 90°C were selected. Through the results obtained, it was
found that the best of the three solutions that were worked on is the third model in
terms of the highest air entry velocity, and the resulting efficiency was higher than the
other models, and the best air entry velocity for the best improvement equation was

calculated at the air entry velocity at 1 m/s.

Bhuiyan and Islam, [15] presented a study to determine the characteristics of the fin
and tube heat exchanger for the plain and corrugated fin configurations without
neglecting the lined and overlapping tube arrangements for the laminar flow system
by using commercial computational fluid dynamics. The results were expressed in
terms of the friction factor (f), Colburn factor (j) and efficiency index (j/f). The
longitudinal and transverse inclination leads to a decrease in the thermal and hydraulic
performance of the heat exchanger due to the low Reynolds number (400< Ren <
1200), and the reduction in the pitch of the fins leads to a significant decrease in the
heat transfer and friction properties. In this study, air was used as a working fluid

assuming its constant properties and that there is a constant incompressible three-



dimensional flow, and through the results it was found that the efficiency increases
with the increase of the pitch of the tube.

Gunnasegaran et al [16] presented research about the impact of the engineering
variables on the heat transfer properties of the open fin compact heat exchanger, where
a model was used consisting of an entry and exit hole with three pitches for fins (1.0
mm, 2.0 mm, and 4.0 mm) where the fins were designed in a way that has the greatest
role to produce the maximum effectiveness for [CHE]. These fins include five different
rings with different arrangement of the slot angles (+2¢, +4¢, —2°, —4<_ and uniform
angle 20°). Through the results obtained and after conducting the simulation, it was
found that there is a highest and lowest value of Reynolds number (100<Re<1000) in
each ventilation opening and along the flow due to the recurrent development and
destruction of the boundary layer. (+2°, —4°) was higher than the case for the uniform
aperture angle (20°) and the highest value of the pressure drop coefficient was in the
case (+4°) in addition to that the Nusselt’s number and the pressure drop coefficient
are directly proportionate to the Reynolds number and inversely with the decrease in
the fin pitch.

Oclon et al [17] conducted an experimental study on the impact of surface fouling of
the interior tube on thermal performance of a high-temperature fin-tube heat
exchanger. For an exchanger where two rows of successive finned tubes with gas flow
were selected to analyze the results assuming that the thickness of the sedimentation
layer is 1 mm and the wall thickness of the tube made of carbon steel is 2 mm. For the
wall of pipe, when the water is not filtered appropriately, it greatly decreases the heat
transfer capacity and raises the temperature of the pipe and fin. According to the
obtained calculations, the flue gas outlet temperature can rise by 122 K when silicate
scale is deposited within the pipe. These foulings are more visible when the pipe wall
temperature is 163 K and this high increase may lead to the generation of excessive

high thermal stress that leads to the fracture of the pipe.

Dev and Ardhapurkar [18] presented a numerical study to examine the multi-flow heat
exchanger by the use of the computational fluid dynamics [CFD]. The study included

two cold streams, one of these cold tubes passes in the opposite direction of the hot



fluid through the interior region, and the other passes in the intersecting direction with
the hot fluid above the exterior tube. It was assumed that the mass flow for both cold
streams is 0.25 kg. Assuming that the two coolant fluids are mixed after the heat
exchange process, a different simulation was conducted for the mass flow of the
coolant through the opposite direction and the cross-flow direction of the hot fluid.
Through the results obtained, it was shown that the heat transfer rate is greater in the
case of the cross-flow heat exchanger where the present arrangement is 22.6% more
efficient than the counter flow heat exchanger and 54.44% more efficient than the

cross-flow heat exchanger.

Wais [19] carried out the accuracy of the air-side connections of a heat exchanger
through the heat flow of a tube and fin exchanger at different thicknesses of the fins.
Three-dimensional models were implemented to detect the heat transfer properties
among the finned tube and the air for various shapes of fins to detect the heat transfer
ratio among the air and the fin. During the flow of air in the cross-flow heat exchanger
at a mass flow ratio of 4 m/s inlet velocity and inlet fluid temperature of 300°C and
the interior tube surface temperature is 70°C and by obtaining the results and analyze
the outputs established from the digital computations with the combined outputs, it
was detected that heat transfer is decreased when the fin thickness and variations are
increased inside standard deviation. Experimental techniques may forecast the
coefficients of heat transfer with satisfactory accuracy.

For the purpose of introducing improvements in heat transfer for many engineering,
industrial and scientific fields, Kumar [20] analyzed the three-dimensional geometry
of the heat exchanger of smooth cross tube and finned tube in which hot water passes
within the tube and cooling air outside the tube by the use of ANSYS-Fluent 15.0
program. Three-dimensional models were implemented that allow looking at the heat
transfer in three directions, based on the mass flow rate at a speed (4m/s), the liquid
inlet temperature (300°C), the interior tube surface temperature (70°C) and the air
velocity (1m/s). Through the results that appeared, it was found that there is a gradient
of the diagram in the distribution of temperature accompanied by the test tube, and the

temperature difference appears in all cases that the temperature gradient in the finned



tube is higher than the smooth tube, and this means that the fin has an important impact
on the increase of temperature difference inside the test tube.

Xu et al. [21] investigated the flow and heat transfer features of a rectangular external
tube bank aligned with six rows of tubes using commercial fluid dynamics software,
and after imposing data such as the Reynolds number, fin height, longitudinal tube
pitch, transverse tube pitch, fin pitch in the axial direction and fin width. By using the
program (ANSYS Fluent), the findings revealed that the heat transfer ability and
friction loss in the external bank of the 3D finned rectangular tube were higher than
those of the smooth tube bank. The increase of the longitudinal tube inclination, fin
width and fin height or reducing the transverse tube inclination and fin inclination in
the axial direction increased heat transfer and flow loss in the exterior rectangular fin
tube bank. In spite that the finned tube bank performance was not always larger to the
smooth tube bank, but it provides the possibility of greater heat transfer comparing

with the smooth tube under the same conditions.

Due to the urgent need to develop a more effective and stable heat exchanger, the heat
transfer and temperature gradient were studied in a cross-flow heat exchanger using
various fin thicknesses by Rajput and Arya [22]. A three-dimensional model consisting
of an eight-pass copper tube with dimensions (250 x 500 x 1200) mm width, height
and length, was adopted. The tube is of the integrated low fin tube type with an interior
diameter (19 mm), a root diameter (21) mm and an exterior diameter (24) mm.
Variable fin height (1.5, 3 mm) was used to compare the results. The imposed air
velocity was limited (1, 2, 3, 4) m/s and the flow rate was limited (2, 3, 4, 5, 6) L/min
and the inlet air temperature was the temperature of the room whereas the side fluid
temperature was limited (50, 60, 70, 80) °C and after running the simulation on the
(ANSYS Fluent 14.5) program. The results showed that by changing the dimensions
of the fins, the heat transfer will increase, and the water outlet temperature will
decrease significantly, in addition to the temperature gradient in the finned tube 3 mm
greater than the finned tube is 1.5 mm and smooth, and the heat transfer rate has
increased by 15% when using 3 mm fin height instead of 1.5 mm fin height.



Ismail et al. [23] made a three-dimensional study on a cross-flow heat exchanger by
the use of air as an external turbulent flow in the form of a cold liquid with the range
of velocity (1 to 6) m/s and hot water as an internal flow assumed laminar with
Reynolds 1200. The tube diameter is (Imm and 10mm). The results indicated that the
small tube had better performance with a controlled pressure drop for each, where the
heat flow rate increased by 20% per unit volume while the heat rate per unit volume
increased by 800 to 1200% with the increase of air speed from the lowest speed to the
highest given speed. The efficiency of the fin was different according to the diameter
of the tube, where it is from 97% to 91% for a tube diameter of 10 mm and 99.98% to
99.99% for a tube diameter of 1 mm, and the findings also clarified that the fins effect
is profitable and beneficial only in the case of the normal exchanger, while the small

exchanger is not profitable or useful.

Sahel et. al. [24] presented an experimental study to test the impact of tube shape on
heat transfer in a finned heat exchanger tube. Different shapes were chosen for the
purpose of comparison in the study (circular, flat, oval and oval in both directions).
Using simulations for two-dimensional flow inside the range of Reynolds numbers
(3000 to 20000). The results showed that the shape of the tube directly affects the
thermal and dynamic behavior of the fin and tube heat exchanger. 10% under the same
conditions, however the elliptical tube produces the lowest pressure losses compared

to other models.

Merdan and Kadhim [25] presented a study dealing with the impacts of many tubes
and directions of flow on the heat transfer coefficient by examining five models of
smooth copper tubes of various lengths and with various corridors (2,4,6,8,10) for a
cross-flow heat exchanger to reach the best suitable length for the transfer of heat.
Using ANSYS Fluent 14.2 program, when the exterior and interior pipe diameters are
fixed (24,19 mm) correspondingly and a constant volumetric flow for all models (5)
L/m and the same temperature of the cold and hot liquid (25, 80) °C, respectively. The
results found that the heat transfer ratio increased with the increase in the lengths of
the tubes, as the surface area will increase and therefore the air is spread through a
wider area, but this increase was on the expense of increasing the pressure drop. A

single triangular soft tube model consisting of (4) finned tubes to enhance the

10



transmission heat was also used. The results of this model showed that the finned tube
delivered a higher heat transfer rate compared with the smooth tube, by increasing the
air velocity, the increase of the external heat transfer coefficient, as well as increasing
the volumetric flow ratio, the pressure drop increased. Flow does not affect heat
transfer. The researcher suggested that the ideal and best length for heat transfer
between these models is the 4-pipe model.

2.3. EXPERIMENTAL STUDIES

Hofmann et al. [26] experimentally tested the heat transfer and pressure flux in tubes
with fins, serrated, rigid and cross-sectional different in cross-flow intended to enhance
the heat exchanger performance. They tested three different geometries of fin tube
within different fin geometric constants (height, pitch, thickness and width) for a heat
exchanger consisting of eight consecutive rows of finned tubes and 11 tubes arranged
on top of each other. After verifying the validity of the measurements and comparing
the results obtained from the experimental results, it was found that there was a
difference between rigid and threaded finned tubes within the range of Reynolds
number (10000 to 20000) and an overall rise in the heat transfer coefficient from the
air side within the same Reynolds number. The validated measurement of threaded and

rigid finned tubes was in arrangement with formulas in the literature.

Nuntaphan and Kiatsiriroat [27] focused on studying the impact of fly ash deposits on
the cross-flow heat exchanger performance that contains many spiral finned tubes used
as a heat transfer surface. Warm air passes at a temperature of 40°C, which contains a
high percentage of fly ash, to exchange heat with the cold-water stream at a
temperature of 5°C inside the pipes at a flow ratio of 10 L/min. Through the
experimental results, it was found that the thermal resistance resulting from pollution
increased with time. Thus, it is the main reason to decrease the ratio of heat transfer
and the percentage of ash deposited on the surface of the tube depends on the amount
of ash, the amount of condensate, the quality of the fins used, their geometric shape
and the pitch of the fin on the surface of the exchanger.
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Experimental investigations were carried by Hofmann et. al. [28] for the pressure drop
heat and transfer at the turbulent flow of combustion gases in tubes with transverse
fins with serrated transverse fins in the transverse flow. The engineering designs of the
fins were considered where there was a difference in the geometrical constants of the
fins such as the height, fin pitch, thickness and width for the designs of heat exchangers
with tubes and transverse fins for cross flow. It is necessary to take into consideration
the shortcomings and benefits of the elements that affect the pressure drop and heat
transfer. By analyzing and evaluating the measurements and information resulting
from the experiment, the correlation of heat transfers and pressure drop was obtained.
The comparison with some correlations showed a good application in which the
Reynolds number was specified in three fields (10000 to 20000) to evaluate

performance.

Agrawal and Bhagoria [29] tested an experimental study to assess the properties of
heat transfer of the copper-nickel multi tube with corrugated fins in a cross-flow heat
exchanger. The heat transfer ratio of the heat exchanger is increased either by
aggregating the surface area by raising the fins number or by creating a disturbance.
In the flow, the experiment was conducted on a heat exchanger with copper fins and
after conducting an assessment of the cross-flow heat exchanger with copper fins for
a temperature ranging between 38-64°C and the speed of water from 0.077 m/s to
0.271 m/s and a velocity of Air 3.194 m/s to 14.52 m/s. It was found that the coefficient
of heat transfer increased constantly on the air and water side according to the concept
of different flow of water and air.

Prognosis et al. [30] presented a study of the impact of the fin pitch and fin materials
on the air side performance of heat exchangers under high Reynolds numbers (4000,
13000) using 6 samples for testing made of copper and aluminum with fin pitch
difference (3.2, 4.2, 6.2) mm. For a fin thickness of 0.4 mm and an exterior tube
diameter of 34.8 mm for two rows of tubes, the main objective of the experiment was
to increase the front air velocity to 6 m/s and its effect on the performance of the fins
and the metal of the fins. After conducting the experiment, it was found that when
increasing the fin pitch to 6.2 mm there is a height notable in the friction factor.
Changing the metal of the fins has no noticeable effect on the performance of the fins,
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and it was found that the effect of Coburn j factor is very little because the higher
Reynolds number gives good mixing, which generates better heat transfer performance

regardless of the change in the pitch of the fins.

To study the heat transfer properties and the resistance to air flow through a helical
tube heat exchanger, Fajiang et al. [31] examined 13 bundles of tubes for helical fin
heat exchangers for samples with an external diameter of 32 mm and a various
transverse tube pitch (S1/d=2- 3.31), fin height (h/d=0.22- 0.5), longitudinal tube pitch
(S2/d=2 - 3.31) and fin pitch (t/d = 0.22- 0.5). The tests were implemented inside the
range of fluid flowing Re number (Re=5x103~5.5x104). After conducting the
experiment, it was found that Heat transfer, Nu number rose with the rising of fluid
flowing Re number, transverse tube pitch S1 and fin pitch t; reduced with the increase
of transverse tube pitch S2 and fin pitch h. The flowing resistance Euler number
correlation with fluid flowing Re number, fin pitch t, fin height h, transverse tube pitch

S1, longitudinal tube pitch S2 is practical.

Ikpotokin and Osueke [32] studied the coefficient of heat transfer as the function of
pressure drop and pipe position of a bank of pipes embedded in the supply flow, where
the experimental method was mainly used to create logarithmic mean curves and
pressure ends up and down the test part stream. After calculating the heat transfer and
flow coefficients besides obtaining the correlations for heat transfer by fitting the
power law curve for every subject of the tube and using the simulation program
FEMLAB 3.0, it was found that the Nusselt’s number increased by 12.49% from the
first column to the second and 11.85% from the second to the third column and 5.27%
from the third to the fourth column and this was because of the increase in the
turbulence rate resulting from a successive column of pipes. Despite this increase, we
find it in a decreasing rate downstream from the third column, where the heat transfer
is stable and there is a slight change in the convection of the tube after the fourth tube.
Thus, this will ease compact heat exchanger design and discourage to use a large
number of tubes which save space and energy, and after comparing the numerical and
experimental results, there was a clear perception about the flow of the boundary layer
developments and the formation of the eddy between the tubes where it was found that

the progress of boundary layer and vortices among surrounding tube surfaces are
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highly depending on Reynolds number. VVortex formation arises among the tube shaft
and the fourth tube shaft and this explains the increase in heat transfer resistance and

the rate of decreasing Reynolds number.

Due to the increasing demand for efficient heat exchanger design, Chaudhari et al. [33]
investigated the impact of a finned heat exchanger on the total heat transfer coefficient
with a variable velocity of air (3, 4, 5, 6) m/s and a variable flow of coolant (180, 260,
340, 420, 500) L/min. After conducting calculations through a well-verified
classification and providing a full set of numerical information in this study, it was
concluded that the total heat transfer ratio of the finned heat exchanger is larger than
that of the finless heat exchanger, as with increasing the air speed the heat transfer rate
of the heat exchanger increases for the finned tube. This increase makes the Reynolds
number increase the Nusselt’s number also because the Nusselt’s number is directly

relative to the coefficient of heat transfer, so the heat transfer ratio raises.

Abdul Hassan et al. [34] studied the improvement of heat transfer properties of a flow
heat exchanger using an experimental integrated low fin tube. The study included the
design and manufacture of two test sections, the first consisted of a smooth copper
tube with the internal diameter of 19 mm and the external diameter of 24 mm, and the
second consisted of a finned tube bottoms with a diameter of 19 mm, a root diameter
of 21 mm and an exterior diameter of 24 mm for a fin height of 1.5 mm, thickness of
1 mm and a fin pitch of 2 mm. The coolant used was the air that passed through the
test tube with a speed range (1, 2, 3, 4, 5, 6) liters / minute, the temperature of the water
when entering the test tube was (50, 60, 70, 80) °C. It is shown from these figures that
the finned tube has a higher heat dissipation rate comparing with the smooth tube and
under similar circumstances. This is due to the increase in the cooling surface area and
the penetration of the boundary layers near the tube wall because of the formation of

the fins, as the improvement rate is 72% for the finned tube over the smooth tube.

Dhangar [35] presented an experimental study to test the heat transfer and air-side
friction properties of five types of fin-tube heat exchangers with 12 rows of 18 mm
tube diameter. These samples included five types of fin conformations to test the best

type that provides the highest heat transfer rate from these fin models consisted of (slit
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fin, plain fin, crimped spiral fin, fin with delta-wing longitudinal VGs and assorted fin
with front 6-row vortex-generator fin and rear 6-row slit fin), based on the correlation
of numerical data and Reynolds number in the range from 4000 to 10000. It is detected
that the curly helical fin delivered better heat transfer rate and pressure drop comparing
with other four fins, and the mixed fin heat exchanger (front vortex generator fin and
rear fin) had good performance comparing with the heat exchanger fin with delta wing
vortex generators. Increasing the Reynolds number increases the pressure drop, the
outlet temperature of the fluid decreases, and the heat transfer reduces and this is due

the increase in turbulence.

For the high demand and immediate need to design an efficient hot heat exchanger,
Kumar et al. [36] examined the effect of a finned heat exchanger on a heat exchanger
without fins on the examined heated total return coefficient, where the heated total
return coefficient was examined for each of the hot exchange at an air rate (3, 4, 5, 6)
m/s and coolant flow (180, 260, 340, 420, 500) L/min. This study shows a combined
systematic, practical and statistical analysis of the total heated return coefficient of the
coolant using a circular finned tube with finless tube heat exchanger. The experience
is that with the increase in the speed of air exchange, the performance of the finned
tube heat exchanger improves because the Reynolds variable improves the Nusselt’s
variable as the relationship between the Nusselt’s variable and the Reynolds variable

is direct with the warm exchange coefficient, so the warm exchange value improves.

Arshad et al. [37] carried out an experimental study on a group of parallel triangular
fin tubes with a rate of (P/Deff) 1.62 to show the impact of the fin geometry on the
response to vibration caused by the flow. The presence of fins on the tubes increased
the heat transfer ratio and thus affected the fluid dynamics around the tubes. An
empirical analysis of fluid-elastic vibration of the parallel triangular fin tube array that
is subject to a single-phase cross-flow of air was carried out and by evaluating the
effect of different fin elements such as the thickness of the used fin (1.3, 1.7, 2.3) mm
and fin density (4.5, 5, 5.5, 6, 6.5) mm. It was found that there is no unpredictability
in utmost of the finned tubes for the present range of free flow velocity when they are
put in the first, second and fourth rows, but the capacity of the finned tubes raised

suddenly in the third row and thus the tube is exposed to the maximum vibration in

15



this row. The comparison between the exposed tube and the finned tube vibration
response indicated that the vibration fullness of the exposed tube is less than that of
the finned tube and there is a high difference in the profile between the vortex shedding

in the finned tube compared with the exposed tube.

Aefan et. al. [38] has experimentally studied the heat exchanger through flow to
transfer heat energy from the hot to cold liquid. The method of recording the average
temperature differences was chosen to determine the heat transfer. The findings
showed that the heat transfer increased when increasing the air mass flow rate. On the
other hand, the efficiency decreased with the increase in the air mass flow ratio and
the increase in the speed will increase Reynolds. This will increase the amount of air

used to contact the surface of the heat exchanger to reduce heat.

2.4. EXPERIMENTAL AND THEORETICAL STUDIES

Tripathi and Singh [39] carried out a review that involved carrying out high number
of numerical studies to enhance heat transfer of air-side. Among the factors it was
mentioned that affect the performance of solid round finned tubes are (tube spacing,
row effects, fin thickness, fin spacing, tube diameter, tube bundle arrangement and fin
height). Through this study and the studies that preceded it, they agreed that the heat
transfer coefficient nearby the fin and from one row to another varies according to the
depth of the beam. The results indicated that the heat transfer coefficient and flow
distribution differ across a tube in a bundle from an individual tube, and that the

distribution of temperature on fin surfaces and flow structures between fins.

Muna and Hadeer [40] presented numerical and experimental research to improve the
heat transfer features for single and low integral fins tube multi passes cross-flow heat
exchanger by the use of silica as a nanofluid with oil and water base fluid. The
numerical study carried out using of “ANSYS FLUENT 14.5”. Three concentrations
of silica nanoparticles (SiO) had been investigated (0.3, 0.5, 0.7) % with oil and water
as the base fluid. The experimental test rig was designed and manufactured where test
sections and wind tunnel. The tested tubes are smooth and low integral finned tubes

and the distance from center to center of two adjacent tubes are 55 mm. The tested
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tubes have (19, 21 and 24) mm interior, root and exterior. The integral finned have a
rectangular geometry with dimension (1.5, 1 and 1 mm) height, thickness and pitch,
respectively. The cooling fluid (air) flew through air tunnel across tested tubes at
velocities (1, 1.8, 2.6 and 3.4) m/s. The hot fluid (oil, water, and Nano fluids) flew
through tested tubes at (2, 3, 4 and5) L/min with inlet temperatures of (50, 60,70 and
80) °C. Oxide silicon SiO2 nanoparticle powder with average diameter 15 and 17.5
nm is dispersed in hydraulic oil (ISO VG 32) and distilled water with the optimum
volume concentration of 0.7 %VOL from the numerical is used as nanofluid. The
results show that, using low integral fins lead to a significant enhancement of heat
liberated. The oil and water side heat transfer coefficient investigated experimentally
and numerically without Nano fluid. The result shows that, using enhanced tube
surface (finned tubes) raises oil and waterside (hi) with maximum enhancement
(+21.03 and +25.2) %. The heat liberated investigated experimentally and numerically
for oil and waterside heat exchanger without Nano fluid. The overall enhancement of
heat liberated of (+71.88 and +103.9) %for oil and water heat exchanger. The heat
transfer coefficient of oil and water are investigated experimentally with optimum
concentrations (0.7) % of SiO2 and numerically with concentrations (0.3, 0.5, and 0.7).
Based on results adding SiO2 nanoparticle to base fluid (oil or water) enhance the
interior side of (+6.05 and +8.3) % for oil and water Nano fluid respectively.

Taher [41] provided a practical study of the heat transfer of tangential flow heat
exchangers and the impact of fins on enhancing the heat transfer for an eight-pass heat
exchanger for four models (smooth, low, medium and high fin tubes) that are air-
cooled, which were manufactured from pure copper metal for testing and installed
inside the test section. The test was conducted in working circumstances where the air
velocity was (1, 1.7, 2.3) m/s, flow rates (2-6) L/min, and the water entry temperature
(50, 60, 70) °C, and through the findings, it was concluded that the coefficient of heat
transfer is directly proportional to air velocity and water inlet temperature for the entire
cases. It was found that the heat transfer rate of the three integral finned tubes was
greater than that of the smooth tube, and the highest results were achieved from the
tube with high integrated fins. As well as the maximum enhancement of the heat
transfer ratio at the volumetric flow rate of the three-finned tubes to the smooth tube
IS (50.7%, 203.9%, 329.9%) for the finned tubes (low, medium and high) respectively.
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The heat transfer coefficient from the water side it is directly proportional to the water
flow rate and water entry temperature and for all cases, where it was found that the
tubes with integrated fins have a heat transfer coefficient from the water side less than

the heat transfer coefficient of the smooth tube.

Two models of cross-flow heat exchangers with four finned smooth tubes were used
to improve the heat transfer coefficient by Mardan [42]. The fins are practically shaped
on the exterior surface of the tube with a circular and triangular cross-section with a
tube length of 25 cm, a flow rate of (2, 3, 4, 5) L/min, an air speed of (1, 2, 3) m/s and
a hot inlet temperature (50, 60, 70, 80) °C and the water entry temperature for the
theoretical study is (25) °C. ANSYS 16.1 and SolidWorks 2017 programs used to
study different lengths of tubes to reach the best length to analyze the flow direction
and study the different shapes of fins within the range of Reynolds number (4022 -
50194). Through the findings it was found that the increase in the length of the lanes
will lead to increase the heat transfer ratio and the best length of the heat exchanger is
(2.5m), which can provide the largest amount of heat transfer with a value of (654.6)
watts, but this is at the expense of the pressure drop gradient (651) Pa, because the
longer the pipeline or the number of passages increases, the pressure drop increases,
and the flow direction does not affect heat transfer. The best fins were the circular fins

with a rectangle in terms of heat transfer rate of 32.98 %.
In this study we focus on the best pitch-fin ratio that gives the highest heat transfer rate

on a four-pass heat exchanger and compare it to a smooth tube through experimental

and theoretical application.
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PART 3

NUMERICAL SIMULATION

-This part of the study aims to provide a numerical solution and mathematical
formulation of all operations for the heat transfer and fluid flow in cross-flow heat
exchanger of all types (smooth and finned tube). Where the shape geometry was
designed by the usage of SolidWorks 2018 program, and the Gambit 2.4.6 program
was used in preparing the mesh and the numerical simulations were solved using the
ANSYS Fluent 19R2 program. This part provides an integrated study of the convection
heat transfer in the heat exchangers used in this study, which consists of four models
(smooth tube heat exchanger and three finned heat exchangers). The finned tubes have
been used different among themselves in terms of the pitch fin in order to determine

the best spacing between the fins that gives the best heat transfer rate.

The numerical analysis based on the CFD are used to solve the continuity, momentum,
and energy equations, in addition to adopting the turbulence model. Finite volume
technique is used for obtaining the solutions in the fluid simulation system. The model
in this study is designed in a three-dimensional. There are several factors that affect
the performance of the heat exchanger and the heat transfer coefficient (inlet
temperature, fluid velocity inside the tubes, and fluid velocity on the surface of the
exterior tube). Another important parameter is the pressure drop inside the heat

exchanger.

The wide use of cross-flow heat exchangers triggers the attention of the researcher’s
interest to study them in order to improve the rate of heat transfer. The preparing
practical models for studies, need high costs and long time involved in
experimenting with them, most researchers have tended to use numerical analyses
to reach the best simulation model and use it to get practical results which enabled

researchers to secure economy with the time and cost needed to study, and to
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determine the best model in simulation and to conduct a practical study on it. The
CFD provides an accurate and detailed description of the flow and heat transfer

characteristics of the model. The solution algorithm is given in Figure 3.1.

@-,

Solution

\

Result

v 4
- -9

Figure 3.1. Numerical solution algorithm.

3.1. PHYSICAL MODEL

The aim of this model is to determine the ideal pitch fins in the heat exchanger tube
as well as to compare it with other models through a four-pass heat exchanger.
Pitches of the fins have been selected as (P= 1.6, 2.5, and 3.75 mm). The interior
tube diameter for all the models is 19 mm and the exterior diameter of the smooth
tube is 21 mm, the finned tube has a diameter of 28.5 mm. The working fluids used
in the study are the hot fluid (water) inside the tube and the cold fluid (air) outside
the tubes. The water flow rates have been varied from 2 I/min to 6 I/min with inlet
temperature of 70°C, while air velocity rates are (1, 2, 3, and 4 m/s) with inlet
temperature of 20 °C. Within these ranges Reynolds numbers for water flow has
been varied with (3985<Rew<16032) and air flow has been changed with ranges
Reynolds numbers (17390 <Rea< 73060).

Using Solid Works 2018 program, the heat exchanger and its surrounding parts have
been prepared. They consist of the exchanger that contains four passages of tubes in
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which the hot liquid interior and the exterior part in which the cold liquid interior
(air) and touches the surface of the exterior tubes of the heat exchanger and the body

is formed. It is divided into three main parts as follows:

3.1.1. Air Zone

This part is considered the largest part in terms of measurements as its length
(800 mm), width (250 mm) and height (275 mm) as shown in Figure 3.2. Exterior
surface is in contact with the air in order to achieve the process of heat exchange
and be isolated from the outside where there is no radiation or heat generation.

275 mm

500 mm

300 mm
250 mm

21
9@

Figure 3.2. Air zone geometry and dimensions for heat exchanger.

3.1.2. Pipes

This part is a test section which is considered the most important part of the
study. The test section shown in Figure 3.3, consists of four passages tube with
an interior diameter of 19 mm, through which hot water passes. Exterior
diameter of 21 mm, which passes air touching its exterior surface and a length

of 250 mm for one corridor is used.
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250 mm 50 mm

I 0=19mm

Figure 3.3. Dimensions of the tube passage of the study.

3.1.3. Fins

The fins are the important additions to the smooth tube. As they increase the
surface area, the rate of heat transfer increases, too. The design of these fins has
been made with the program of Solid Works 2018. The shape of fins is a circular
shape with rectangular cross section with a height of 3.75 mm and a width of 1
mm as shown in Figure 3.4.

Figure 3.4. Fins dimensions.

In this study, three types of finned tubes were used with different pitches of fins.
Different pitch ratios have been used to obtain the best ideal case that gives the highest
heat transfer rate. The pitches of fins were taken as (P= 1.6, 2.5, and 3.75 mm). The
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number of fins with these pitches of fins are 380, 284, and 212 as shown in Figure 3.5.

Direction of the fluid flows in the tubes and heat exchanger are also given in Figure

3.6.

28.5 mm

28.5 mm

28.5 mm

55 mm

No. of Fins 380
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No. of Fins 284
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No. of Fins 212

Figure 3.5. The number of fins according to the change of pitch fin for the test model.
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3.2. GOVERNING EQUATIONS

Governing equations have been used to find the results and to reach the best model for
this study. These equations include the continuity equation, momentum equation,
energy equation as well as turbulence equation. From model list in Fluent, energy
equation and viscous k-epsilon, RNG, Standard wall functions were chosen because it
can improve the accuracy of the rapidly fatigued flows and enhance the accuracy of

the eddy’s flows using two equations of k — ¢.

Two types of energy and viscosity equations (k-& and k-w) are usually used, which are
the most common among engineering application. The first type (k-o) is used in high
flows. This method is characterized by a quick solution, but it is not accurate. The
second method (k-¢) is widely used in tube flow to solved the complex problems of
turbulent and have a high resolution and slow speed. Dependent on the previous serve
[25][34][41][51] it was chosen for the solution in this study.

e Mass Conservation (Continuity equation):

Ju ov ow (3.2)
&+a—y+g = O]

e Conservation of Momentum:

_ou  _ou , _ou > o ——~ 8, 1P
[(uﬁ + vﬁ + Wa—Z) + (a (w?) + a(u'v') + E(u'w')) =—amt (3.2)
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e Conservation of Energy:

=0T | 0T 0T O im0 om0 my) — 35
[(uax+vay+waz)+(ax(uT)+ay(vT)+aZ(wT))— (3.5)
92T 92T 92T

a(ﬁ-l_ayz =)

e Turbulence Kinetic Energy Equation:

(_6k4__0k4__6k) (3.6)
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¢ Dissipation Rate (£) Equation:
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e The Eddy Viscosity of Turbulent:
k2 38
(e = pC,~—] &9

e Turbulent Intensity:

[ = =0.16 x (Re)"1/®)] (3.9)
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3.2.1. Mesh Generation

In order to obtain accurate results and very close to reality, the mesh generation must
be accurate, as it is a very important thing in the work of the ANSYS Fluent program,
as using the program Gambit 2.4.6 the mesh is created. This program gives us the best
preparation for it after determining the areas of entry and exit of the hot fluid and cold,
pipe walls and areas of concentration of turbulence for fluids. Then the geometry is

exported to the program ANSY'S Fluent 19R2 program.

The ANSYS Fluent program provides several models, and these models are the ones
that determine the type of the object, the size of the mesh, the number of nodes that
are formed in the body, and the accuracy of the results that will be obtained. Figure
3.7 shows these models. Each of these of mesh is specific to the model on which the
study will be conducted. Since the model used in this study is of a complex type and
has small dimensions, choosing a tetrahedron and an irregular wedge is the optimal
choice in order to take the shape of the entire body and give us the best mesh system

to obtain ideal and real results.

Triangle
Tetrahedron Pyramid
: N\
1
Quadrilateral Hexahedron Prism / Wedge

Figure 3.7. Types of meshes.

In this part of the program, it is preferred that the number of cells is high, as the greater
the number of cells, the more accuracy, but this increase in the number of cells has a

high impact on the time needed to obtain the results, which may take days of
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continuous work on the computer to obtain the results. There are several options to
determine the simulation’s accuracy and efficiency and its impact on the stability of

viscous flows and the quality of the mesh.

Including Skewness, as the closer to unity, is the best quality. In this study, the
maximum Skewness is 0.913, which indicates that the quality is very good as shown
in Table 3.1. Also, mesh structures of the smooth and finned tubes are given in Figure
3.8 and Figure 3.9, respectively. Mesh adaptation study has been carried out before the

solution. In this study, optimum mesh numbers and structures have been determined

for smooth and finned tube types.

Table 3.1. The specifications of the meshes.

Setup

Specifications

Smooth Pipe

Pipe with fins

Physics Preference

CFD

CFD

Solver Preference

ANSYS Fluent 19R2

ANSYS Fluent 19R2

Growth Rate

Default (1.2)

Default (1.2)

Sizing fine fine
Max Skewness 0.902 0.913
Node 813167 985850
Elements 4481282 4975702
Transition Slow slow

The Shape of The Mesh

The structure of
computational grid is
Tetrahedral

The structure of
computational grid is
Tetrahedral
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Figure 3.8. Mesh shape for smooth tube.
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Figure 3.9. Mesh for finned tube.
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3.2.1.1. Mesh Independence

Grid independence test plays an important role in the reliability of mesh because the
poor design of the grid lead to decrease in the accuracy of the simulation results. The
Mesh for this study is examined by changing the parameters and repeating the
simulation work to ensure the validity of the results, the main method used in this test
is to increase number of elements by increasing the element size of the pipe, until it
reached a point where the results were not noticeable figure (3.10) and (3.11) show the
variation in the temperature are not significant with the increase in the elements
number. The mesh size (4481282) for smooth tube and (4975702) for finned tube with
pitch (P=1.6 mm) are the best sizes chosen for the simulation calculation process, and

it takes less time to complete the process as shown in table (3.2) and (3.3).

Table 3.2. Mesh independence for smooth tube.

Elements Nodes Outlet water
temperature
1765720 299368 322.122
2438392 362415 322.268
2708849 420598 322.341
3652275 634257 322.578
4481282 813167 322.775
4625561 897263 322.778
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Figure 3.10. Mesh independence between number of element and outlet water
temperature for smooth tube.

Table 3.3. Mesh independence for finned tube (P= 1.6 mm).

Elements Nodes Outlet water temperature
1865422 299368 321.128
2574317 362415 321.245
2967542 420598 321.377
3788971 634257 321.478
4975702 985850 321.597
4981312 1081544 321.599
321.7 Finned tube with p=1.6mm

§ 321.6

g 321.5

£

Y3214

£3213

2

E:nxz

g:nll

321
1865422 2574317 2967542 3788971 4975702 4981312

No. of Element

Figure 3.11. Mesh independence between number of element and outlet water
temperature for finned tube with pitch fin (P= 1.6 mm).
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3.3. SETTING OF MATERIALS

The first step in creation of a CFD model is the definition of the fluid and material
parameters. In order for the results obtained in the program to be similar to the actual
results, it must be used the properties of materials, whether solid or liquid, in the
program, as we are dealing with three types of materials, one of which is solid and the

other two are liquid.

3.4. SETUP

After completing the preparation of the mesh, at this stage, the boundary
conditions that must be adopted to obtain the required results are determined,
such as the velocity and temperature of the air and the velocity and temperature
of the water. The properties of air, water and copper, and some important
assumptions must be applied to determine the type of results that will appear,
such as activating the energy equation and turbulence model as shown in Figure
3.12 and Figure 3.13, respectively. The condition is stable and the body is semi-
isolated. There is no heat generation, the properties of water, air and copper are
fixed, and the flow in this study is turbulent.

The fluids used in this study are of two types, including water, which passes
through pipes with an interior diameter of 19 mm and turbulent flow of 4% and
temperatures as shown in the Table 3.2, and air that passes outside of the pipes
inside the walls of the space with a turbulent flow rate of 5% and an internal

diameter of the flow space is 261.9 mm.
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' Inviscid Qmu

) Laminar 0.0845
_ Spalart-Alimaras (1 eqn) C1-Epsilon
‘@ k-epsilon (2 eqn) 11,42
' k-omega (2 eqn) C2-Epsilon
' Transition k-ki-omega (3 eqn) 11.68
< Transition SST (4 eqn) Wall Prandt! Number
' Reynolds Stress (7 eqn) l0.85
Scale-Adaptive Simulation (SAS)
Detached Eddy Simulation (DES)
_ Large Eddy Simulation (LES)
k-epsilon Model
) Standard
® RNG
' Realizable
RNG Optioits User-Defined Functions
Differential Viscosity Model Turbulent Viscosity
Swirl Dominated Flow [ aone =
Near-Wall Treatment Prandtl Numbers
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® Standard Wall Functions et
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_ Scalable Wall Functions
) Non-Equilibrium Wall Functions
' Enhanced Wall Treatment
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Figure 3.12. Selection of the viscous model.

Zone Name

water_inlet

Momentum | Thermal @ Radiation | Spedes DPM Multiphase | Potential

ups

Reference meel.ﬁhsulute

Mass Flow Specification Memudl Mass Flow Rate

Mass Flow Rate (kg/s) |0.03293464 | constant

Supersonic/Initial Gauge Pressure (pascal) 0 |nonstant

Direction Specification Methodl Normal to Boundary

Leflelleflefle]

Turbulence

Specification Method| Intensity and Hydraulic Diameter

Turbulent Intensity (%) 5

Hydraulic Diameter (mm) |19

= &=L

Figure 3.13. Selection of the boundary conditions.
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3.5. ASSUMPTIONS

The assumptions must be applied to solve the equations of flow and heat transfer. In
addition to the fact that the body is three-dimensional, the liquid is incompressible and
the general condition is stable. The type of flow is turbulent. Assuming that the
properties of the fluid are constant. The external part (elbow) for pipes to be insulated,
as the heat generation inside the pipes in them is very little in addition to ignoring heat

radiation, assuming that the walls are completely insulated.

3.6. BOUNDARY CONDITIONS

Using fluid conditions with the program ANSY'S Fluent 19R2, it is possible to obtain

results that give us a clear and accurate depiction of the models used in this study

by solution the equations of mass, momentum, energy and turbulence with boundary

conditions. Table 3.2 presents all the boundary conditions that applied to this study.

Table 3.4 . Boundary conditions.

Inlet boundary condition for air

1 Temperature 20°C

2 Inlet velocities (1,2,3,4)mls

3 Turbulent intensity 4%

4 Hydraulic diameters 261.9 mm
Outlet boundary condition for air

1 Pressure outlet 0 (Pa)

2 Turbulent intensity 4%

3 Hydraulic diameters 261.9 (mm)
Inlet boundary condition for water

1 Temperature 70°C

2 volume flow rate 2,3,4,5,6 (L/min)

3 Turbulent intensity 5%

4 Hydraulic diameters 19 (mm)

Outlet boundary condition for water
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1 Pressure outlet 0 (Pa)
2 Turbulent intensity 5%
3 Hydraulic diameter 19 (mm)
Tube wall boundary condition
1 Thermal condition Coupled
2 Wall motion Stationary motion
3 Shear condition No slip wall
4 Material Copper

3.7. ITERATION CONVERGENCE

The method by which it reaches to check for convergence of the solution is known as
monitoring the residuals. Convergence occurs when the convergence condition for
some variables is reached. More than 15000 iterations are sometimes required to get
the results, which take around 48 to 56 hours on a computers cluster consisting of eight
1.65 GHz, Intel® CORE (TM) i7, RAM 16 GB personal computers. Five computers
were used in research to guarantee quick access to solutions. In order to obtain perfect
accuracy, all equations are solved in the program and repeatedly. The properties of
water and air are calculated at each point and continuously until it approaches the

correct solution in each iteration.

3.8. SOLUTION AND RESULT

After completing all the steps of the program and completing the treatment, the

diagrams and temperature distributions on the heat exchanger, inlet and outlet

temperatures, pressure drop in the pipes, in addition to the velocity distribution

of water and air have been taken from program.

36




PART 4

EXPERIMENTAL WORK

4.1. GENERAL

This chapter involves the clarification of the operational procedure and the set-up of
the experimental work that are down in university of Wasit at postgraduate laboratories
of the college of engineering at ambient conditions (temperature 20°C and pressure 1
bar). The purpose of practical work is to investigate the effect of changing the tube
shape from smooth to integral finned mid tubes with different pitches between the fins
on heat transfer enhancement for cross-flow heat exchanger, consisting of four tubes.
Also calculating the heat transfer coefficient with compared to smooth tube at different
working conditions, the inlet water temperatures have been taken as 50-70°C, and
various amounts of water mass flow rates with (2-6 I/min), while the air velocity is (1,
2, 3, and 4 m/s) with its temperature of 20°C with range of Reynolds numbers for water
side (3985<Rew<16032) and for air side (17390 <Rea< 73060).

4.2. LABORATORY EQUIPMENT COMPONENTS

The schematic diagram of the test setup is presented in Figure 4.1. It shows the parts
that make up the laboratory devices on which the practical experiment was conducted.
Figure 4.2 also shows a realistic photograph of the experimental setup for showing the

parts of the experimental devices as follows:

. Inlet section.

. Test section.

. Pipe Polyvinyl Chloride (PVC).
. Centrifugal water pump.

. Water heater tank.

aa B~ W N -
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6. Centrifugal air blower.
7. Heat exchanger.
8. Tools of measurement.

9. Heat insulator.

l“‘]iw 1

| Reader thern]ometer

XOX

‘ wSection Test
Preset Air Duct

resi“ re aeter

Water Pump .

WaterjHeater

.

Diffuser

Figure 4.1. The schematic diagram of the experimental setup.
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Figure 4.2. Photograph of experimental setup.

4.3. INLET SECTION

This part consists of two sections made of galvanized steel. The first is of a rectangular
conical shape with dimensions of 750 mm in length, 250 mm in width and 275 mm in
height. It relates to a fan where the air is pushed to the other part, which is in the form
of a rectangle, with dimensions of 800 mm length, 250 mm width, and 275 mm height.
Its purpose is to distribute air and deliver it to the examination section as shown in
Figure 4.3.

Figure 4.3. Inlet section of the experimental setup.
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4.3.1. Test Section

This part is considered one of the important parts of this experiment as it contains most
of the examination devices made of Pyrex glass material with a thickness of 6 mm
within the measurements of 400 mm length, 250 mm width and 275 mm height. After
installing the measuring tubes consisting of four tubes and as shown in the Figure 4.4,

the gaps are sealed with silicon material to prevent air leakage from them.

ir .1 Y

l 1lﬂ“!“.““\“mm5??#ié;3{'J{'-‘-H'v'»"\\\‘.‘é.w‘!-\'f~ A

h .
oy .

(a) (b)

Figure 4.4. Test section internal view for: (a) smooth tube, (b) Finned tube.
4.3.2. Centrifugal Pump

For the purpose of pushing water into the pipes and obtaining water pressure readings,
a centrifugal water pump is used that is operated by an electric current as shown in
Figure 4.5. The pump operates with an electrical power of 330 watts and a flow rate
of 20 L/min. To control the amount of flow, the regulator valve is placed after the
pump, and the flowmeter device is located after the valve.
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Figure 4.5. Centrifugal pump.

4.3.3. Water Heater Tank

A water heater that works on an electric heater with a capacity of 1000 watts and a
voltage of 220 volts. It contains an insulated interior tank in which the water is heated
through the heater. The heater contains a heating temperature controller. The capacity
of the internal water tank is 80 liters and is connected before the pump to heat the water

in it and pass it to the pump to be push it into the test tubes as shown in the Figure 4.6.

Figure 4.6. Water heater tank.
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4.3.4. Centrifugal Air Blower

Air blower has been used which works by centrifugal on electric current with a
capacity of 750 watts and a voltage of 220 volts and contains side slots to control the
speed of the air coming out of the blower, as the total speed of the air is 15 m®min as

shown in the Figure 4.7.

Figure 4.7. Centrifugal air blower.

4.3.5. Heat Exchanger Pipes

In order to conduct the examination and test the heat transfer rate through the tubes
and the heat transfer coefficient and the extent of the effect of temperature change and
flux change on it, so two types of tubes were selected for the experimental
examination: a smooth tube and a finned tube with a pitch of (P= 1.6 mm) as shown
in Figure 4.8 for comparison in what is between them and theoretical readings.
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(b)

Figure 4.8. Heat exchanger pipes for: (a) finned tube, (b) smooth tube.

4.3.6. Measurement Tools

In order to obtain the real readings related to this research from the used examination
device, a number of devices were used that show us the readings, each according to its
specialization, such as measuring air and water temperatures, measuring air velocity,

water flow rate and pressure drop, as shown below:

4.3.6.1. Thermometer

In the experiment, it has been used a digital thermometer type (TPM-10) to measure
the temperature of the air outside through the pipes (Figure 4.9). It measures the

highest temperature of 110°C and the lowest temperature of -50°C. It has an accurate
reading resolution with 0.1°C and accuracy of +1°C.
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Figure 4.9. Thermometer.

4.3.6.2. Datalogger

A datalogger with the type of HT-9815 as shown in the Figure 4.10 has been used for
reading temperature measurements. It works with an accuracy of £0.1°C and reads the
temperatures of four zones at the same time and for the necessity of using six points
for examination. The thermocouples of Type-K have been used for the temperature
measurement. The device calibration certificate is given in Appendix A.1 [25].

Figure 4.10. Datalogger.
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4.3.6.3. Pressure Meter

Type pressure gauge (En 837-1) connects to the inlet and exit pipe heat exchanger in
order to measure the pressure difference for the test section. Highest measured pressure
(150) Psi with measurement accuracy (x0.3%) and respond time (0.5s) as shown in
Figure 4.11.

Figure 4.11. Pressure meter.

4.3.6.4. Thermocouples

It is a wire length of 1 m type K, which is of the type that measure wide range
temperatures between (T1, T2, T3...T8), it contains two ends, the first is a socket
connected to the temperature reader device and the second end is the measuring point,
which is in the form of a sphere with a diameter of 2 mm, is connected with the surface
of the heat exchanger and as shown in the Figure 4.12.

The thermocouples were calibrated using different degrees of temperature according
to the thermocouple and thermometer which calibrated in the Central of
Standardization and Quality Control according to the previous study [25], as shown in
Appendix A.2. Figure 4.13 shows a picture of the calibration of the first thermocouple
and the other forms of calibrations are in the Appendix A.2.
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Figure 4.12. Thermocouple.

First thermocouple

y = S5E-05x* +0.9819x - 0.1962

~

o
o

o
(=}

standard reading

w
o

45

40 45 50 55 60 65 70 75 80 85

thermocouplereading

Figure 4.13. Termocouple calibration.

4.3.6.5. Anemometer

Anemometer has been used for measuring the air velocity entering the test section,
with a range of air speed (0.4-30 m/s). The resolution of the anemometer is 0.01 and

the accuracy is £2% as shown in Figure 4.14.
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Figure 4.14. Anemometer.

4.3.6.6. Flowmeter

Mechanical flow meter, the principle of operation of this meter is based on the theory
of buoyancy, where it is made of polished glass, containing inside it a circular piece
with a conical shape that floats when the flow increases to rise at each flow on the
reading scale that is a pointer on the surface of the exterior glass. The fluid flow in it
usually from the bottom to up, and the measuring amount ranges from 1 liter per
minute to 7 liters per minute, as shown in the Figure 4.15 The device was calibrated
according to the Table 4.1 and Figure 4.6 [25].

Figure 4.15. Flow meter of water.
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Table 4.1. The experimental values for flowmeter calibration.

Experience 1

Experience 2

Experience 3

DD < 2 x| s 4| =l s| 2] 2| & @
o

B2 | ¢ = 5| g 2| T2 2| T %=
S5 3 3 = 3. | 3 = 3| 3 = 2 5| =
Q 7 4] 3 =) @ @ =) o @ 3 3 S
TZ = o T N2 T & 3

E)

3

5 5 | 5935 | 905 | 5 | 5869 | 511 | 5 | 5941|504 506 | .12
4 5 | 5032 | 404 | 5 | 5015 | 405 | 5 | 5954 |403] 404 | 4
3 5 | 588 | 306 | 5 | 5891 | 3.05 | 5 | 5964 |301| 304 13
2 5 | 578 | 207 | 5 | 5941 | 201 | 5 |5883|203| 203 | 15

Standard reading (I /m)

L et e
y =-0.0024x* + 1.0083x -0.0383

Actual reading(l/m)

Figure 4.16. Flowmeter calibration.
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4.4. EXPERIMENTAL PROCEDURE

Before starting the experiment, a trial test of the device must be carried out to obtain

accurate results and to ensure that there are no problems during the trial test. These

steps include:

S e

. Fill the water heater completely.

Ensure that the electrical wires are connected correctly, that the pump and heater
are running, and that the heater temperature is adjusted for each case.

Make sure the air temperature is set to 20°C.

Ensure there are no leaks.

Make sure the fan is working and control the air speed limited in this study.
Connect the measuring devices and take preliminary readings to ensure their
validity.

Repeat the first case three times to ensure the accuracy of the readings and to
calculate the percentage of accuracy.

Each case takes two hours from the time until reach the steady state, and after
two minutes, the temperatures and pressure difference are recorded for each case.

4.5. BASIC EQUATIONS

Figure 4.18 represents the logarithm of the average temperature difference, which is

the appropriate form to use in analyzing the work of heat exchangers, where we notice

in the above figure the difference in the temperatures of the two liquids at entry and

exit, and it can be calculated by all the equations below were applied for smooth and

finned tubes for one case as shown in the Appendix (C).
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Figure 4.17. Temperature profiles in counter flow heat exchange.

4.5.1. Logarithmic Mean Temperature Difference (LMTD):

The logarithmic average of the temperature difference at both ends of the heat

exchanger.

LMTD = AT, — AT,
A

In (ATZ)

AT; =ty — teo
AT, =ty — tgi

4.5.2. Heat Capacity
Cax It means maximum heat capacity.

Chmax = (M X C)max aNd  Cpin = (M X Cp)min
Number of transfer unit

AOS

NTU = U, X

min
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4.5.3. Effectiveness of Heat Exchanger

_ Qactual (4.6)
=
Qmax
Qactuar = Q@ = my X Cph X (thi - tho) = M X Cpc( teo — tei) (4-7)
Qmax = Cmin (thi — tei) (4.8)

The Cmin is mean the minimum heat capacity for hot or cold fluid effectiveness (&) with
number of transfer unit (NTU) [7].

1
e=(5) @ —exp (=CHA =) )
Cr
Crmax = Chot A Crax = Ceoia (4.10)
1
= (1—exp ((—)(1— e NTUer)
Cr
The ratio of heat capacity is C, = E’“J (4.11)
4.5.4. Actual Rate of Heat Transfer
Q=m, XCp X At (4.12)
And
Q =my X Cp, X At (4.13)
and we can the rate of heat transfer can be expressed as:
Q=UXAX Aty (4.14)
The factors (R & S) are the ratio of temperature
_ Thi = Tho (4.15)
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_ Tco - Tci (416)

B Thi — T
e (4.17)
5 i
. (\/R—H)Xln(1—RS)
2-S(R+1-(VRZ+1))
(R=1)xIn
(2—3(R+1+(‘/R2—+1))>
. (4.18)
SR = Ryor = R; + Rypqu + R =(1)+ L)+ )
tot i T Rwan 0 hiA;s 2k L hoAos
As
P (4.19)
A= ndL (4.20)
ln%
o ; (4.21)
wall 2 kcopL

Ryqu - Thermal resistance for wall tube.
k¢op - Thermal conductivity for tube material
L: length of tube

To find rate of heat transfer between two fluids in the heat exchanger we used:

AT 4.22
Q=—" = UAAT (4.22)
Rtot
Q = Uvo ATlmtd = UiAi ATlmtd (4-23)
1 1 1 1 1 (4.24)
—_— == =YR=——+4Ry. +
UA~ UA; U,A, Ua; - vl Tya,

By Substituting equation (4.18) into equation (4.21) we get:
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1

U, =
A, ln%

A, 1 (4.25)
(hiAi) + Zﬁkcopi_. + (h_())

4.5.5. Overall Heat Transfer Coefficient

The overall heat transfer coefficient for interior and exterior (U,), (U;) is the product
of the two surface areas of the heat exchanger, which in general are not equal except
by the method of Eq. (4.23).

UOAO = UiAi (426)
U, #U;
1 4.27
0, - : (4.27)
Yy
hiAi ZﬂkcopL ho
Ao = Td oL (4.28)

where, A,¢ is external area of tube surface at the integral finned tube,

1 (4.29)

dof) d; ( 1 )
+ + =
(hidi 2kcop ho

Then the Eq. (4.26) applies to clean surfaces as recommended by [56] which was

presented to predict the turbulent heat transfer coefficient in the pipe, which is:

Nu = 0.023 Re®® Pr® (4.30)

The Prandtl number for cooling processes is equal to 0.3 and for turbulent flow this
number is (0.6 < Pr < 100)
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KCp

Pr=—
"=k
Nu=h d
u= 3"
PrK
h; = 0.023 Re% —~
d;
pwuwdi
Re,, =
v My
uy =
v Aic
m
Ajc = Zdlz
C
Pr,, = Hwlpw
Kw

4.5.5.1. Heat Transfer Coefficient for Water side
Q = m,, X Cp,, X At
And the rate of heat transfers from an isothermal surface

Q= hav,w X As,w X (Ts,av - Tb)
m,, X Cp,, X At = hav,w X As,w X (Ts,av - Tp)
m,, X Cp,, X At

As,w X (Ts,av - Tb)

hav,w -

Average Temperature for Surface

T _T1+T2+T3++Tn

S

n

And surface area for tube is

A = md,L
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(4.34)

(4.35)

(4.36)

(4.37)

(4.38)

(4.39)

(4.40)

(4.41)

(4.42)



Twi + Two

b= 2
h.y wd
Nu,, = a}zvvvv ‘

4.5.5.2. Heat Transfer Coefficient for Air side

For smooth tube

For finned tube

1

In (ﬁ)
(Uio) —| dor X 7% lgf:op - (hid;fdi)

Then Uo calculated by

UoAgs = UjAjs

U; = Q
1™ Ajs X F X LMTD

To calculate Renolds number for air we can use:

_ Palad,

Ha

€a

And the hydraulic dimeter calculated by
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L 2w xH (4.50)
2 (W+H)

4.5.6. Enhancement Ratio for Finned Tube

Enhancement Ratio (Er) is the ratio whose purpose is to know the extent of
improvement and enhancement in increasing the heat transfer coefficient from the
smooth model to the finned model. It is the ratio of the heat transfer coefficient of the
finned tube minus the heat transfer coefficient of the smooth tube divided by the heat

transfer coefficient of the smooth tube.

hor —h 4.51
Er ==2L_% 5 94100 (4.51)
hOS
4.5.7. Pressure Drop for heat exchanger
AProtar = APfitt + APiype (4.52)
From Darcy—Weisbach Equation
L Py, XU? (4.53)
AP type = f X () X (u)
d; 2
0316 (4.54)
- (Re)o.zs
which is the Re > 10°
Py XU? (4.55)
APrire = N X Ky X (———)

2

Where (K;) is the loss coefficient and is equal to (1.9) the return curve at the interior

diameter (0.19) mm, as shown in the Appendix (A).
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4.5.8. Error Analysis

For the purpose of calculating the percentage of accuracy and knowing the percentage
of error, we use the equations below, where we show the percentage of error in the
first three values that are taken to evaluate the accuracy of the device, this uncertainty
analysis is based on the method is suggested by Kline [57] and Moffat [58] which are
covered by the reference [59] and the percentages were as shown in Table 4.2 and

according to the equations below:

_IIX (4.56)

X
av n

Where is
(Xi) is the measurement value of each case
(n) It is the number of cases that have been taken

(o) standard deviation value

G = \/(Z?(XL - Xav)z) (4'57)

n—1

(a,) is the mean standard deviation.

_ (4.58)

So (X) represents the real value measured by the equation below:

X=X, to, (4.59)

The total accuracy of the system has been calculated between -10.7525 and 8.583007.
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Table 4.2. Results of calculated error rates.

X+
Var. X1 X2 X3 Xav o Oq4 %
X-
45.243 8.502
Q 42.91 34.107 47.173 41.396 6.663 3.847
37.549 | -10.245
26.937 8.583
Ui 25.513 20.251 28.11 24.625 4.004 2.312
22.313 -10.36
798.554 | 0.0136
hi 798.402 798.65 | 798.283 798.445 0.187 0.108
798.337 | -0.0136
3988.977 | 0.0215
Rew | 3987.781 | 3989.745 | 3986.831 3988.12 1.486 0.858
3987.261 | -0.0215
23.528 0.0116
Nuw | 23.524 23.53 23.521 23.525 0.004 0.0027 23522 | -0.0116
24.371 8.583
Uo 23.083 18.322 25.433 22.279 3.623 2.092 50.183 1036
25.354 8.849
ho 23.96 18.87 26.502 23.110 3.886 2.243 50.867 1075
17310.12 | 0.011
Rea | 17309.67 | 17310.53 | 17304.51 | 17308.24 3.259 1.88 17306.36 | 0011
20.588 8.846
Nua | 19.457 15.324 21.518 18.766 3.1545 1.8213 16.945 1075
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PART 5

RESULTS AND DISCUSSION

5.1. GENERAL

This chapter involves all the experimental and theoretical results. The flow is turbulent
with five different mass flow rates for water side from 2, 3, 4, 5, 6 L/min, velocity for
the air side 1, 2, 3, 4 m/s over the tubes, Reynolds numbers for water side
(3985<Rew<16032), and for air side (17390 <Rea.< 73060) investigated both
numerically and experimentally. The ANSYS Fluent 19 R2 program has been used to
simulate single-phase turbulent flows and in order to confirm the validity of the
outcomes. 126 analyses were done. These results clarify the effect of temperature and
pressure drop, heat transfer rate, Nusselt number, Reynolds number in addition to the
internal and external heat transfer coefficient among them through changing the air
velocity and fluid flow used in this numerical study. The experimental part involves
four models which are studied smooth tube, finned tube with pitch fins as (P= 1.6, 2.5,
and 3.75 mm) to obtain the best model that provides the highest heat transfer rate and
the highest efficiency. In the experimental side the effect of the seam parameter study
for medium integral finned tube with he (P=1.6mm) and smooth tube with inlet
temperature (50, 60, and 70°C).

Through comparison and adoption of the previous study [25] almost identical results
are reached with a little difference, as the researcher in the previous study use an air
temperature of 25°C, while in this study it was used an air temperature of 20°C, which
indicates the accuracy of the program and as shown in Table 5.1, which illustrates the
comparison form between the two studies. The numerical results are compared with

the experimental results at the last part.
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Table 5.1. The comparative between the present research and Mardan study [25].

U m'w | Thi |[Tci | Tho T |Tco T | ATw | Ata Qw
air |Kgls | C T Watt
m/s

The 1 0.033 | 50 25 49.561 | 25.725 | 0.438 | 0.725 | 60.338

Previos

Study

The 1 0.033 | 50 20 49.607 | 21.862 | 0.393 | 1.88 | 54.049

Present

reserch

5.2. NUMERICAL RESULTS

5.2.1. Results of the Smooth Tube

5.2.1.1. Effect of Inlet Water Temperature on Heat Transfer Rate

Figure 5.1 shows the relation between the flow rate water on convective heat transfer
rate at different inlet temperatures of hot water (50, 60, and 70°C). This figure shows

that the heat transfer rate increases with inlet temperature. This attributed to increase

the temperature difference.

Smooth tube
350 ——Temp 50°C

U,,=4 m/s
300 —@—Temp 60°C
Temp 70°C
250
£ 200
2
— 150
of
100
50
0
5338 8009 10682 13358 16034

Re

Figure 5.1. Effect of inlet water temperature on heat transfer rate.
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5.2.1.2. Effect of Air Velocity and Inlet Water Temperature on Heat Transfer
Rate

The effect of air velocity on heat transfer rate for different inlet water temperatures is
shown in Figure 5.2 to Figure 5.6. From this figure it is noted obvious increase in the
heat transfer rate when the air velocity increases under constant water flow rate and
varies inlet temperature. The higher heat transfer rate of the heat exchanger of air side
due to the higher the air velocity on the tube surface, which drawn large amount of
heat dissipation of the heat exchanger.

Smooth tube

300 . .
—&—Temp50°C Water flow rate =2 L/min
——Temp 60°C
250
Temp 70°C
200
=
o]

—n
150 /

—a
100 /

50

17319.550 34709.100 52185.762 69655.504
Re

air

Figure 5.2. Variation of heat transfer rate with Reair for different inlet hot water
temperatures (50, 60, and 700C) at flow rate of 2 L/min.
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o Smooth tube
—h—Temp 50°C Water flow rate =3 L/min
== Temp 60°C

250
=h—Temp 70°C
200
= —{1
g
150
—A
100 ‘/‘/‘—
50
0
17319.550 34709.100 52185.762 69655.504

Re

air

Figure 5.3. Variation of heat transfer rate with Reair for different inlet hot water
temperatures (50, 60, and 700C) at flow rate of 3L/min.

Smooth tube

300 . .
—&—Temp50°C Water flow rate =4 L/min
—@—Temp 60°C
250
=de—Temp 70°C A
200
= —]
g
150
—A
100 ‘/‘/‘—
50
0
17319.550 34709.100 52185.762 69655.504

Re

air

Figure 5.4. Variation of heat transfer rate with Reair for different inlet hot water
temperatures (50, 60, and 700C) at flow rate 4L/min.
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o Smooth tube
—h—Temp 50°C Water flow rate =5 L/min
== Temp 60°C

250
Temp 70°C

=
d 150 /

100

50

17319.206 34708.409 52185.589 69649.967
Re

air

Figure 5.5. Variation of heat transfer rate with Reair for different inlet hot water
temperatures (50, 60, and 700C) at flow rate 5L/min.

Smooth tube

350 . .
—&—Temp50°C Water flow rate =6 L/min
300 +Temp60°C
Temp 70°C

> g

Cj; 200 /
150

17318.919 34708.179 52185.070 69646.738
Re

air

Figure 5.6. Variation of heat transfer rate with Reair for different inlet hot water
temperatures (50, 60, and 700C) at flow rate 6L/min.

5.2.1.3. Effect the Tube Inlet Temperature on Heat Transfer Coefficient

Through the Figure 5.7 to Figure 5.10, which show the relationship between the heat
transfer coefficient with the temperatures of hot water inside the pipe. As these
diagrams confirmed that the heat transfer coefficient increases with increasing

temperatures and the flow rate of the incoming water when the velocity of the outside
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air remains constant. The reason for this increase is the turbulence resulting from an
increase in the turbulence of the water and the effect of thermal conductivity, which

rises with the increase in water temperatures.
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5346.826 8022.639 10699.270 13378.420
Re

Figure 5.7. Variaiton of heat transfer coefficient with Rew for different inlet water
temperatures at air velocity 1m/s.
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Figure 5.8. Variaiton of heat transfer coefficient with Rew for different inlet water
temperatures at air velocity 2m/s.

64



Smooth tube

2500 o
=——Temp 50°C -
P U,;, =3 m/s
—f—Temp 60°C
2000 Temp 70°C
‘01500
o
£
1000
&
H
<
500
0
5339.718 8012.166 10685.300 13351.446
Re

Figure 5.9. Variaiton of heat transfer coefficient with Rew for different inlet water
temperatures at air velocity 3m/s.
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Figure 5.10. Variaiton of heat transfer coefficient with Rew for different inlet water
temperatures at air velocity 4m/s.

5.2.2. Effect of Fins on Heat Transfer Rate

Through the study and the results obtained, it was found that the finned tubes give
more heat transfer rate than the smooth tubes with different number and shape of the
fins. The fins used in this study were rectangular fins, based on the previous study [41],

which confirmed that the rectangular circular fins give the best heat transfer rate than
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other shapes, as the higher the surface area of the tubes, the heat transfer rate will also
increase, and thus this increase will be a reason in increasing the actual efficiency of
the tubes. Table 5.2 and Figure 5.11 shows the effect of the rate of heat transfer for
each type.

The boundary conditions are applied to two models (the first model smooth tube, and
the second models involve three model medium integral finned tube, with fin pitch (P=
1.6, 2.5, and 3.75 mm), respectively, to obtain the best heat transfer rate, best heat
transfer coefficient and efficiency were obtained for inlet water temperature as 70 °C.

Table 5.2. Variation of heat transfer rate with inlet water temperature.

Thi | Ug | D Qu(W)
©C) | (mfs) | (Limin) Smooth Fi-nned tube Fi-nned tube Fi-nned tube
with 1.6 mm | with 25 mm | with 3.75 mm
50 1 2 54.049 213.629 172.077 152.954
60 1 2 75.754 289.814 233.752 207.026
70 1 2 108.207 369.254 296.462 226.689
400 —e—Smooth Usir =1 m/s

—m—375pitch, Water flow rate =2 L/m

300 2.5 Pitch

=>¢=1.6 Pitch
> —n
100 . -

Aﬁ v
0
50 60 70
T hi

Figure 5.11. Variation of heat transfer rate with inlet water temperature for all models.

5.2.2.1. Effect of Pitch Ratio for Medium Integral Fin on Heat Transfer Rate
The effect of fin pitch ratio on heat transfer rate when changing the flow of water and

changing the temperature with constant air velocity is shown between Figures (5.12,

5.13, and 5.14). It turns out that the heat transfer rate increases with the increase
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Reynolds number for generally and fins pitch ratio respect to the smooth tube, where
it was found that the best model is obtained with integral medium finned tube with the
pitch is (P= 1.6 mm). When the distance between the fins is reduced, it leads to an
increase the number of fins, this led to increases the surface area for heat exchange and
generates more air turbulences prevent the thermal boundary layer, which tend to

increases the rate of heat transfer.

U.. =2 m/s
1200 air /
—4— Smooth
1000 —8—3.75 Pitch
2.5 Pitch
800 == 1.6 Pitch
=
(]
g 600
=
g 400
200 . ® * °
a v
0
5253 7892 10541 13199 15866

Re

Figure 5.12. Variation of heat transfer rate with water Reynolds number for constant
air velocity (2m/s).
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Figure 5.13. Variation of heat transfer rate with water Reynolds number for constant
air velocity (3m/s)
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Figure 5.14. Variation of heat transfer rate with water Reynolds number for constant
air velocity (4m/s).

5.2.2.2. Effect of the Pitch Ratioon NTU

Figure 5.15 shows the relationship between the number of transmission units (NTU)

with Reynolds number for integrated medium finned tubes and smooth tube.

It was defined that increasing the value of the Reynolds number increases the NTU and
the greater the number of fins, the greater the ratio. Also, thermal efficiency with
respect to smooth tubes in general is the same trend. This is due to the increase in the
total heat transfer coefficient. It was found from this condition that the tube with a
pitch of (P= 1.6 mm) gives a higher value of NTU than the others, due to the increase
in the surface area and the number of fins as it works to direct the movement of air,
which leads to an increase in thermal energy dissipation from the air side to the air

flow.

68



U.,,=2 m/s

0.14
—4— Smooth
0.12 == 3.75 Pitch
2.5 Pitch
0.1 ——1.6 Pitch
D 0.08
'_
=
0.06
0.04
V. y . —d
0.02 R o ¢ * <
>~—
0
5340.416 8013.582 10693.040 13376.922 16061.266

Re

W

Figure 5.15. Relation between the number of transmission units (NTU) with Reynolds
number and constant air velocity 2m/s.

5.2.2.3. Effect of Reynolds Number on the Effectiveness

Figure 5.16 and Figure 5.17 show the relation between the Reynolds number and the
effectiveness of cross flow heat exchanger for all model which studied. The results
showed that as the Reynolds number increases, the effectiveness of the heat exchanger
decreases. In turn, this increases the heat transfer coefficient and improves the

effectiveness of the heat exchanger.
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Figure 5.16. The relation between the Reynolds number and the effectiveness with
different pitch ratio and constant air velocity 3m/s.
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Figure 5.17. The relation between the Reynolds number and the effectiveness with
different pitch ratio and constant air velocity 4m/s.

5.2.2.4. Effect of Pitch Ratio on Temperature Difference

Figure 5.18 to Figure 5.20 shows the relationship between the temperature difference
and pitch ratio. The temperature difference decreases with the increase of the Reynolds
number for all test models and for the various pitch ratios in general, relative to the
smooth tube. It is also noted that the pitch ratio of (P=1.6 mm) gives the highest
temperature difference at low velocity. This is attributed to the increase in the
Reynolds number which means an increase in the water mass flow rate and the lack of
sufficient time for the heat transfer between the hot fluid on the interior side of the tube
and the air on the fins side, in addition to an increase in the surface area of the finned

tubes.
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Figure 5.18. Relationship between the temperature difference and Reynolds number
for constant air velocity 2m/s.
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Figure 5.19. Relationship between the temperature difference and Reynolds number
for constant air velocity 3m/s.
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Figure 5.20. Relationship between the temperature difference and Reynolds number
for constant air velocity 4m/s.
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5.2.2.5. Effect of Pitch Ratio on Air side Overall Heat Transfer Coefficient

Figure 5.21 to Figure 5.25 shows the relationship between the air side overall heat
transfer coefficient with the different inlet air velocity at constant water flow rate. It
was found that decreasing the pitch ratio between the fins, their number will increase.
As a result, it increases the surface area, which works to regulate the flow direction
and tend to prohibit growth the thermal boundary layer. It also shows that as Reynolds

number increases, the total heat transfer coefficient for air side will also increase under

changing water flow rate and air velocity.
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Figure 5.21. The relation between overall heat transfer coefficient and air velocity for

all models.
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Figure 5.22. The relation between overall heat transfer coefficient and air velocity for
all models.
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Figure 5.23. The relation between overall heat transfer coefficient and air velocity for
all models.
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Figure 5.24. The relation between overall heat transfer coefficient and air velocity for
all models.
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Figure 5.25. The relation between overall heat transfer coefficient and air velocity for
all models.

5.2.2.6. Effect of Pitch Ratio on Air side Overall Heat Transfer Coefficient

Figure 5.26 to Figure 5.28 shows the relationship between the air side overall heat
transfer coefficient and pitch ratio. It shows that as Reynolds number inside tube
increases, the air side overall heat transfer coefficient will also increase under constant
air velocity generally for all integral fins tube with different pitch ratio. From this
obtained phenomenon the higher overall heat transfer coefficient at higher Reynolds
number and air velocity at pitch ratio of (P=1.6 mm). This is due to effectiveness for
integral finned tube with large number of fins as well as increases the surface area for

these tubes.
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Figure 5.26. Air side overall heat transfer coefficient with Renolds number for all
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Figure 5.27. Air side overall heat transfer coefficient with Renolds number for all

models.
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Figure 5.28. Air side overall heat transfer coefficient with Renolds number for all
models.

5.2.2.7. Effect of Air Velocity on Air side Overall Heat Transfer Coefficient

Concerning figure (5.29 to 5.33), it shows the relationship between the interior overall
heat transfer coefficient with the change in air velocity at constant temperature and the
flow rate of water. It shows that the higher air velocity, the higher overall heat transfer
coefficient for all test model. This increase is very clear at the increase in the mass
flow rate inside tube. Prior to it, the three forms mentioned above show that the best
tube that gives the best overall external and internal heat transfer coefficient is the tube

with a fin pitch of (P=1.6 mm).
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Figure 5.29. Internal overall heat transfer coefficient varies with air velocity for all
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Figure 5.30. Internal overall heat transfer coefficient varies with air velocity for all
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Figure 5.31. Internal overall heat transfer coefficient varies with air velocity for all
models.
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Figure 5.32. Internal overall heat transfer coefficient varies with air velocity for all
models.
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Figure 5.33. Internal overall heat transfer coefficient varies with air velocity for all
models.

5.2.2.8. Effect of Pitch Ratio on Pressure Drop for Air Side

The relationship between pressure drops and air velocity at constant water flow rate
and inlet temperature of 70 °C is shown in figures (5.34 to 5.38). We find that the
pressure drops for air side increases with increasing air velocity and pitch ratio for all
integral medium finned tubes. The highest pressure drops in tube with a pitch fin

(P=1.6, 2.5, 3.75 mm) and then the smooth tube, respectively.

This is attributed to an increase in the number of fins at the pitch ratio of (P= 1.6 mm)
and an increase in the surface area, in turn to an increase in surface resistance and the
friction factor, which in turn to an increase in the pressure gradient. On the other hand,
the percentage of improvement in the heat transfer coefficient from the air side, which

is the main factor in this study, to the increase in the pressure drop ratio, is acceptable.
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Figure 5.34. Effect of air side velocity on pressure drop at varies pitch ratio and smooth
tubes with constant water mass flow rate 2L/min.
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Figure 5.35. Effect of air side velocity on pressure drop at varies pitch ratio and smooth
tubes with constant water mass flow rate 3L/min.
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Figure 5.36. Effect of air side velocity on pressure drop at varies pitch ratio and smooth
tubes with constant water mass flow rate 4L/min.
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Figure 5.37. Effect of air side velocity on pressure drop at varies pitch ratio and smooth
tubes with constant water mass flow rate 5L/min.

82



Water flow rate =6 L/m
437.4

437 A —a
— —
‘B
2 1368
o
g " —e
436.6 ¢ v
o —4— Smooth
—f—3.75 Pitch
436.4 2.5 Pitch
=3é=1.6 Pitch
436.2
2 3 4
U air m/s

Figure 5.38. Effect of air side velocity on pressure drop at varies pitch ratio and smooth
tubes with constant water mass flow rate 6L/min.

5.2.2.9. Velocity and Temperature Variations

Through the Figure 5.39 to Figure 5.42, which show the temperature distribution on
the surface of the tubes, whether smooth or finned, where we notice that the
temperature rises at the entrance to the tube and gradually decreases until it ends at the
outlet of the tube. It was also noted that the tube with a pitch fin (P=1.6 mm) gives the
highest temperature gradation for the surface, next is the tube with pitch fin (P=2.5
mm), then the tube with pitch fin (P=3.75mm), and then the smooth tube, as the heat

exchange increases with increasing the number of fins.

83



Figure 5.39. Temperature distribution in the smooth tube.

Temperature

323
3229
| 322.8
322.7
3226
3225
1 3224
322.3
322.2
3221
322
1 321.8
1 321.8
321.7
321.6
321.5

Figure 5.40. Temperature distribution in the finned tube with pitch fin (P=1.6 mm).
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Figure 5.41. Temperature distribution in the finned tube with pitch fin (P= 2.5 mm).
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Figure 5.42. Temperature distribution in the finned tube with pitch fin (P=3.75 mm).
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5.2.2.10. Temperature Distribution for Finned Tube

Figure 5.43 to Figure 5.46 show the numerical results which are obtained to explain
the distribution of water temperatures on the test tube inside plane where the
temperatures reach their highest value at the entrance to the tube and their lowest at
the outlet. The heat gradually loses part of its value from the connection with the tube
wall while it is exposed to the air temperature, which is less than the maximum water
temperature. As for the Figure 5.47 to Figure 5.50 represent the temperature
distribution in a cross-section of the tubes. It shows the level of air distribution that
passes over the pipes from the air side. These figures show us a clear and gradual
decrease in temperature across the cross-section of the tubes. It was noted from all of
integral finned tube mentioned above, that the best decrease at temperatures is at the
tube with a pitch fin (P=1.6 mm).
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Figure 5.43. Temperature distribution of water in smooth tube.
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Figure 5.44. Temperature distribution of water in ntegral finned tube with pitch fin
(P=1.6 mm).
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Figure 5.45. Temperature distribution of water in integral finned tube with pitch fin
(P=2.5 mm).
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Figure 5.46. Temperature distribution of water in integral finned tube with pitch fin
(P=3.75 mm).
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Figure 5.47. Temperature distribution of air and water for smooth tube.
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Figure 5.48. Temperature distribution of air and water for meduim integral finned tube
with pitch fin (P=1.6 mm).
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Figure 5.49. Temperature distribution of air and water for medium integral finned tube
with pitch fin(P= 2.5 mm).
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Figure 5.50. Temperature distribution of air and water for medium integral finned tube
with pitch fin(P= 3.75 mm).
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5.2.2.11. Velocity Distribution in Smooth and Finned Tubes

The figures (5.51), (5.53), (5.55) and (5.57) show the distribution of the air stream on
the tubes. They show us the shape of the air passage on the test tubes and its
distribution. Here we note that the air velocity will vary from the entry section beyond
the test tubes, as it will narrow the air entry opening at the test tubes due to the
reduction in the area of the air section which causes turbulence and eddies in the air
flow after the tubes. The extension and length of this turbulence depends on the
distance between the tubes, as the increase the number of fins increase the length of

the turbulence also increases.

Figures (5.52), (5.54), (5.56) and (5.58) show us that the vortex in smooth tube
disappears at a distance of (5 cm) after pipe, while a tube with a fin pitch of (P=3.75
mm) disappears at a distance of (10 cm) after pipe. A tube with a fin pitch of (P=2.5
mm), the vortex disappears at a distance of (20 cm), and in a tube with a fin pitch of

(P=1.6 mm), the vortex in it disappears at a distance of (30 cm), as shown earlier.
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Figure 5.51. Velocity distribution of air in smooth tube.
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Figure 5.52. Length of the vortex after the smooth tube.
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Figure 5.53. Velocity distribution of air in medium itegral finned tube with pitch fins
(P=1.6 mm).
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Figure 5.54. Length of the vortex after the medium itegral finned tube with pitch fins
(P=1.6 mm).
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Figure 5.55. Velocity distribution of air in medium itegral finned tube with pitch fins
(P=2.5 mm).
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Figure 5.56. Length of the vortex after the medium itegral finned tube with pitch fins
(P=2.5 mm).
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Figure 5.57. Velocity distribution of air in medium itegral finned tube with pitch fins
(P=3.75 mm).
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. Length of the vortex after the medium itegral finned tube with pitch fins
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5.3. EXPERIMENTAL RESULTS

5.3.1. The Effect of Different Inlet Temperature on the Fluid Temperature

Difference

The relationship between the water temperature difference and Reynolds number at air
velocities (1, 2, 3, 4 m/s) for all inlet water temperatures and the flow rate of the smooth
tube is shown in Figures. (5.59 to 5.66). We note from these figures that the
temperature difference decreases with the increase Reynolds number in general. This
behavior increases with the increase in the temperature of the inlet hot water and the
air velocity. Increasing the hot water flow rates reduces the time required for heat
transfer through the heat exchanger, therefore the temperature difference decreases. In
addition, it becomes clear that the increase in the temperature difference in the medium
finned tubes with a pitch ratio (P= 1.6mm) gives a higher temperature difference than
the smooth tube for all flow rates and inlet temperatures. This is due to the increase in
the surface area and the work of the fins as guiding passages for the flow that displace

high thermal energy relative to the smooth tube.
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Figure 5.59. The relationship between the hot water temperature difference and the
Reynolds number at air velocity (1 m/s) for all temperatures(50, 60, and
700C) for smooth tube.
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Figure 5.60. The relationship between the hot water temperature difference and the
Reynolds number at air velocity (2m/s) for all temperatures(50, 60, and
700C) for smooth tube.
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Figure 5.61. The relationship between the hot water temperature difference and the
Reynolds number at air velocity (3 m/s) for all temperatures(50, 60, and
700C) for smooth tube.
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Figure 5.62. The relationship between the hot water temperature difference and the
Reynolds number at air velocity (4 m/s) for all temperatures(50, 60, and
700C) for smooth tube.
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Figure 5.63. The relationship between the hot water temperature difference and the
Reynolds number at air velocity (1 m/s) for all temperatures (50, 60, and
700C) medium integral finned tube with pitch(P= 1.6 mm).
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Figure 5.64. The relationship between the hot water temperature difference and the
Reynolds number at air velocity (2m/s) for all temperatures (50, 60, and
700C) medium integral finned tube with pitch(P= 1.6 mm).
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Figure 5.65. The relationship between the hot water temperature difference and the
Reynolds number at air velocity (3 m/s) for all temperatures (50, 60, and
700C) medium integral finned tube with pitch(P= 1.6 mm).
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Figure 5.66. The relationship between the hot water temperature difference and the
Reynolds number at air velocity (4m/s) for all temperatures (50, 60, and
700C) medium integral finned tube with pitch(P= 1.6 mm).

5.3.2. The Effect of the Reynolds Number on the Overall Heat Transfer

Coefficient

The relationship between the overall heat transfer coefficient and Reynolds number at
air velocity (1, 2, 3, and 4 m/s) for all inlet hot water temperature (50, 60, 70°C) and
at different water flow rates (2, 3, 4, 5, and 6L/min), for smooth and medium integral
finned tube shown in figures (5.67 to 5.74).

It is clear from this figures that the total heat transfer coefficient increases with the
increase of the Reynolds number in general. This effect increases with the increase in
the inlet hot water temperature, and air velocities. The increase in the total heat transfer
coefficient for the integral finned tube for all operating conditions is higher than for
the smooth tube, this attributed to the fact that the heat transfer rate is higher in the

finned tube due to increase in the surface area.
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Figure 5.67. The relationship between the overall heat transfer coefficient and
Reynolds number at air velocity (1 m/s) for all inlet hot water
temperatures for smooth tube.
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Figure 5.68. The relationship between the overall heat transfer coefficient and
Reynolds number at air velocity (2 m/s) for all inlet hot water
temperatures for smooth tube.
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Figure 5.69. The relationship between the overall heat transfer coefficient and
Reynolds number at air velocity (3 m/s) for all inlet hot water
temperatures for smooth tube.
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Figure 5.70. The relationship between the overall heat transfer coefficient and
Reynolds number at air velocity (4 m/s) for all inlet hot water
temperatures for smooth tube.
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Figure 5.71. The relationship between the overall heat transfer coefficient and
Reynolds number at air velocity (1 m/s) for all inlet hot water
temperatures forintegral finned tube with (P=1.6).
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Figure 5.72. The relationship between the overall heat transfer coefficient and
Reynolds number at air velocity (2 m/s) for all inlet hot water
temperatures forintegral finned tube with (P=1.6).
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Figure 5.73. The relationship between the overall heat transfer coefficient and
Reynolds number at air velocity (3 m/s) for all inlet hot water
temperatures forintegral finned tube with (P=1.6).

Integral finned tube
160 U,, =4 m/s

150
140
130
120

110
100 ——50°C
—&—60°C
90 —-—70°C

80
5305 7966 10640 13316 15996

Re

Figure 5.74. The relationship between the overall heat transfer coefficient and
Reynolds number at air velocity (4 m/s) for all inlet hot water
temperatures forintegral finned tube with (P=1.6).
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5.3.3. The Effect of Inlet Temperature on the Effectiveness and the Number of

Transfer Units

Figures (5.75 to 5.82) demonstrate the relationship between the number of heat transfer
units (NTU) and the effectiveness of the heat exchanger for each of the smooth and
finned tubes with a pitch ratio (P= 1.6 mm), for inlet hot water temperatures (50, 60,70
°C), and air velocity (1, 2, 3, 4 m/s). The increase in the number of transfer units leads
to an increase in effectiveness due to the increase in (Uo). The effectiveness of the
finned tube great than of the smooth tube with the percentage (66.2%, 69.4%, 72.2%,
and 73.6%) respectively.

Smooth tube
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Figure 5.75. The effectiveness and NTU at air velocity (1 m/s) for all inlet hot water
temperatures for smooth tube.
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Figure 5.76. The effectiveness and NTU at air velocity (2 m/s) for all inlet hot water
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Figure 5.77. The effectiveness and NTU at air velocity (3 m/s) for all inlet hot water

temperatures for smooth tube.
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Figure 5.78. The effectiveness and NTU at air velocity (4 m/s) for all inlet hot water
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Figure 5.79. The effectiveness and NTU at air velocity (1 m/s) for all inlet hot water

temperatures for medium integral finned tube with (P=1.6).
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Figure 5.80. The effectiveness and NTU at air velocity (2 m/s) for all inlet hot water
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Figure 5.81. The effectiveness and NTU at air velocity (3 m/s) for all inlet hot water

temperatures for medium integral finned tube with (P=1.6).
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Figure 5.82. The effectiveness and NTU at air velocity (4 m/s) for all inlet hot water
temperatures for medium integral finned tube with (P=1.6).

5.3.4. The Effect of the Fluid Velocity on the Air Side Heat Transfer Coefficient

The effect of hot water flow rate on the air side heat transfer coefficient at air velocity
(1, 2, 3, 4 m/s) at different inlet hot water temperatures (50, 60, 70 oC) for smooth tube
and medium integral finned tube with pitch ratio (P= 1.6 mm), shown in figures (5.83
to 5.90). This figure displays the relation between the inlet water temperature, the mass
flow rate on air side heat transfer coefficient for smooth and integral finned tube. The
results declare that when the inlet hot water temperature and flow rate increase, the
heat transfer coefficient for air side (ho) increases, due to the increase in the internal
heat transfer. For the finned tube, the same behavior with the smooth tube can be
observed but with higher value for percentage (124%, 142%, 159%, and 171%)

respectively.
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Figure 5.83. The effect of hot water flow rate on the outlet heat transfer coefficient at
air velocity (1 m/s) at different inlet temperatures for smooth tube.
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Figure 5.84. The effect of water flow rate on the outlet heat transfer coefficient at air
velocity (2 m/s) at different inlet temperatures for smooth tube.
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Figure 5.85. The effect of water flow rate on the outlet heat transfer coefficient at air
velocity (3 m/s) at different inlet temperatures for smooth tube.
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Figure 5.86. The effect of water flow rate on the outlet heat transfer coefficient at air
velocity (4 m/s) at different inlet temperatures for smooth tube.
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Figure 5.87. The effect of water flow rate on the outlet heat transfer coefficient at air
velocity (1 m/s) at different inlet temperatures for integral finned tube
with pitch (P= 1.6 mm).
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Figure 5.88. The effect of water flow rate on the outlet heat transfer coefficient at air
velocity (2 m/s) at different inlet temperatures for integral finned tube
with pitch (P=1.6 mm).
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Figure 5.89. The effect of water flow rate on the outlet heat transfer coefficient at air
velocity (3 m/s) at different inlet temperatures for integral finned tube
with pitch (P=1.6mm).
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Figure 5.90. The effect of water flow rate on the outlet heat transfer coefficient at air
velocity (4 m/s) at different inlet temperatures for integral finned tube
with pitch (P=1.6 mm).

5.4. COMPARING THE THEORETICAL AND EXPERIMENTAL RESULT
Figure (5.91 and 5.92) explain the compression between the theoretical and

experimental results. From the above figures, it is clear that the theoretical and

practical behavior of the air-side heat transfer coefficient values behaves in the same
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phenomena for both the smooth tube and the integral finned tube with (P=1.6mm),
under working condition with the deviation 23.2%for smooth tube and 18.1% for

integral finned tube, as shown in the listed calculation below:

for smooth tube
ho average for experimental was 42.05562 (w/m?. s) and the numerical was 54.74593

(w/m?2. s) for the equation

_Shh,
n

o= hav. numerical ~Nav. experimental % 100 = (54.745 —42.055) % 100 = 23.18 %
hay. numerical 54.745

hav.

For integral finned tube
ho average for experimental was 137.86 (w/m?. s) and the numerical was 168.4 (w/m?.

s) for the equation

_ ik,
n

hav.

G = hay. numerical ~Mav. experimental % 100 = (168-4 —137-86) % 100 = 18.134 %

hav. numerical 168.4

On the other hand, this difference is due to the fact that the theoretical side uses the
ANSYS Fluent program, which is an ideal case without any losses. Regarding the
results obtained from the practical side, they took into account the losses resulting from
the didn’t of complete control of the ambient temperature, in addition to the errors in
the measuring devices in spite of the calibration of these devices, as well as the human

errors
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Figure 5.91. Comparing the theoretical and experimental results of the relationship
between the outlet heat transfer coefficient at different flow rats for a
smooth tube.
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Figure 5.92. Comparing the theoretical and experimental results of the relationship
between the outlet heat transfer coefficient at different flow rate for a
integral finned tube with pitch fin (P=1.6 mm).

5.5. THE VALIDATION FOR CURRENT STUDY WITH PREVIOUS STUDY

The comparison between the current and the previous study [25], shown in Figure 5.93
clarifies an acceptable match appeared in the values of the heat transfer coefficient
from the water side with a deviation of (5.7%) under the same working conditions
adopted in the two studies. This indicates the accuracy of the results obtained from the
current study. In addition to that, Figure 5.94 shows the comparison between the
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Nusselt number values with the difference in the Reynolds number of the fluid flow
inside the tube for both the current and previous studies. It shows that the deviation in
the results does not exceed (8.6%). This confirms the accuracy of the work.
Furthermore, Figure 5.95 shows the numerical results for pressure drop with the flow
rate of hot water for the two studies even though the diameters are the same and the
boundary conditions used in the two studies are similar. This figure clarifies the
behavior of the pressure drop at different inlet temperatures and flow rate. The same
behavior appears between the two studies with an acceptable deviation, attributed to
the difference in the version of the program used in the simulation and the temperature
of entering the cold air, as the temperature of entering the cold air in this study is 20°C

and the previous study [25].
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Figure 5.93. Comparing the relationship between the numerical results for internal heat
transfer coefficient with the water entry temperatures between the current
study and comparative research [25].
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Figure 5.94. Comparing the relationship between the numerical results for Nusselt
number with Renolds number between the current study and comparative
research [25].
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Figure 5.95. Comparing the relationship between the numerical results for pressure
drop with the water entry temperatures between the current study and
comparative research [25].
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PART 6

CONCLUSIONS AND SUGGESTIONS

6.1. CONCLUSIONS

In this chapter, it was presented all the conclusions that obtained through the
theoretical and experimental studies for all the models that were tested, which consists
of smooth tube, finned tube with pitch ratio of (P=3.75, 2.5, and 1.6 mm), respectively.

The conclusions are as follows:

1. The rate of heat transfer (Q) increases with the increase in the temperature of
entering the hot water and the increase in air velocity for all models.

2. The heat transfer rate of the finned tube is higher than the smooth tube for all
cases. The finned tube with pitch ratio (P=3.75, 2.5, and 1.6 mm) enhances the
heat transfer rate by percentage of 63.3%, 68.93%, 74.2%, respectively, relative
to smooth tube.

3. The distance between the fins (pitch fin) decreases as the number of fins
increases, thus increasing the surface area for heat exchange, and this increases
the rate of heat transfer.

4. The highest enhancement of the heat transfer rate was reached at the water flow
rate of 6 L/min and the enhancement ratio was as follows 313, 361, 438 for the
models of (P=3.75, 2.5, and 1.6 mm), respectively. This gives us confirmation
that the best model is the model of pitch 1.6mm.

5. The rate of improvement increases with the increase in the number of fins and
the increase in the temperature of entering the hot water, where the highest value
is at a temperature of 70°C for entering the water and a flow rate of 6 liters/min.
The result is obtained as 4.133%, 4.616%, 6.293% for the models of (P=3.7, 2.5,
and 1.6 mm), respectively.
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6. The value of pressure drops increases as the flow rate of hot water increases.

7. As the flow rate of hot water increases, the difference in water temperature
decreases.

8. Increasing the air velocity increases the temperature difference of hot water and
air and increases the rate of heat transfer.

9. The Nusselt number of the air increases with the flow rate of hot water and the
velocity of the air. The finned tube is better than the smooth tube by the ratio of
68.1%, 73.5%, 80.4%) for the models of (P=3.75, 2.5, and 1.6 mm),
respectively.

6.2. SUGGESTIONS FOR LATER STUDIES
1. Nanofluid can be used instead of hot liquid in the heat exchanger.

2. Fin types can be changed.

3. Different heat exchanger types or pipe types can be used.

127



10.

11.

REFERENCES

Bergles, A. E., “Techniques to enhance heat transfer”, Handbook of Heat
Transfer, 3(2): 11-1 (1998).

Rahmah, A. M., “Experimental study of an integral finned-tube heat
exchanger”, University of Technology, Mechanical Engineering Department,
Master Thesis, Baghdad, Iraq, 12-34 (2011).

Wolf 1., Frankovi¢ B., Vili¢i¢ 1., Jurkowski R. and Bailly A., "A numerical and
experimental analysis of heat transfer in a wavy fin-and-tube heat exchanger ",
Energy and the Environment, 2(1): 91-101 (2006).

Chaudhari, S., “Experimental investigation of finned tube heat
exchanger”, Doctoral Dissertation, University of Vadodara, India, 12-34 (2014).

Pal Durgeshkumar, K., & Umale, S., “Numerical investigation on air side
performance of fin and tube heat exchangers with different types of
fins”, International Journal of Thermal Engineering, 1(2): 2395-0250 (2015).

Zaid, M. H., & Namasivayam, S., “Semi-empirical model for forced-convection
condensation on integral finned-tubes”, In 3rd Engineering Undergraduate
Research Catalyst Conference, Malaysia, 23-31, (2014).

Taher, F. A., & Kadhim, Z. K., “Improvement the heat dissipation by using
different integral finned tubes for cross flow heat exchanger”, In 2021
International Conference on Advance of Sustainable Engineering and its
Application, Wasit, Iraqg, 27-32 (2019).

Internet: Makina, M., “Extruded fin tube and heat exchanger”,
https://fintube.web.tr/fintube.pdf/(2022).

Ameen, M. & Hasan, B. "Heat transfer enhancement using different volume
fractions of Nano fluids in heat exchangers”, M.Sc. Thesis, University of Bagdad,
Baghdad, Iraq, 34-44 (2012).

Kadhim, Z. K., Kassim, M. S., & Hassan, A. Y. A., “CFD study for cross flow
heat exchanger with integral finned tube”, International Journal of Scientific and
Research Publications, 4(3): 6-10 (2016).

Jassam, M. J., “Effect of natural nanoparticles on enhancement of heat transfer

coefficient in cross flow heat exchanger”, Master Thesis, University of Wasit, 34-
36 (2019).

128



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Mon, M. S., & Gross, U., “Numerical study of fin-spacing effects in annular-
finned tube heat exchangers”, International Journal of Heat and Mass
Transfer, 47(9): 1953-1964 (2004).

Jung, D., & Assanis, D. N., “Numerical modeling of cross flow compact heat
exchanger with louvered fins using thermal resistance concept”, SAE Paper, 1(2):
7-26 (2006).

Wais, P., “Fluid flow consideration in fin-tube heat exchanger
optimization”, Archives of Thermodynamics, 31(3): 87-104 (2010).

Bhuiyan, A. A,, Islam, A. S., & Amin, M. R., “Numerical prediction of laminar
characteristics of fluid flow and heat transfer in finned-tube heat
exchangers”, Innovative Systems Design and Engineering, 2(6): 1-12 (2011).

Gunnasegaran, P., Shuaib, N. H., & Abdul Jalal, M. F., “The effect of geometrical
parameters on heat transfer characteristics of compact heat exchanger with
louvered fins”, International Scholarly Research Notices, 2(1):22-34 (2012).

Octon, P., Lopata, S., Nowak, M., & Benim, A. C., “Numerical study on the effect
of inner tube fouling on the thermal performance of high-temperature fin-and-tube
heat exchanger”, Progress in Computational Fluid Dynamics, An International
Journal, 15(5): 290-306 (2015).

Dev, A. A., & Ardhapurkar, P. M., “Numerical analysis of multistream cross-
counter flow heat exchanger using computational fluid dynamics”,
In International Conference on Recent Advances in Mechanical
Engineering, India, 26-28 (2015).

Wais, P., “Correlation and numerical study of heat transfer for single row cross-
flow heat exchangers with different fin thickness”, Procedia Engineering, 15(7):
177-184 (2016).

Ravikumar, K., Raju, C. N., & Saheb, M., “CFD Analysis of a Cross-flow Heat
Exchanger with Different fin thickness”, International Journal of Dynamics of
Fluids, 13(2): 345-362 (2017).

Xu, J., Li, J., Ding, Y., Fu, Q., Cheng, M., & Liao, Q., “Numerical simulation of
the flow and heat-transfer characteristics of an aligned external three-dimensional
rectangular-finned tube bank”, Applied Thermal Engineering, 14(5): 110-122
(2018).

Rajput, Y. S., & Arya, A., “CFD analysis of cross flow heat exchanger with

different fin thickness”, International Journal of Dynamics of Fluids, 13(2):
345-362 (2019).

129



23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Ismail, M. S., Hassab, M., & EI-Maghlany, W. M., “Comparative three-
dimensional CFD study for inline cross flow plate finned tube heat exchanger”,
Proceedings of the 4th World Congress on Momentum, Heat and Mass Transfer,
Rome, Italy, 23-56 (2019).

Sahel, D., Ameur, H., & Mellal, M., “Effect of tube shape on the performance of
a fin and tube heat exchanger”, Journal of Mechanical Engineering and
Sciences, 14(2): 6709-6718 (2020).

Merdan, S.H., & Kadhim, Z. K., “Study the flow direction and number of tubes in
cross-flow heat exchanger to improve the heat transfer coefficient”, Wasit Journal
of Engineering Sciences, (2020).

Hofmann, R., Frasz, F. & Ponweiser, K., “Heat transfer and pressure drop
performance comparison of finned-tube bundles in forced convection”, WSEAS
Trans. Heat Mass Transfer, 2(4): 72-88 (2007).

Nuntaphan, A., & Kiatsiriroat, T., “Effect of fly ash deposit on thermal
performance of spiral finned-tube heat exchanger under dehumidifying
condition”, Songklanakarin J. Sci. Technol, 26(4): 509-519 (2004).

Hofmann, R., Frasz, F., & Ponweiser, K., “Experimental analysis of enhanced heat
transfer and pressure-drop of serrated finned-tube bundles with different fin
geometries”, In Proceedings of the 5th WSEAS International Conference on
Heat and Mass Transfer, Vienna, 54-62 (2008).

Agrawal, Y., & Bhagoria, J. L., “Heat transfer characteristics of a copper-nickel
multi tube with corrugated copper fins in a cross-flow heat exchanger”, Indian
Journal of Science and Technology, 4(11): 45-67 (2011).

Pongsoi, P., Promoppatum, P., Pikulkajorn, S., & Wongwises, S., “Effect of fin
pitches on the air-side performance of L-footed spiral fin-and-tube heat
exchangers”, International Journal of Heat and Mass Transfer, 5(9): 75-82
(2013).

Faliang, H., WeiWu, C., & Ping, Y., “Experimental investigation of heat transfer
and flowing resistance for air flow cross over spiral finned tube heat
exchanger”, Energy Procedia, 1(7): 741-749 (2012).

Ikpotokin, I., & Osueke, C. O., “Heat transfer and fluid flow characteristics study
for in-line tube bank in cross-flow”, International Journal of Mechanical &
Mechatronics Engineering, 14(3): 93-105 (2014).

Chaudhari, S., “Experimental investigation of finned tube heat
exchanger”, Doctoral Dissertation, University of Vadodara, India, 67-89 (2014).

Kadhim, Z., Kassim, M., & Hassan, A., “Effect of integral finned tube on heat

transfer characteristics for cross flow heat exchanger”, International Journal of
Computer Applications, 139(3): 20-25 (2016).

130



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Dhangar, 1. J., & Chopra, M., “Experimental investigation and CFD analysis
performance of fin and tube heat exchanger with different types of fins”, Paper
Published in International Conference on Emerging and Renewable Energy
Generation and Automation, Beirut, Lebanon, 23-45 (2018).

Prajapati, P. A., & Mohite, S. A., “An experimental analysis of the overall heat
transfer coefficient on cross flow heat exchanger & fin effectiveness”,
International Journal of Research and Analytical Reviews, 5(3):343- 348 (2018).

Arshad, H., Khushnood, S., Ahmad Nizam, L., Ameer Ahsan, M., & Ghufran
Bhatti, O., “Effect of fin geometry on flow-induced vibration response of a finned
tube in a tube bundle”, Journal of Applied Fluid Mechanics, 11(4): 1143-1152
(2018).

Khitam, F. A. “Design, fabrication and testing of cross flow heat exchanger”,
Requirements for the Bachelor's degree of Science in Mechanical Engineering,
University of Al-Qadisiyah, Irag, 12-19 (2018).

Tripathi, A., & Singh, A. K., “A review on heat transfer and pressure drop
correlations in solid circular finned tube bundles positioned at inline and staggered
arrangement in cross flow”, International Journal of Research in Aeronautical
and Mechanical Engineering Mechanical Engineering, 3(2): 61-67 (2015).

Kassim, M. S., & Gaber, H. S., “Investigation of convection heat transfer for high
integral finned tube heat exchanger”, Journal of Engineering and Sustainable
Development, 23(6): 123-156 (2019).

Farah Abdul Zahra Taher, “Experimental and Numerical Study of Integrated
Finned Heat Exchanger.” M.Sc. thesis, Wasit University, Iraq, 2019.

Zhou, F., Geb, D., & Catton, I., “Numerical investigation on air side performance
of fin-and-tube heat exchangers with large diameter tubes and large number of
tube rows”, In ASME International Mechanical Engineering Congress and
Exposition, 54(8): 805-813 (2011).

Habeeb, L. J., Karamallah, A. A., & Rahmah, A. M., “Heat transfer analysis of
integral-fin tubes”, Mechanical Engineering and Technology, 2(2): 23-34
(2015).

Hussein, A. A. H. " Experimental investigation of different types of finned tube",
Master Thesis, University of Technology, Iraqg, 13-19 (2014).

Bell, K. J., & Mueller, A. C., “Wolverine engineering data book 11, Wolverine
Tube Inc. USA, 56-77 (2001).

Fernandez-Seara, J., Uhia, F. J., Diz, R., & Dopazo, A., “Condensation of R-134a

on horizontal integral-fin titanium tubes”, Applied Thermal Engineering, 30(4):
295-301 (2010).

131



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Tarrad, A. H., “A numerical model for thermal-hydraulic design of a shell and
single pass low finned tube bundle heat exchanger”, Engineering and Technology
Journal, 25(4): 619-645 (2007).

Mallikarjuna, S. V., & Raghu, V. B., “Numerical analyses of fin side turbulent
flow for round and flat tube heat exchangers”, IIMER, India, 33-39 (2014).

Patil, P. V., & Kumbhar, D. G., “CFD investigation on dimpled FINS with
parameter variation for heat transfer augmentation”, Int J Eng Res Technol
(IJERT), 3(6): 662-6 (2014).

Nemati, H., & Moghimi, M., “Numerical study of flow over annular-finned tube
heat exchangers by different turbulent models”, CFD Letters, 6(3): 101-112
(2014).

Ahmed J. M., “Heat Transfer of Double Pipe Heat Exchanger Performance by
Using Nanofluids and Serrated Fins,” MSc thesis, college of engineering-Wasit,
Iraq, 2016.

Choi, J. M., Kim, Y., Lee, M., & Kim, Y., “Air side heat transfer coefficients of
discrete plate finned-tube heat exchangers with large fin pitch”, Applied Thermal
Engineering, 30(3): 174-180 (2010).

Tahseen, T. A., Ishak, M., & Rahman, M. M., “An experimental study air flow
and heat transfer of air over in-line flat tube bank”, In International Conference
on Mechanical Engineering Research, 1(2): 1-3 (2013).

Hasan, W. F., “Theoretical and experimental study to finned tubes cross flow heat
exchanger”, University of Technology, Baghdad, Iraq, 45-62 (2008).

Incropera, F. P., DeWitt, D. P., Bergman, T. L., & Lavine, A. S., “Fundamentals
of heat and mass transfer”, Wiley, New York, 116-118 (1996).

Holman, J. P., "Heat Transfer", McGraw-Hill, USA, 536-537 (1986).

IAEA-TECDOC-1585, “Measurement uncertainty”, International Atomic Energ
Agency, IAEA-TECDOC-1585, Austria, 12-78 (2008).

Kline, S. J., “Describing uncertainty in single sample experiments”, Mech.
Engineering, 7(5): 3-8 (1953).

Moffat, R. J., “Describing the uncertainties in experimental results”, Experimental
Thermal and Fluid Science, 1(1): 3-17(1988).

Green, D. W., & Southard, M. Z., “Perry's chemical engineers' handbook”,
McGraw-Hill Education, USA, 12-23 (2019).

132



61.

62.

63.

64.

65.

Snow, F. J., “American society of heating, refrigeration, and air conditioning
engineers (ASH RAE) thermographic standard 101 P”, In Thermal Infrared
Sensing Applied to Energy Conservation in Building Envelopes, 31(3): 94-98
(1982).

Haghshenas, F. M., Talaie, M. R., & Nasr, S., “Numerical and experimental
investigation of heat transfer of ZnO/water nanofluid in the concentric tube and
plate heat exchangers”, Thermal Science, 15(1): 183-194 (2011).

Versteeg, H. K., & Malalasekera, W., “An introduction to computational fluid
dynamics: the finite volume method”, Pearson Education, London, 34-55
(2007).

Ansys, A. F. U. G., “Southpointe, 275 Technology Drive”, Canonsburg,
USA, 15-317 (2011).

Kline, S. J., “Describing uncertainty in single sample experiments”, Mech.
Engineering, 7(5): 3-8. (1953).

133



APPENDIX A.
UNCERTAINTY

For every experiment and study there is an error rate and this percentage increases and
decreases according to the variables and according to the accuracy of the devices and
because in this study we have many variables, including the temperatures of the inlet
water (50, 60, 70) °C and the air speed (1, 2, 3) m/s and the flow rate of water (2, 3,
4,5) L/m , we have prepared the first three readings to calculate the percentage of error
in them using the equations below and as shown in the table (A-1).

Error ratio Equations

The average of measuring parameters (x)

X = YTX;
av n

Where is
(Xi) is the measurement value of each case
(n) It is the number of cases that have been taken

(0 ) standard deviation value

(Z?(Xi_xav)z)
n-—1

O' =
(0,) is the mean standard deviation.

O, = \/_ﬁ

So (X) represents the real value measured by the equation below

X=Xp to,
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Table Appendix 1.1. Calculated for error ratio.

X+
Var. X1 X2 X3 XKav R Ra X %
45,243 8.502
Q 42.91 34.107 47.173 41.396 6.663 3.847
37.549 -10.245
26.937 8.583
Ui 25.513 20.25 28.11 24.625 4.004 2.312
22.313 -10.361
798.55 0.0135
hi 798.4 798.65 798.283 798.445 0.187 0.108
798.33 -0.0135
3988.97 0.0215
Rew | 3987.781 | 3989.745 | 3986.831 3988.12 1.486 0.858
3987.261 | -0.0215
23.527 0.0116
Nu w 23.524 23.53 23.521 23.525 0.0047 0.0027 3507 00116
24.371 8.583
Uo 23.083 18.322 25.433 22.279 3.623 2.092 50187 10361
25.354 8.849
ho 23.96 18.87 26.502 23.11 3.886 2.243 20.867 10752
17310.12 0.011
Rea | 17309.67 | 17310.53 | 17304.51 | 17308.239 3.259 1.881 17306.36 | -0.011
20.587 8.846
Nu a 19.457 15.324 21.518 18.766 3.154 1.821 16.925 10748
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standardreading

Fifth thermocouple

y=-0.0017x* +12117x- 82577
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standard reading

Sixth thermocouple
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Appendix A.3. Calibration of thermometer type (HT-9815).
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APPENDIX B.

THE TABLES FOR EXPERIMENT DATA

Table Appendix B.1. Smooth tube.

Ugir =1m/s
m=2L/m
ty; °C tho °C Qu (Watt) Re,, h; (W Nu,,
/(m?.°C)
50 49.688 42.909 3987.781 798.403 23.524
60 59.595 55.479 4648.692 898.683 26.116
70 69.491 69.45 5353.102 1026.023 29.38
Ugir =2m/s
m=2L/m
thi °C tho °C Qw (Watt) Re,, h; (W Nu,,
/(m?.°C)
50 49.638 49.786 3986.248 798.209 23.519
60 59.535 63.699 4646.525 898.425 26.109
70 69.415 79.821 5350.615 1025.741 29.374
Usir =3m/s
m=2L/m
thi °C tho °C Qw (Watt) Re,, h; (W Nu,,
/(m?.°C)
50 49.632 50.611 3986.064 798.186 23.518
60 59.531 64.247 4646.381 898.408 26.109
70 69.405 81.186 5350.289 1025.704 29.373
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Usir =4m/s

m=2L/m
ty; °C tho °C Qw (Watt) Re,, h; (W Nu,,
/(m?.°C)
50 49.598 55.287 3985.023 798.055 23.515
60 59.477 71.645 4644.432 898.176 26.103
70 69.351 88.555 5348.523 1025.504 29.368
Ugir = 1m/s
tn, 70°C
mL/m NTU €
2 0.017 0.017
3 0.021 0.021
4 0.024 0.024
5 0.025 0.024
6 0.028 0.027
m=2L/m
tn, 70°C
Uair /s APineo, APezp,
1 56.8491 72.6
2 96.5347 132.2
3 140.023 172.3
4 186.184 2415
m=2L/m
tn, 70°C
Uair m/s U; (W/(m?.°C) U, (W/(m?.°C)
1 24.534 22.197
2 28.099 25.423
3 28.423 25.716
4 30.929 27.984
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Table Appendix B.2. Finned tube.

Ugir = 1m/s
m=2L/m
thi °C tho °C Qw (Watt) Re,, h; (W Nu,,
/(m?.°C)
50 49.221 107.144 3973.51 796.601 23.478
60 58.961 142.348 4625.897 895.969 26.048
70 68.677 180.547 5326.597 1023.016 29.313
Ugir =2m/s
m=2L/m
ty; °C tho °C Qu (Watt) Re,, h; (W Nu,,
/(m?.°C)
50 48.865 156.118 3962.702 795.234 23.444
60 58.459 211.148 4608.01 893.836 25.995
70 68.038 267.787 5305.982 1020.67 29.261
Ugir =3 m/s
m=2L/m
thi °C tho °C Qw (Watt) Re,, h; (W Nu,,
/(m?.°C)
50 48.852 157.906 3962.308 795.184 23.443
60 58.452 212.107 4607.761 893.807 25.994
70 68.029 269.015 5305.693 1020.637 29.26
Ugir =4m/s
m=2L/m
tp; °C tho °C Qn (Watt) Re,, h; (W Nu,,
/(m?.°C)
50 48.817 162.722 3961.25 795.05 23.439
60 58.408 218.138 4606.201 893.62 25.99
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70 67.993 273.931 5304.537 1020.505 29.257
h=2L/m
t, 70°C
Ugir m/s Re, h, (W /(m?.°C) Nu,
1 17184.406 63.402 51.332
2 34412.198 98.069 79.441
3 51669.55 98.217 79.594
4 69011.483 99.636 80.801
m=2L/m
t, 70 °C
Ugir m/s U; (W /(m?.°C) U, (W/(m?.°C)
1 64.976 58.788
2 96.634 87.431
3 96.764 87.548
4 98.006 88.673
Ugir =1m/s
t, 70°C
mL/m NTU €
2 0.047 0.045
3 0.066 0.063
4 0.086 0.081
5 0.094 0.088
6 0.106 0.099
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APPENDIX C.

CALCULATION FOR ONE CASE FOR SMOOTH AND FINNED TUBE

C.1. SMOOTH TUBE (EXPERIMENTAL DATA)

C.1.1. Data Case

Table Appendix C.1. Data case.

Parameter | t,; °C | tp, °C |t °C | t., °C tsan.°C | Uym/s | m,, L/m

Value 50 49.688 | 20 23.272 | 48.763 |1 2

For first case with smooth tube at boundary condition Inlet temp.=50 C, velocity = 2
I/min for water and inlet temp.=20 C and Air velocity = 1 m/sec.

— Twi + Two
wav. 2
50 + 49.688
= ———— => Ty, = 49.844°C

5 P g = 988.267 Kg/m?
Cpw= 4.175 kJ/Kg. K

Kw= 0.645 W/m. K

Uy = 0.00055 Kg/(m.sec.)

C.1.2. The Rate of Heat Transfer

mw = m X 988.267 => mw = 0.033 Kg/sec

Q=m, X Cp X (Twi - Two)
Q =0.033 x4.175 x 103 x (50 - 49.688)
Q=42909 W
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C.1.3. The Overall Heat Transfer Coefficient for Water

To Find Water Overall Heat Transfer Coefficient (Ui):

Q = Ui Ai ATm

Aj=mXxd;xL =>A; =7 x0.019x1 =>A; = 0.0597 m?
AT,—AT,

M

AT 1=Tni-T co=> AT 1=50-23.272= 28.138°C
AT 2=T no-T ci= AT 2= 49.688-20 = 29.607°C
= LMTD = 28.182

To Find Correction Factor (F):

(VRZ+ 1) x In (1—p5)
2-S(R+1- (VRZ+1))

F=

(R-1)xIn
(2 —s(R+1+(VRTF 1)))
R="TnTho _, p _ 50749688 _ p_0.095
Teo—Tei 23.272-20
_ Teo~Tei_, g — 23272720 N S—
Thi=Tei 50-20

1 — 109066667
2
(¥/0.0952 +1) x In (1 —(0.095 x 109066667>

F =
2 — 109066667 (0.095 + 1 — (V0.0952 + 1) )
(0.095—1) X In

(2 — 109066667 (0.095 + 1+ (V0.0957 + 1)))

= F=0.999
Q
Ui= AIXFxLMTD =
42.909

U;

~ 0.0597 x 0.999 x 28.182
= U; = 25.513 W/m2°C

C.1.4. The Average Temperature for Surface

T _T1+T2+T3++Tn

s n

T1=49.562 °C, T2= 48.981 °C, T3= 48.396 °C, T4+= 48.114 °C,
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49.562 + 48.981 + 48.396 + 48.114
Ts = 2
T, = 48.763 °C

C.1.5. Inside Tube

Q
=Ty
L av S
b = 42.909 _
L7 0.0596(49.844—48.763)
h; = 655.152 —r
Rew — pw:fwdi
w
m,,
u =
v pric
C
w
h;d;
Nu,, = Kl -
w

C.1.6. Calculations for Air Side

Uid; = UyA,
_ Ui X Ai
o — AO

A, =mxd,xL =>4, = m x0.021 x1 => A, = 0.066 m?
25.513 x 0.0597

Uo = 0.066
20+ 23.272

Ty + T,
Top. = % =>Tav.= ———— =21.636C

Cp, =1.0056 ] /kg.’C
Ka=0.026 W/m.”C

p o = 1.203 Kg/m?

1, = 0.00001820 Kg/(m.sec.)

=> U, = 23.083
° m2 °C

m?
o, = 0.20403 x 10* —
s
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2
m
Yo = 14503 x 10°—

1

d
In (—O)

di do
(U_o) - do X 2 X Kcop - (hl X dl)

K cop = 385 W/m°C

1
=~ ho = o (0.021)
1 0019 0.021
(z3083) - (0-021 X 385 ) ~ (355152 x 0019
h, = 23.96
0 m2.°C
Rea — pauadZ
Ua
_4x(025x0275) _
Z T 2% (025 +0275) 0™
1.203 x 1 X 0.262
Re, = — 17309.673

0.00001820
Re, = 17309.673  (turbulent flow)

_ Vo _ 14.503 x 10°

p _ =0.7108
Ta = o T 0.20403 x 10
Pr, = 0.7108
d
Nu, = — = 19.457

a

C.1.7. Calculations Water Pressure Drop (AP)

From Darcy—Weisbach Equation
L wXUZ,
AP cupe = F X () x ()

0.316

= AP, = 0.0397 X (—) X

(988.267><0.11762)
0.019

2
= APy, = 14.302 pa

X U?
APrige = N x Ky x (L%

)
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K,=19 at d; =19 mm

988.267 X 0.11762>
2

= APy, = 38.952 Pa
AProrar = APy + APrype = AProey = 53.25479121 Pa

C.1.8. Calculations for Number of Transfer Unit and Effectiveness

ChOt = mw X pr = Chot = 0137 = Cmax
Ceota = Mgy X CPgiy = Ceo1qg = 0.083 = Cpip

c, =Lmn _ 008~ 0605
" Chmax 0.137 r '

UpAos _ 23.083x 0.066

NTU = =
Crmin 0.083x1000

0.0183
For C min mixed and C max unmixed:

e=(1—exp((— Ci)(l — e NTUGr

(1 _ e—0.0183><0.605) = 0.022

£=(1—exp ((‘W)

€ =0.018

C.2. FINNED TUBE WITH PITCH FINNED 1.6 MM (EXPERIMENTAL
DATA)

C.2.1. Data Case

Table Appendix C.2. Data case.

Parameter | t;; °C | tp, °C |t °C | too °C | teqp. °C | Uy m/s m,, L/m

Value 50 49.221 | 20 24.064 | 45.086 |1 2

— Twi + Two _ 50 +49.221
wav. > >

S P v, = 988.397 Kg/m?

Cpw=4.175kJ/Kg. K

=>T,, = 49.61°C
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Kw= 0.64465 W/m. K
Uy = 0.000556 Kg/(m.sec.)

C.2.2. The Rate of Heat Transfer

w =60 x 1000
Q= mw X Cp X (Twi - Two)
Q = 0.033 X 4.174 x 103 x (50 — 49.221)

Q=107.144 W

X 988.397 => 1, = 0.033 Kg/sec

C.2.3. The Overall Heat Transfer Coefficient for water

To Find Water Overall Heat Transfer Coefficient (Ui):

Q = Ui Ai ATm

A;j=m xd;xL =>A; =1 x0.019%x1 =>A; = 0.0597 m?
AT{—AT,

)

AT 1=Tni-T co=> AT 1=50-24.064 = 25.936°C
AT 2=T no-T ¢i= AT 2=49.221-20 = 29.221°C

= LMTD = 28.190728
To Find Correction Factor (F):

o (VREF 1) x In (1—p5)

(R=1)XIn

2-S(R+1- (VRZ+1))

50—-49.221
24.064—-20

S= (T w -T &)/ (T n -T o) =

R= (T hi—T ho)/ (T co-T ci) =R =

(2—S(R+1+(m)))

= R=0.192
g = 24064-20
50-20

(V01922 + 1) x In (1= 15 o

1-(0.192 x 0.135)

F=
2-0.135(0192+1 - (V0.192Z + 1))
(0.192 — 1) x In
(2 —0.135(0.192 + 1 + (V0.192% + 1)))
= F=0.999
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U - Q ey = 107.144
ETAiXFXLMTD ~ “ " 0.0597 x 0.999 x 28.191

= U, = 65.209 W/m2°C

C.2.4. The Average Temperature for Surface

T _T1+T2+T3++Tn

N

n
T1= 47.99 °C, T2= 47.377 °C, T3= 47.174 °C, T4= 46.963°C,
1 _ 4799 + 47377 + 47.174 +46.963
s 4
T, = 47.361°C

C.2.5. Inside Tube

o @
Ai(Tm - Ts)
b= 107.144
£ 7 0.0597(49.611 — 47.361)
hy = 796.601 ——
pwuwdi
Re,, = —/———
T
m,,
u =
v pri c
tw CPw
P =
™w KW
h;d;
N =
Uy, KW

C.2.6. Calculations for Air Side

_UiXAl'
o — AO
Ay =mxd, xL =>4, = 1 x0.021 x1 =>4, = 0.066 m?
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_65.209 x0.0597

o 0.066
Tai + Tao 20 + 24.064 i
Top.=———— =>Tav.= ——— = 22.032°C
2 2

Cpa=1.0056]/kg°C
Ka=0.026 W/m.”C
p . = 1.2008 Kg/m?
1, = 0.00001822 Kg/(m.sec.)

m2
a, = 0.2139 x 10* —
S

=> U, = 58.999

m2 °C

2
m
Ya = 0.1517 x 104?

1

In (&)
(Uio) —[ dox 7% 1?202, - (hiiodi)

K cop = 385 W/m°C

1

= ho = | (0.021)

( 1 )_ 0021><n 0.019 —( 0.021 )

58.999 ) 2 X 385 796.601 x 0.019
h, = 65.101
0 m2.°C
Rea — pauadz

Ug

_ 4x(0.25x0.275)
Z7 2x%(0.25+ 0.275)

12007 x1x0.262
~0.00001822
Re, = 17264.265  (turbulent flow)

Y. _ 01517 x 10*

=0.262m

=17379.121

Re,

P - T _0.709
Ta = o, T 02139 x 104
Pr, = 0.709
d
Nu, = ——= = 52.809
Ug Ka
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C.2.7. Calculations Water Pressure Drop (AP)

For find Water Pressure Drop (AP)
From Darcy—Weisbach Equation

L wXxU?Z,
AP cupe = £x () x (57

0.316

f= W => f= 00398

= AP,pe = 0.0398 X (—) X

(988.397><0.1172)
0.019

2
= AP, = 14.317 pa

Py XU?
APrire = N X Ky X (%)
K,=19 at d; =19 mm

988.397 X 0.1172>
2

AProiqr = APrity + APpype = AProrq; = 53.274 Pa

C.2.8. Calculations for Number of Transfer Unit and Effectiveness

Chot = My, X Cpy, = Chor = 0.137 = Cppax

Ceota = Mgjr X CPgir = Ceorg = 0.083 = Cpin

0.083

C .
C, =" => = C, =0.603
Crmax 0.137
NTU = Uohos _ 58999X0066 _ 040
Cmin 0.083x1000

For C min mixed and C max unmixed:

£ = (1 —exp ((—)(1 — e™NTUE)

(1 _ e—0.04-7><0.604-)

e=(1—exp ((—ﬁ)

e = 0.045
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