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Abstract

Heat exchangers are commonly utilized as important components in
power plant heat extraction and recovery systems. In many applications, a
high performance heat transfer function is crucial. A new design of heat
exchanger is achieved to solve the problem in Al-Mussaib thermal power
plant. This design consists of four copper pipes with diameter 1
inch(25.4mm), 2 inch(50.8 mm),3 inch(76.2 mm) and 4inch(101.6 mm)

and the length of the pipes are 2 m. The hot water is cooled in two stages.

The first stage, the heat transfer is occurred between the hot water in
first pipe and raw water in second pipe. While in the second stage, the heat
transfer is occurred between the hot water in third pipe and raw water in
second pipe and fourth pipe. The flow arrangement in first stage is counter

flow while the flow arrangement in second stage is parallel.

Solidworks is used in the design of the four concentric pipe heat
exchanger. The inlet temperature of hot water is 40.8°C and the mass flow
rate of hot water is 40 I/min. The inlet temperature of cold water for the
second and fourth pipes is 28 °C and the mass flow rate of raw water in the
second and fourth pipes is 60 I/min and 70 I/min respectively. The purpose
of the design is to reduce the temperature of the hot water to 35°C, which is

the required temperature in Al- Mussaib thermal power plant.

Computational Fluid Dynamics (CFD) technique had been used to
predict temperature, velocity and pressure of water heat exchanger. This is
accomplished numerically by solving the Navier Stokes equations for mass,
momentum and energy. Solidworks commercial package 2016 with k-€

model is used to solve the governing equation.



Experimental work is done to measure the temperature at inlet and
outlet for each pipe, and temperature distribution through pipes . The
pressure drop and the pressure value at inlet and outlet for each pipe are
measured . The experimental tests are done with different values of mass
flow rate for raw water. It was found that the temperature of hot water
decreases to 34.7°C at mass flow rate for raw water (60 and 70) I/min, at
second pipe and fourth pipe respectively. This is the required outlet

temperature from the heat exchanger working mechanism.

The comparison between the experimental and numerical results
shows acceptable agreement, and the maximum error is (0.38, 2.2, 3.4
and4.3) % for temperature at first pipe, second pipe, third pipe, fourth pipe
respectively. The comparisons of the performance work for this heat
exchanger with that of shell and tube, and triple tube heat exchangers. It
was found that heat exchangers cannot solve the problems in Al-Mussaib

power plant.



NOMENCLATURE

Symbol Title Unit

a Annular diameter ratio

A Area m’

B Baffle spacing mm

Cp Specific Heat Capacity Jikg. °C
C, Capacity ratio

Ct Tube clearance mm

d Diameter of the pipe mm
dpy Hydraulic diameter mm

D, Equivalent diameter mm

Dy Shell diameter mm

fi Friction factor

g Gravity acceleration m/s*

h Heat transfer coefficient W/m?. °C
H max Maximum head of pump m

k Thermal Conductivity W/m.°C
L Length of pipe m

m Mass flow rate I/min

N number of measurements
Nu Nusselt number

N, Number of baffles

N; Number of tubes

P Pressure kpa

Pr Prandtl number

P. Pitch ratio

P, Tube pitch mm

q; Diffusive heat flux W/m?

v




Heat transfer rates

Maximum flow rate of pump
Reynolds number

Fouling factor

Total thermal resistance

Source term

Time

Temperature
Velocity component in Cartesian
coordinate

Velocity

Overall heat transfers coefficient
Cartesian coordinate

values for measurements

I/min

Sec

m/s

m/s
W/m?. °C




Subscripts

Symbol Title
1 First pipe
2 Second pipe
3 Third pipe
av Average
h Hot water
I Inlet
max Maximum
min Minimum
n Raw water
0 Outlet
S Shell
t Tube
w Water
GREEK SYMBOLS
Symbol Title Units
p Density kg/m3
U Viscosity mPa.s
£ Effectiveness %
r Diffusivity m?/s
8ij Kronecker delta function
r{‘} Reynolds stress tensor
A; Eigen values

Vi




ABBREVIATIONS

Symbol Title
CAD Computer-aided design
CFD Computational fluid dynamics
DSCTHE Double spirally coiled tube heat exchanger
DTHE Double tube heat exchanger
3-D Three dimension
EES Engineering Equation Solver
FCPHE Four concentric pipe heat exchanger
FVM Finite volume method
GA Genetic algorithm
IMTD Integral-mean temperature difference
LMTD Log-mean temperature difference
NTU Number of transfer units
PCM Phase change material
PEC Performance evaluation criteria
PTTs Perforated twisted tapes
QUICK Quadratic Upwind Interpolation for Convective
Kinematics
RSM Response Surface Methodology
S.D standard deviation
STT Simple twisted tapes
S.U standard uncertainty
TCTHE Triple concentric tube heat exchanger
TSCTHE Triple spirally coiled tube heat exchanger

Vil
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Introduction

1.1. General

A heat exchanger is a device that transfers thermal energy between
two or more fluids, a solid surface and a fluid, or solid particles and a fluid,
all of which are at different temperatures and in thermal contact. There are
usually no external heat and work interactions in heat exchangers. Heating
or cooling a fluid stream of interest, as well as evaporation or condensation
of single or multicomponent fluid streams, are common applications. The
fluids exchanging heat are in direct contact in a few heat exchangers. Heat
transfer between fluids in most heat exchangers occurs transiently through
a separating wall or into and out of a wall. A heat transfer surface separates
the fluids in many heat exchangers, ensuring that they do not mix or leak.
Tube heat exchangers are frequently used in engineering because of their
durable structure, operating flexibility, adaptability, and reliable operation,
as well as their capacity to tolerate high temperatures and high pressure,
that presented by Hong [1]. Tubular heat exchangers are usually made of
circular tubes, although they can also be made of elliptical, rectangular,
round, or flat twisted tubes in some cases. Because the core geometry may
be easily changed by changing the tube diameter, length, and arrangement,
the design has a lot of versatility. Tubular heat exchangers are generally
used for liquid-to-liquid heat transfer. Shell-and-tube, double-pipe, triple-
pipe, and spiral tube exchangers are the different types of tubular
exchangers. Except for exchangers with fins on the outside and inner tubes,

they are all prime surface exchangers.
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1.2. Classification of heat exchanger

There are various types of heat exchanger which are categorized with
respect to construction, transfer process, flow and phase. A brief

classification of heat exchanger is shown in figure (1-1)
1.3. Types of tubular heat exchanger

1.3.1. Shell and tube heat exchanger

This heat exchanger, depicted in figure (1-2) is made up of a bundle of
round tubes installed in a cylindrical shell with the tube axis parallel to the
shell's. One fluid circulates inside the tubes, while the other circulates
across and along them. Tubes (or tube bundles), shell, frontend head, rear-
end head, baffles, and tube sheets are the major components of this
exchanger. This type is used in Al-Mussaib thermal power plant. This heat
exchanger is used to cool the accessories of thermal power plant. In this
heat exchanger the hot water flows through the shell while river water
flows through the tubes. There are several advantages and disadvantages
for shell and tube heat exchanger. The advantages of this heat exchanger
are used in systems with higher operating temperatures and pressures,
pressure drop across a tube cooler is less, and tube leaks are easily located
and plugged since pressure test is comparatively easy. While the
disadvantages are the heat transfer efficiency is less compared to plate type
cooler, cleaning and maintenance is difficulty since a tube cooler requires
enough clearance at one end to remove the tube nest, and requires more

space in comparison to plate coolers.
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- ______________________________________________________________________________________|

a@ | Heat exchanger type according to Transfer process

y !

Indirect contact type Direct contact type

b ([ fe exchanger type according to number of fluids

! ! !

Two-fluid Three-fluid N-fluid N>3

C | Heat exchanger type according to surface compactness
Y

Gas-to-flud Liquid-to-Liquid

d Heat exchanger type according to construction

v
v J v
Plate type Tubular Extended surface

y ! ‘¢ N ¢—+—®

Double-pipe || Shell and tube || Spiral tube || Pipe coil Plate fin Tube fin

A4 Y

Plate heat exchanger Spiral Plate coil Printed circuit

Figure (1-1) classification of heat exchanger.[2]
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Tube Bundle

Figure (1-2) shell and tube heat exchanger. Re.[2]

1.3.2. Double pipes heat exchanger

Double pipes heat exchanger normally consists of two concentric
pipes, with the inner pipe plain, as seen in figure (1-3). For the best
performance for the given surface area, one fluid flows in the inner pipe
and the other fluid flows in the annulus between pipes in a counter flow
direction. The fluids may flow in a parallel flow direction if the application
demands a nearly constant wall temperature. This is the most basic heat
exchanger. Flow distribution is not a problem, and disassembly makes
cleaning a simple. Zare et al [3] presented design of double pipe heat
exchanger. The advantages of this type are working excellent capacity for
thermal expansion, it is easy to install and clean, and replacement parts are
inexpensive and always in supply. While the disadvantages are not cost
effective as most shell and tube exchangers, and it requires special gaskets
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VVETTY) warmed
fluid in fluid out

fluid in cooled
fluid out

Figure (1-3) double —pipe heat exchanger. Ref. [3].

1.3.3. Triple tube heat exchanger

By adding an intermediary tube, the triple concentric tube heat
exchanger (TCTHE) is a modified constructive version of the double
concentric tube heat exchanger, as shown in figure (1-4). As a function, a
triple concentric heat exchanger is made up of three concentric tubes that
can be of various lengths. In comparison to tube in tube heat exchangers,
triple concentric heat exchangers provide a larger surface area for heat
transfer per unit length and higher overall heat transfer coefficients, this
comparison is presented by Radulescu et al [4]. The thermal contact
between the fluids was improved by adding the third tube. Furthermore,
because these types of heat exchangers can exchange heat between three
fluids in one unit, they can provide technical and economic benefits. Heat
exchangers with three concentric tubes are employed in a variety of
applications, including food processing, cooling, pasteurization,
congelation, and concentration. The advantages of triple tube heat
exchanger have a large surface area for heat transfer per unit length, and it
can be operating to high temperatures and has a good resistance to high

pressure.
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Intermediate temperature fluid
Hot fluid

Figure (1-4) triple concentric-tube heat exchanger. Ref.[5].

1.4. Motivation of Present Work

The shell and tube heat exchanger fails to cool the accessories of Al-
Mussaib thermal power plant for required cooling temperature. Due to that
problem, the objective of this work is conducted to design and build heat
exchanger which is used to improve the heat transfer performance for Al-
Mussaib accessories of thermal power plan. This is achieved by designing a
new heat exchanger which consists of four concentric pipes. The function
of working this new heat exchanger is cooling the hot water by two stages
with raw water. This new design solves the problems in the Al-Mussaib

power plant where the shell and tube heat exchanger failed.
The scope of this study can be summarized in the following works:

Experimental work: The first step includes designing a prototype of
four concentric pipe heat exchanger (FCPHE) by using solidworks

commercial package 2016 .

Theoretical work: The theoretical work focuses on Computational
Fluid Dynamics (CFD) used to predict water flow and temperature fields in

heat exchanger. This is accomplished numerically by solving the Navier

6
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Stokes set of partial differential equations for mass, momentum and energy.
These equations are applied to finite volumes in the solver to obtain a
detailed solution, including velocity and temperature fields. Solidworks

commercial package 2016 with k-€ model is used to solve the governing
equation.
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Literature Review

The purpose of the literature review is to summarize the previous
work closely related to the present work. Several researchers have
investigated the behavior of heat exchangers theoretically and
experimentally. It was presented in two sections; the first was the
experimental and theoretical studies of heat transfer improvement for
double tube heat exchanger .The second section was the experimental and

theoretical studies related to triple concentric-tube heat exchanger.

2.1. Experimental and theoretical Investigations for double tube heat

exchanger

Hui-fan et al.,[6] presented the Engineering Equation Solver (EES)
software, a heat transfer coefficient calculation program about double pipe
heat exchanges. Some experimental data were compared to the simulation
data for proving that the program can predict the heat transfer coefficient of
the double pipe heat exchangers, and then the change of heat transfer
coefficient was calculated and analyzed with relevant parameters. The
results showed that the heat transfer coefficient of heat exchanger were
increasing with the flow of the shell side, the tube side and the logarithmic
mean temperature difference, and when the temperature difference equals
to 12°C, the total heat transfer coefficient can up to 2400W/m?. K.

Baadache and Bougriou [7] presented the use of Genetic Algorithm
in the sizing of the shell and double concentric tube heat exchanger where
the objective function is the total cost which is the sum of the capital cost
of the device and the operating cost. The use of the techno economic
methods based on the optimization methods of heat exchangers sizing
allow to have a device that satisfies the technical specification with the

lowest possible levels of operating and investment costs. The logarithmic

8
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mean temperature difference method was used for the calculation of the
heat exchange area. This new heat exchanger is more profitable and more
economic than the old heat exchanger; the total cost decreased of about
13.16 % . The design modifications and the use of the Genetic Algorithm
for the sizing also allow to improve the compactness of the heat exchanger,
the study showed that the latter can increase the heat transfer surface area

per unit volume until 340 m? /m®.

Zhi Han et al.,[8] integrated a fully developing three-dimensional
heat transfer and flow model, a multi-objective optimization aims to fulfill
the geometric design for double-tube heat exchangers with inner corrugated
tube was investigated in this work with Response Surface Methodology
(RSM). Dimensionless corrugation pitch (p/D), dimensionless corrugation
height (H/D), dimensionless corrugation radius (r/D) and Reynolds number
(Re) are considered as four design parameters. Considering the process
parameters, the characteristic numbers involving heat transfer
characteristic, resistance characteristic and overall heat transfer
performance calculated by CFD, and are served as objective functions to
the RSM (Nu,, f., Nus/Nus, f/fs and h in this paper). The results of optimal
designs are a set of multiple optimum solutions, called ‘Pareto optimal
solutions’. It reveals the identical tendency of Nu./Nus and f./f reflecting
the conflict between them that means augmenting the heat transfer
performance with various design parameters in the optimal situation
inevitably sacrificed the increase of flow resistance. According to the
Pareto optimal curves, the optimum designing parameters of double pipe
heat exchanger with inner corrugated tube under the constrains of Nu/Nus
> 1.2 are found to be P/D = 0.82, H/D = 0.22, /D = 0.23, Re = 26,263,

corresponding to the maximum value of €= 1.12.
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Radulescu et al.,[4] presented results of analysis of the heat transfer
to cool a petroleum product in two types of concentric tube heat
exchangers: double and triple concentric tube heat exchangers. The cooling
agent was water. The triple concentric tube heat exchanger was a modified
constructive version of double concentric tube heat exchanger by adding an
intermediate tube. This intermediate tube improves the heat transfer by
increasing the heat area per unit length The results show that for the same
length of the heat exchanger, the heat transfer area and the overall heat
transfer coefficients for triple concentric tube heat exchanger were higher

than for double tube heat exchanger about 57% and 62.8% respectively.

Sheikholeslami et al.,[9] investigated experimentally the heat transfer
and pressure loss in an air to water double pipe heat exchanger. Typical
circular-ring and perforated circular-ring turbulators were placed in annular
pipe. The working fluids were air, flowing in the annular pipe, and water
through the inner circular tube. The experiments were conducted for
different governing parameters namely; air flow Reynolds number (6000—
12,000), pitch ratio (1.83, 2.92 and 5.83) and number of perforated hole (0,
2, 4 and 8). Correlations for friction factor, Nusselt number and thermal
performance are presented according to experimental data. Results
indicated that using perforated circular-ring leads to obtain lower heat
transfer enhancement than the circular-ring because of reduction of
intersection angle between the velocity and the temperature field. Thermal
performance increases with increase of number of perforated hole but it

decreases with increase of Reynolds number and pitch ratio.

Dirker et al.,[10] consisted the experimental facility of a cold-water
loop and an annular flow passage test section that was electrically heated.
In this experimental study circumferentially averaged local heat transfer
coefficients were determined with water for a uniform heat flux boundary

10
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condition on the inner wall in a horizontal concentric annular test section
with a length of 1.05 m, a hydraulic diameter of 14.8 mm, and a diameter
ratio of 0.648. Local inner wall temperatures were obtained via liquid
crystal thermography with the aid of an automated camera position system.
Conventional on-center and off-center annular inlet configurations with
three inlet sizes were evaluated for Reynolds numbers ranging from 2000
to 7500. It was found that the local heat transfer coefficients were
significantly higher at the inlet, and decreased as the boundary layers
developed. Local maximum and minimum heat transfer coefficients were
identified which may be due to flow impingement caused by the inlet
geometry. A new local heat transfer correlation for the turbulent flow in

regions close to the inlet of an annular flow passage was developed.

Verma et al.,[11] estimated the heat transfer performance of
proposed fabricated heat exchanger using corrugated and non-corrugated
pipes. Pitch and depths were varied in case of corrugated pipe. Authors
have achieved the maximum heat transfer coefficient and Nussult number
with helical shaped ribs of 4 mm pitch and 1.5 mm depth with the
variations in Reynolds number from 5000 to 17000, mass flow rates from
0.03 to 0.13 kg/s and 0.04 to 0.14 kg/s for cold and hot fluid respectively.
Length and diameter of pipes are 25.4 mm and 2000 mm respectively.
Authors have also modeled an artificial neural network (ANN) for
predicting heat transfer coefficient, Nussult number and Reynolds number.
Value of coefficient of multiple determination are achieved. The R?
(coefficient of multiple determination) - values is 0.99999, 0.999997 and
0.999993 for Reynolds number, heat transfer and Nusselt number

respectively with unknown data set which is very satisfactory.

Sreedhar and Varghese,[12] studied the effect of different
longitudinal fin patterns on overall heat transfer coefficient and rate of heat
11
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transfer in concentric double tube heat exchanger using LMTD. More over
the temperature distribution inside the tube heat exchanger is found and
tabulated using computational fluid dynamics (CFD) by fluent 6 and
meshed using GAMBIT. The inner and outer tube diameters were fixed to
be 0.03m and 0.06m respectively. The following assumptions were
considered for (software) analysis: (i) Fluid flow was laminar. (ii)Hot water
passes through the inner tube and cold water in the annular gap for all the 4
cases (Mention no. of cases considered). (iii) Aluminum was used as the
tube and fin material, the tube thickness of both the tubes is 0.001m. The
inlet of hot water is constant at 3700K and that of the cold water at 3000K.
Analysis showed that maximum heat transfer (rate or over all heat transfer
coefficient) was observed in the case of having external fins for the inner
tube with higher overall heat transfer coefficient of 60.5% increase to that

of the base setup.

Mashoofi et al. ,[13] examined the ways to reduce the pressure drop
and consequently increase thermal performance enhancement factor of a
heat exchanger equipped with twisted tapes. For this purpose, axial
perforated twisted tapes (PTTs) with various hole diameters were used
instead of simple twisted tapes(STT). Moreover, the variations of the
effectiveness with number of transfer units for different heat capacity ratios
were presented. The numerical model was well validated with the available
experimental results. The results indicated that the use of perforated twisted
tape leads to a reduction in pressure drop and heat transfer rate,
subsequently; a significant increase in thermal performance enhancement
factor was seen compared to simple twisted tapes. In addition, some

correlations were formulated to present the numerical results.

Hosseinian and Isfahani [14] investigated the heat transfer
enhancement due to the surface vibration for a double pipe heat exchanger,
12
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made of PVDF. In order to create forced vibrations (3-9 m/s?, 100 Hz) on
the outer surface of the heat exchanger electro-dynamic vibrators are used.
Experiments were performed at inner Reynolds numbers ranging from
2533 to 9960. The effects of volume flow rate and temperature on heat
transfer performance are evaluated. Results demonstrated that heat transfer
coefficient increases by increasing vibration level and mass flow rate. The
most increase in heat transfer coefficient is 97% which is obtained for the

highest vibration level (9 m/s®) in the experiment range.

Bahmani et al.,[15] investigated the heat transfer and turbulent flow
of water/alumina nanofluid in a parallel as well as counter flow double pipe
heat exchanger. The governing equations have been solved using
FORTRAN code, based on finite volume method. Single-phase and
standard k- € models have been used for nanofluid and turbulent modeling,
respectively. The internal fluid has been considered as hot fluid (nanofluid)
and the external fluid, cold fluid (base fluid). The effects of nanoparticles
volume fraction, flow direction and Reynolds number on base fluid,
nanofluid and wall temperatures, thermal efficiency, Nusselt number and
convection heat transfer coefficient have been studied. The results
indicated that increasing the nanoparticles volume fraction or Reynolds
number causes enhancement of Nusselt number and convection heat
transfer coefficient. Maximum rate of average Nusselt number and thermal
efficiency enhancement are 32.7% and 30%, respectively. Also, by
nanoparticles volume fraction increment, the outlet temperature of fluid
and wall temperature increase. Study the minimum temperature in the solid
wall of heat exchangers, it can be observed that the minimum temperature
in counter flow has significantly reduced, compared to parallel flow.
However, by increasing Reynolds number, the slope of thermal efficiency

enhancement of heat exchanger gradually tends to a constant amount. This
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behavior was more obvious in parallel flow heat exchangers. Therefore,
using of counter flow heat exchangers was recommended in higher

Reynolds numbers.

Hamzah and Nima [16] investigated experimentally the influence of
adding fins of copper foam on the characteristics of heat transfer in a
double-pipe heat exchanger . The test rig consists of two concentric pipes
(copper and Perspex) to form the required double-pipe heat exchanger. The
metal foam fins of 40 PPI were made from copper and set at 30° angle with
the tube entrance and were distributed in sections inside the annular gap
around the inner copper tube to guide the fluid flow and to disturb its
structure inside the annular gap. The Reynolds number range for air was
from 616 to 2343, with a constant water volume flow rate (2 Ipm) in these
experiments. The inlet water temperature was controlled at three values
(80 °C, 85 °C, and 90 °C). Both parallel and counter flows were examined
in this study. The comparison was made between the two cases of with and
without insertion of copper foam fins and between parallel and counter
flow mode. Results showed that the average heat transfer coefficient and
the average Nusselt number were increased as the Reynolds number
increased, and their largest values were obtained in case of copper foam
fins insertion and for counter flow mode. The important finding was no
significant pressure drop was found with the enhancement of heat transfer
throughout the annular gap of heat exchanger. Results also showed that the
effectiveness values were doubled in case of insertion of the copper foam
fins. The counter flow pattern was the most efficient flow pattern than the
parallel flow.

Corcoles et al.,[17] studied a 3-D numerical simulations were carried
out to analyze the influence of geometrical parameters for eight spirally
inner corrugated tubes at turbulent flow (Re =25 x 10%) in a double pipe
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heat exchanger. As a novelty, different combinations of pitch and height in
a 3-D inward corrugated tube numerical model were analyzed and
validated with an experimental setup. This had not previously been
conducted in a double pipe heat exchanger. Furthermore, the numerical
model included the entire geometry of the heat exchanger, with dimensions
of the computational domain similar to those used in actual commercial
applications. Grid independence analysis of the numerical solution was
performed based on a 3-D unstructured tetrahedral mesh scheme,
considering the Realizable k-€ turbulence model. Case 8, with the highest
corrugation height (H/D=0.05) and the lowest helical pitch (P/D=0.682)
presented the highest pressure drops in both inner and annular tubes, being
4.15 and 1.27 times higher in the inner tube and in the annulus side than in
the smooth tube, respectively. Regarding heat transfer, Case 9, with the
smallest helical pitch and an intermediate corrugation height (H/D=0.041)
obtained the highest number of transfer units (NTU) value, which, under
the experimental conditions of this work, resulted in an increase of 29%
compared with the smooth tube. In Cases 7 and 9, the inner tubes showed
optimal results when considering the combined influence of the enhanced
heat transfer performance and pressure drop using the performance

evaluation criteria (PEC)

2.2 Experimental and theoretical Investigations for triple concentric

tube heat exchanger

Zuritz [18] explained analytical equations for a triple-tube heat
exchanger . They allow for independent computations of bulk (cross-

sectional area averaged) fluid temperatures at any axial location along the
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heat exchanger and are valid for parallel and counter flow configurations.
The equations account for heat losses to the surroundings and were useful
for design purposes. Mass flow rates, inlet fluid temperatures and heat
transfer coefficients are input parameters required for temperature
calculations. Simulations show that the creation of an annular region within
the inner pipe increases the overall heat transfer efficiency and reduces the
heat exchanger length requirement by almost 25 %. A case study was
presented with a complete computational procedure. The results obtained
with the different equations were in excellent agreement and proved useful

for heat exchanger design and evaluation purposes.

Dirker and Meyer [19] studied the effect of geometric shape of
passage’s cross-Section on its convective heat transfer capabilities. For
concentric annuli, the diameter ratio of the annular space plays an
important role. Experiments were conducted on water under turbulent flow
conditions for a wide range of diameter ratios. The Wilson plot method was
used to determine the heat transfer coefficients from which a correlation
was developed that could be used to predict the heat transfer coefficients. It
was concluded that the correlation deduced from predicted Nusselt
numbers accurately within 3% the measured values from diameter ratios
between a= 1.7 and a= 5.1 and a Reynolds numbers range of 4000 to
30000.

Valladares [20] detailed one-dimensional steady and transient
numerical simulation of the thermal and fluid-dynamic behavior of triple
concentrictube heat exchangers had been developed. The governing
equations (continuity, momentum and energy) inside the inner tube and the
annulus (inner and outer), together with the energy equations in the inner,
intermediate and outermost tube wall and insulation, are solved iteratively
in a segregated manner. The discretized governing equations in the zones
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with fluid flow were coupled using an implicit step by step method. This
formulation requires the use of empirical information for the evaluation of
convective heat transfer, shear stress and void fraction. An implicit central
difference numerical scheme and a line-by-line solver were used in the
inner and intermediate tube walls and the outermost tube wall with
insulation. All the flow variables (enthalpies, temperatures, pressures, mass
fractions, velocities, heat fluxes, etc.) together with the thermophysical
properties were evaluated at each point of the grid in which the domain was

discretized

Batmaz and Sandeep [21] developed a new procedure to calculate
the overall heat transfer coefficients and axial temperature distribution of
fluids for a cooling process for different flow rates and inlet temperatures
of the fluid streams. The effectiveness of the triple tube heat
exchanger(TTHE) was compared to that of a double tube heat exchanger
(DTHE) of identical length. Experimentally compared the co-current and
countercurrent arrangements in a TTHE. This studied concluded that the
overall heat transfer coefficient values were higher in the countercurrent
arrangement than in the co-current arrangement. In addition, the
effectiveness in the countercurrent arrangement (0.93 to 1.00) was higher

than that in the co-current arrangement (0.73 to 0.95).

Zhao and Li [22] explained the derived integral-mean temperature
difference (IMTD) formulae, a new modelling technology was presented in
detail for the parallel stream three-fluid heat exchanger with two thermal
communications, which included the derivation of two IMTD formulae, the
design and simulation procedure of IMTD model as well as its validation
with previous exact models. The biggest advantage of new model lied in
the application of IMTD formulae into the design and simulation of three-
fluid heat exchanger. These IMTD formulae were equivalent to the log-
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mean temperature difference (LMTD) of two-fluid heat exchanger. The
mean temperature difference method perfectly solved the problem of
thermal design of two-fluid heat exchanger. Similarly, with the derived
IMTD formulae and the proposed convergence-accelerated method in this
paper, the developed new model not only realizes fast convergence for the
design procedure of three-fluid heat exchanger, but also in simplicity can

be comparable to past Sorlie’s LMTD approximate model.

Radulescu et al.,[23] proposed that calculation algorithm used in heat
transfer studies when triple concentric-tube heat exchangers were involved.
The study consists in determining the partial coefficients of heat transfer
afferent to three fluids that exchange heat between them based on
experimental results. According to experimental mode, the flow in tubes of
the heat exchanger was in counter-flow from the hot fluid to two cold ones,
while the circulation of the cold fluids was in co-current flow. In the
experiment water was used as working fluid, the heat exchange taking
place without the phase transformation. The proposed algorithm allowed
obtaining useful correlation of partial coefficients of heat transfer
calculation for the hot fluid which circulates through the inner annular

space, in the transition regime.

Quadir et al.[24] presented experimental investigation of the
performance of a triple concentric pipe heat exchanger. Two combinations
of the heat exchanger are used for this purpose and for insulated as well as
non-insulated conditions of the heat exchanger. The first one named (N-H-
C) which means that the raw water flows through the innermost pipe, hot
water flows through the inner annulus and the cold water flows through the
outer annulus. The second combination used is named as (C—H—N) where
the cold water and raw water interchange between each other while hot
water flow remains same as in (N— H-C) configuration. The results showed
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that the hot water temperature drops to 30.76 °C from its entry temperature
of 52.11° C in (N-H-C) arrangement; while the hot water temperature
drops to 33.38 °C from its entry temperature of 50.48 °C in (C—H-N). It
was found that the temperature variation along the length of pipe differs
substantially for the two arrangements. Temperature of cold water
increases rapidly in the non-insulated condition of N-H-C arrangement.
Cross over points were found in N-H-C arrangement for higher volume

flow rates of the three fluids

Basal and Unal [25] proposed a new type thermal energy storage
system consisting of a triple concentric-tube arrangement for the storage
performance enhancement. The motivation for the present proposal was
that an annulus shaped PCM layer that was in contact with the heat transfer
fluid from both inner and outer surfaces provides a larger heat transfer area.
For the present purpose, a numerical investigation is conducted by using
enthalpy method. Based on the numerical calculations, the effects of
system parameters such as mass flow rate and the inlet temperature of the
heat transfer fluid and the variation of the tube radii on the system
performance were investigated parametrically. The results indicated that, a
significant enhancement in the system performance can be achieved by
replacing a classical hollow cylinder type storage with the presently
proposed triple concentric-tube storage system. Another outcome of the
present study was that the most important design parameters for a triple
concentric-tube storage system were the radial location and the thickness of
the PCM filled annulus.

Quadir et al.,[26] carried out numerical investigation of the
performance of a triple concentric pipe heat exchanger .The outside
diameters of the three pipes are 0.0508 m, 0.0762 m and 0.1016 m
respectively, and their thickness is 1.5 mm only. The overall length of the
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heat exchanger is 4 m. The three fluids being considered are hot water, cold
water and the normal tap water. They concluded that the predicted
temperature variations of the three fluids along the length of the heat
exchanger using finite element method follow closely to those obtained
from experiments in magnitude and trend provided the overall heat transfer

coefficients evaluated from Batmaz and Sandeep relation are used.

Patrascioiu and Radulescu [27] described the experimental setup
used for the study of oil-water heat transfer in the triple concentric-tube
heat exchanger and mathematical model involves cooling a product in
counter-current arrangement in a triple concentric-tube heat exchanger with
straight and smooth tubes. For the model elaboration there have been used
the equations of heat transfer and of fluid-dynamics, as well as a numerical
algorithm to solve systems of non-linear equations. The results showed that
the theoretical values of the outlet temperatures have been compared with
the experimental temperatures, the average deviation ranging in the domain
3.5- 4.8 %.

Dharmik et al.,[28] showed the CFD analysis of triple concentric
tube heat exchanger by using FLUENT Microsoft program. Triple
concentric tube heat exchanger performs better than double concentric tube
heat exchanger. Water has been used as a working fluid and copper was
used as material of tubes. Hot water flows from inner annulus and cold
water flows from inner tube and outer annulus. Effect of different inner
tube diameters on performance of triple concentric tube heat exchanger was
observed for five different inner tube diameters (8 mm, 10 mm, 12 mm, 14
mm and 16 mm). Results indicated that when increase in inner tube
diameter heat transfer rates increase for three tubes. While the increase in

inner annulus diameter heat transfer rate of hot fluid and inner cold fluid
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increased up to 26 mm after that it decreased due to decrease in

temperature difference and flow became laminar.

Singh et al.,[29] explained the thermo-hydraulic investigations for
triple concentric-tube heat exchanger. The Reynolds number varied from
2800 to 11,000. Experimental investigations have been carried out to
measure the variations in temperature of fluid streams along the length of
heat exchanger and variations of friction factor and of Nusselt number with
Reynolds number. It is concluded that the measured values of friction
factors are the lowest for cold water in inner tube and the highest for
intermediate temperature water in outer annulus while it varies in between
for hot water in inner annulus.The results showed the effectiveness for co-
current arrangement, counter-current arrangement, counter-current—co-
current arrangement and co-current—counter-current arrangement has been
found to be 0.36, 0.51, 0.42 and 0.39, respectively.

Wafelkar and Kamble [30] used different techniques to enhanced
the performance of triple concentric heat exchanger. To enhance the
effectiveness dimples have been made on the middle tube. Introduction of
dimples on the tube surface can increase surface area available for heat
transfer. The fluid used was water. Hot water will flow through the middle
annular space while cold fluid will flow through the inner tube and outer
annular space. The study was carried out to determine the effectiveness of
triple tube heat exchanger with dimple tubing. A comparison of
effectiveness in triple tube heat exchanger and double tube heat exchanger,
it was found that for the same Reynolds number effectiveness of triple tube
heat exchanger was 60% more than double tube heat exchanger. After
experiments, results indicate that the effectiveness increases with decrease

in Reynolds number (hot fluid). Maximum value of effectiveness is 0.4785
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obtained at Reynolds number 1944.9454. Low Reynold number ensures

maximum period of contact between the flowing fluids (hot & cold fluid).

Gomaa et al.,,[31] carried out an experimental and numerical
investigations of the triple concentric-tube heat exchanger were presented
with particular reference to double tube heat exchanger. The purpose was
to present a clear view on the thermo-fluid characteristics of this type of
heat exchangers with different key design parameters leading to design
optimization. Three fluids being considered which were chilled water in
inner tube, hot water in inner annulus, and normal tap water in outer
annulus. Numerical CFD model was developed using a finite volume
discretization method. The numerical model was validated and then
extended to cover more extra design parameters. Four flow patterns were
conducted of counter current, co-current, counter current with co-current
and co-current with counter current flow. Correlations of Nusselt number,
friction factor and heat exchanger effectiveness with the dimensionless
design parameters were also presented. The triple tube heat exchanger
contributes higher heat exchanger effectiveness and more energy saving

compared with double tube heat exchanger per unit length.

Sahoo et al. ,[32] noted an experimental investigation for helical triple
concentric tube heat exchanger. The concentric tube heat exchanger was
consisting of two annulus and one helical pipe. Different flow
arrangements were used in this study that was N-H-C (normal fluid inside -
hot at middle - cold in outer annulus) and C-H-N (cold fluid in inner pipe -
hot in middle - normal fluid in outer annulus) with parallel and counter
flow types. The results showed the N-H-C arrangement of flow was more
effective and has more heat transfer rate than the C-H-N arrangement for

both parallel and counter flow conditions. The second result showed that
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the effectiveness of the heat exchanger is higher up to 20% in N-H-C

counter flow as compared to C-H-N counter flow.

Saurabh et al.,[33] presented heat transfer CFD analysis for a
concentric triple tube heat exchanger. Theoretical studies were carried out
for numerical simulations and evaluation of heat transfer. The performance
of Triple Concentric Tube Heat Exchanger was to be evaluated at variable
operating conditions. Studies and experimentation have already been
carried out for N-H-C and C-H-N configuration in Triple Tube Heat
Exchanger. The numerical investigation also had already been carried out
for various operating conditions. The results showed that when the flow
rate was decreased in the hot tube there was decrease in the temperature

rise of the normal and cold fluids.

Boultif and Bougriou [34] simulated a numerical analysis by using
the finite difference method to describe the steady and unsteady state
thermal behavior of triple concentric- tube heat exchanger with parallel
flow and counter flow arrangements. One gives the temperature variations
of the three fluids and three walls with time along the triple concentric-tube
heat exchanger. The fluids have a time lag and the response of triple
concentric-tube heat exchanger in parallel flow configuration was faster
than those of a counterflow arrangement, its performances were always
lower than those of a counterflow triple concentric-tube heat exchanger.
The heat transfer coefficients by convection of the three fluids vary with
time in addition to the temperature and the heat exchanger performances
were lower in unsteady state than the steady state case.

Wafelkar and Raut,[35] reported an experimental study of heat
transfer enhancement in triple tube heat exchanger with copper Oxide
(CuO)and Aluminum Oxide (Al,O3) nano fluids. Hot water with
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temperature range 40°C to 53°C will flow through the intermediate annulus
area while cold fluid with temperature range of 28 °C to 32 °C will flow
through the inner tube and outer annular space. The nanoparticles were
mixed with hot fluid and readings were taken for plain water, 0.033 %
volumetric concentration of CuO and 0.033 % volumetric concentration of
Al,O3. Experimental investigation was carried out for different flow rate of
hot fluid. The flow rate of cold fluid was kept constant that was 420 LPH.
It was concluded that copper Oxide nanoparticle were expensive and give
less effectiveness as compare to Aluminum Oxide. While Aluminum Oxide
gives maximum effectiveness at volumetric concentration 0.033%. This
gives most economical solution for use of Aluminum oxide - water nano

fluid in heat transfer application.

Giovannoni et al.,[36] presented a numerical prediction of thermal
performances in a concentric triple tube heat exchanger. A method to
increase thermal efficiency and limiting fuel consumption is to recover heat
from the combustion products to preheat the cold incoming mixture.
Therefore, this study focuses on the interactions between combustion and
heat exchanges at small scale. A numerical model of a three concentric
tubes combustion chamber was developed and investigated with the aim of
evaluating its thermal performances. A 17 species, 73 reactions skeletal
mechanism able to describe methane oxidation was utilized for the purpose.
A parametric study was carried out varying the mass flow rate and the
thermal conductivity of the walls. Also, the effects of utilizing a flame
holder in the combustion chamber were investigated. The models defined
as double tube and triple tube systems were simulated at different mass
flow rates (0.05 g/s, 0.1 g/s and 0.15 g/s), different wall thermal
conductivities (0.5 W/m.K and 16 W/m.K) and included a porous medium

in the combustion chamber. The conclusion showed that the triple tube
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mode better thermal performance than the double tube, as the percentage of
heat of combustion transferred to the cold mixture was always higher.
Where the percentage reached 43% in the triple tube model and 25% in the

double tube model at 0.05 g/s and adiabatic conditions.

Hossain et al.,[37] investigated experimentally the effect of triple
concentric tube heat exchanger on the overall heat transfer coefficient.
Used three copper tubes of diameter 41.2 mm, 25.35 mm and 12.6 mm and
the length of the tubes are 580 mm, 740 mm and 857 mm, respectively. The
objective of this study was to reduce the length and material cost as well as
increase the heat transfer surface area by adding an intermediate tube to the
double concentric tube heat exchanger. The performance of the heat
exchanger for different inlet temperatures and mass flow rates are
estimated and analyzed. It was found that the overall heat transfer
coefficient for triple concentric tube heat exchanger 658.89 W/m?® K. On
the other hand, the overall heat transfer coefficient in equivalent double
tube heat exchanger was found of 618.6 W/m 2K. Therefore, for the same
heat transfer area, the length of the heat exchanger was 65.17% reduced
compared to double tube heat exchanger. It was also observed that heat
transfer rate was higher at higher flow rate in inner tube, inner annular

space and outer annular space.

Gomaa et al.,[38] carried out experimental and numerical
investigation of the triple concentric-tube heat exchanger with inserted ribs.
The purpose was to evaluate the performance characteristics of the triple
tube heat exchanger with rib inserts. The investigation key design
parameters involve water mass flow rate, flow pattern, temperature
variation, rib height and rib pitch. Numerical CFD modeling was developed
using FLUENT commercial code and validation criteria was done to extend
the study parameters with extra ranges. The results revealed that, the
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insertion of ribs to the inner annulus fluid flow of the triple tube heat
exchanger participate a significant enhancement of the convective heat
transfer. Higher performance index was obtained at higher rib pitch and
lower rib height. A set of empirical expressions with the dimensionless

design parameters have been predicted based on the obtained data.

Zeeshan et al.,[39] presented a numerical and experimental
investigation of bi-annulus (two annulus) heat exchanger. The simulations
were carried out for different polymer materials along with conventional
tube materials mainly metal. The results showed that dimensionless
temperature was higher for copper which was used as tube material. For
axial length up to 70mm. the temperature rises for polypropylethylene
(PEX), by low density polypropylene (LDPE) was 28.3% and 26.4%
respectively. However, temperature variation is same for Polypropylene
(PP) and Polyvinylidene fluoride (PVDF) for same axial distance. This
temperature variation was increased to 72.4%, 67.2%, 58.62% and 56.89%
for PEX, LDPE, PP and PVDF respectively as axial distance variation

reaches the end of pipe.

Touatit and Bougriou [40] suggested optimal diameters of triple
concentric-tube heat exchangers . In this study a techno-economic method
to optimize the heat exchanger by determining the optimal diameter
corresponding to the minimal total cost of the heat exchanger (functioning
and investment). They have only one optimum tube diameter for each heat
exchanger which corresponds to the minimum total cost of the heat
exchanger (total frictional power expenditure and the fabrication of the heat
exchanger) Three types of fluids were used the cold fluid (hydrogen)
circulates in the internal tube, the oxygen flows in the outside annular
passage and the nitrogen passes in the internal annulus passage. They
calculated the effect of the (intermediate tube radius and central tube
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radius) of the heat exchanger on the thermal and electric power
expenditures and the economic costs. The efficiency of the heat exchanger
decreases and then increases beyond intermediate tube radius 35 mm. The
efficiency increases with increasing central tube radius, the inner annular
passage section decreases the flow velocity and the heat transfer coefficient

by convection increases thereby increasing the hot fluid cooling.

Saraireh [41] noted experimentally and numerically of triple pipe
heat exchanger. Heat exchanger consists of three tubes made of aluminum
with inner tube diameter 10 mm, intermediate tube diameter 20 mm, and
outer tube diameter 30 mm. The raw water flows through inner and outer
tube countercurrent flow to the hot water. The results indicate that the heat
transfer rate between the hot water and raw water in the outer tube was
higher than that between hot water and raw water in the inner tube. The
larger heat transfer rate was due to the larger surface area between the hot
water and the raw water in the outer tube as compared with that of inner
tube. It is found that the heat transfer rate increases with increasing volume
flow rate. The maximum heat transfer rate is found at higher volume flow
rate of hot and raw water. Furthermore, Numerical simulations were carried
out to obtain the heat transfer rate from the heat exchanger and compared
with experimental data to validate the numerical model. It is found that the

numerical model was capable of predicting the heat transfer rate.

Amanuel and Mishra [5] presented that optimization of heat transfer
and pressure drop characteristics in a triple concentric tube heat exchanger
had been done using the results of numerical simulation. A commercial
CFD software ANSYS Fluent ver.17 has been employed for simulating the
flow and heat transfer, while optimization has been done by Response
surface methodology (RSM) and Genetic algorithm (GA). The effective
parameters in the study were Reynolds number (2500< Re <10000) and
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Length to hydraulic diameter ratio (100 < L/Dx< 220). The optimum
values, as well as the functional relationship between the design factors (Re
and L/Dy) and response variables (Nu and f), have also been developed. It
has been found that both the design factors (Re and L/Dy) have a strong
influence on the response variables (Nu and f). With the increase in Re
(flow rate), a large growth in Nusselt number and decline in friction factor
has been observed. However, with the increase in L/D;, an enormous

decrease in both Nusselt number and friction factor has been found.

Afzal et al.,[42] investigated the performance of triple tube heat
exchanger using water and titanium-dioxide (TiO, ) nanofluid as the
coolants. The heat exchanger consists of a helical tube (21.2m length)
inserted between two straight concentric tubes to enhance the heat transfer.
Hot water was flowed through these helical tubes. The air was passed
through the central tube. The flow of air inside the centrally placed tube
was kept constant at 4.5m/s. Change in effectiveness and overall heat
transfer coefficient for flow rates from 20 Ipm to 60 Ipm was studied. Once
the flow rate of hot water was changed and once the flow rate of raw water
(flowing through the shell) was changed. The effectiveness reduced with
increase in flow rate whereas the overall heat transfer coefficient increased.
Overall heat transfer coefficient using water was in the range 50 — 100
W/m % k whereas the overall heat transfer coefficient using TiO; nanofluid
was in the range of 150 -200 W/m?k. The results showed that the overall
heat transfer coefficient increased for TiO, nanofluid compared to water
was more significant at all flow rates. The improved thermal conductivity
of TiO, nanofluid causes increase in overall heat transfer coefficient.

Lubis et al.,[43] designed and built triple concentric tube heat
exchangers with counterflow which was used to reduce the temperature of
the hot fluid. The hot fluid flows in the annulus section on the second
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copper tube, then the cold fluid each flows through the first copper tube
and annulus portion to the third copper tube. The hot fluid which is water
with temperature 60°C, to heat fluid used water heater with power 1000
watt while cold fluid which is water with temperature 25°C. These three
concentric tube heat exchangers with a total length of the first 2.57 m
copper tube with 1% inch diameter. The second copper tube is 2.22 m in
diameter of 1 inch. The copper tube is 1.74 m long with a diameter of 1.75
inch. The fluid in and out fluid temperature gauges on the heat exchanger
can be measured thermocouple which are then processed by software
instacall and Tracerdag from a computer through the data acquisition

module.

Memon et al.,[44] reported modeling and simulation of triple
concentric tube heat exchanger by using seven different types of materials
that are Copper, Aluminum, Titanium, Stailnless-Steel-430, Stainless-
Steel-304, Silver & Copper-Nickle-Alloy. Energy equations were
discretized using a finite element based technique and were solved using
ANSYS software. This paper exhibits a comprehensive comparison
between tube in tube heat exchanger (TTHE) and triple concentric tube
heat exchanger (TCTHE) by simulation on ANSYS CFD and demonstrates
that TCTHE has a greater heat transfer rate compared to TTHE because of
greater heat transfer surface area and higher heat transfer coefficients,
hence validating the experimental results. The model contains the three
concentrated tubes having inner, intermediate and outer diameters 12mm,
26mm, and 40mm respectively. Cold water flowed though inner and outer
tube while hot fluid (petroleum product) flowed in intermediate tube.
Numerical results showed that mild steel as best possible tube material

among the aforesaid materials.
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Tuyen et al.,[45] studied optimization of a Liquid-to-suction triple
tube heat exchanger of an R410A refrigerator. The main heat exchangers
refrigeration systems include an evaporator, a condenser, and a liquid-to-
suction heat exchanger. Where hot liquid refrigerant flows in the inner
annulus, and the cold vapor refrigerant is divided between two spaces: the
tube side and outer annulus. The study aimed to find the optimum
refrigerant flow-rate fraction and diameter of the three tubes in terms of the
heat-transfer rate and pressure drop. It is concluded that maximum heat
transfers and minimum pressure loss achieved at triple-tube heat exchanger
with diameters of 28.58, 34.93, and 41.28 mm and a mass flow-rate
fraction of 0.66.

Abdelmagied [46] achieved that thermal and hydrodynamic
characteristics of a new design heat exchanger called a triple spirally coiled
tube heat exchanger (TSCTHE) were experimentally conducted and
compared with a double spirally coiled tube heat exchanger (DSCTHE) as
a particular reference. The new design was created by adding a third tube to
a DSCTHE. The study carried out under consideration of turbulent fluid to
fluid heat transfer condition. The research aims to present the TSCTHE
thermo-hydraulic characteristics with different operating and design
parameters. The experiments were carried out at four water inlet
temperatures from 50°C to 80°C, four flow arrangements include parallel,
counter, counter-parallel, and parallel-counter flow patterns with three coil
inclination angles from 0° to 90°. The experimental runs applied at Dean
number ranged from 500 to 6500 corresponding to Reynolds number from
3000 to 37000. The results obtained that the TSCTHE presents a significant
enhancement of the Nusselt number compared to DSCTHE by 94.8% and
82.8% for both counter and parallel flow patterns, respectively. Also, the

Nusselt number enhancement occurs with decreasing the hot water inlet
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temperature from 80°C to 50°C by 40%, while the increment in pumping
power was approximately neglected. Moreover, the highest values of
Nusselt number occurred at counter flow patterns compared to other flow
arrangements. In addition, the higher performance index was recorded at
higher coil inclination angle of 90°. New correlations to predict the Nusselt
number of hot water, friction factor, effectiveness, and performance index

were presented.

Tanish et al.,[47] studied the heat exchangers performance was
usually depending upon the physical characteristics of the fluid and the
material. When a concentric tube was added in the intermediate space of a
double pipe heat exchanger, they obtained a triple pipe heat exchanger. The
performance of the triple was better than the double pipe, as it provided
better heat transfer efficiencies. The results showed the comparison
between double and triple concentric pipe, where the performance, LMTD
and total effectiveness of the triple is better than the double pipe by 119.2
Watts, 0.5°C, 28.62% respectively. Basically, the additional pipe improves
the heat transfer by providing an additional flow passage and a larger area

for heat transfer area per unit length of the exchanger.

Arulkumar and Mathanraj [48] described the principle techniques
of industrial importance as it deals with heat transfer analysis of concentric
triple pipe heat exchanger employing blossom fins. Findings indicated that
the use of fin arrangement was advantageous to enhance the performance
of heat exchanger, LMTD, over all heat transfer and effectiveness was
found to be increased. The additional fins improved the heat transfer by
providing a larger area for heat transfer area per unit length of the
exchanger. The net heat transfer, overall heat transfer, efficiency and
effectiveness were calculated and compared for all the flow patterns and
Counter flow 3 was found to have the best results among the flow patterns
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with the maximum heat transfer, heat transfer coefficient, efficiency and
effectiveness being 1642.09 watts, 1842.07 W/m? K, 0.57896 and 0.73

respectively.

2.3. Summary

It can be deduced that the most of the authors investigated the heat
transfer performance of heat exchanger. Researches carried out double and
triple concentric tube heat exchanger by using water as a heat transfer
medium. It is observed that triple tube heat exchanger (TTHE) is very
limited while comparing double tube heat exchanger (DTHE) due to its
practical applications. Theoretically the researchers used different
analytical and numerical methods as finite element, finite difference and
finite volume. In addition, they used many techniques in CFD method, and
different software package codes such as Fluent version, Ansys version and

Solidworks version to solve this problem.

None of them were studied more than triple pipe heat exchanger. The
present work designs four concentric pipe heat exchanger in order to cool
the accessories systems for Al-Mussaib thermal power plant .In
experimental study measured the parameters values of working fluid
(water) in order to valid the performance for this new design of four
concentric pipe heat exchanger(FCPHE) .In theoretical work used the
Solidworks version (16) software in simulation the three-dimensions
turbulent flow model to calculate these parameters such as temperature

,pressure , and velocity.

2.4. Originality Point

A new design of heat exchanger is achieved to solve the problem in
Al-Mussaib thermal power plant. This new design consists of four copper
pipes of diameter 1 inch (25.4 mm), 2 inch (50.8mm), 3 inch (76.2 mm)

32



Lhapter Two Literatures Review

and 4inch (101.6mm) and the length of the pipes are 2 m. The hot water is
cooled at two stages. The first stage, the heat transfer is occurred between
the hot water in first pipe and raw water in second pipe. While in the
second stage, the heat transfer is occurred between the hot water in third
pipe and raw water in second pipe and fourth pipe. The flow arrangement

in first stage is counter flow while the flow arrangement in second stage is

parallel.
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Experimental Work
3.1. Introduction

A shell and tube heat exchanger type was used in the Al-Mussaib
thermal power plant for cooling accessories of the power plant. This heat
exchanger failed to reduce the hot water temperature to the required

temperature for cooling.

In recent days, triple and double concentric tube heat exchangers are
becoming popular because of more surface area. Heat transfer fluids play a
major role in heat exchangers because they are based on the thermal

conductivity of the fluid heat transfer.

In the present work, it is focused on designing, developing, and
constructing a prototype rig as four concentric pipes heat exchanger
(FCPHE) in order to improve its heat transfer and effectiveness of Al-
Mussaib thermal power plant. In order to made and design this rig, it is
needed to calculate all thermal physical properties and the limitation data of
these properties for the working fluid which is flowing through this rig.
Solidworks is used to simulate the design of the prototype. Also, a
prototype module is designed for Al-Mussaib thermal power plant. As the
initial step, obtain all the details of the existing heat exchanger such as
number of tubes along with the relevant details of the masses flow rates,
associated inlet and outlet temperatures, and selection of material pipe.
Prototype was designed and constructed for all components depending
upon these parameters as a reference function working of limitations
parameters for Al-Mussaib thermal power plant. Appendix (A) is showed
all these calculations for simulation design. The advantage of designs this
prototype gives the mass flow rate value of working fluid with actual data

for Al-Mussaib thermal power plant.
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3.2. Fundamental of Rig Design

This rig is designed and fabricated as heat exchanger with four
concentrated pipes (FCPHE). This rig is designed and fabricated in order to
improve the cooling process in Al-Mussaib thermal power plant. The main
components of the new design of heat exchangers are the four pipes which
diameters are 1, 2, 3 and 4 inches. These pipes are collected together as

annularly form. Raw water is used as working fluid.

The new design of this heat exchanger is depended upon the
fundamental parameters which are calculated in design the prototype
module as the data base function. These parameters are temperature and
mass flow rate. This heat exchanger's function is to cool the hot water in
two stages. As a first stage, heat transfer occurs between the hot water in
the first pipe and the raw water in the second pipe to cool the hot water.
The output hot water enters the third pipe in the second stage. Then, the
heat transfer between the raw water in the second, third and fourth pipes to

lower the temperature of hot water.

The limiting of input data are the mass flow rate and temperature of
hot water. The pipes diameters and lengths are chosen by using the
solidworks software tools depending upon the following steps of operation

of designing in solidworks:

1. The main point in this design of heat exchanger is the diameter value of
first pipe (hot water pipe).The selection diameter value of first pipe is
depending upon the input values of mass flow rate and the inlet
temperature of hot water which are feeding in solidworks program .Upon
these input values the diameter value of first pipe is calculated .It was
found the optimum diameter value of first pipe is 1 inch. This is the best

value to reduce the hot water temperature from 40.8°C to 34.7 °C by two
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stages of cooling in heat exchanger. Also, the temperature value of
reduction exit hot water is calculated. Upon the selected of first pipe
diameter another three pipes diameters are calculated by using annulus
diameter ratio. These diameters values are 2, 3, and 4 inches,as shown in
figure (3-1). When choosing, the diameter of the first pipe is 0.5 inches in
design. Therefore, the diameter values of the second, third, and fourth
pipes, are calculated using the equation of diameter ratios. Then, the
temperature value of the exit hot water is 38.6°C. When trying to choose
the diameter of the first pipe 2 inches .Then, the value of the exit hot water

temperature is 37.5°C. These temperatures are not required in the design.

2. The mass flow rate and temperature of raw water in second pipe (60
I/min and 28°C) respectively. By using the annular diameter ratio that it is
presented by Van Zyl et al.[49] . The diameter of the second pipe is
chosen at 2 inches because it is the ideal diameter for providing adequate
annular area for raw water. Because it is smaller than this diameter, it

causes problems in the flow due to obstructions and other factors.

a:% 0<axl1 .. (3.1)

2

where
d, diameter of the first pipe
d, diameter of the second pipe

3. In the second stage, the hot water is cooled inside the third pipe,
reducing the temperature from 38.5°C to 35 °C. According to equation
(3.2), the third pipe has a diameter of 3 inches. This diameter gives a high
total mass flow rate as well as a significant reduction in temperature.

a=% 0<axl1 ... (3.2)

3
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where
d; diameter of the third pipe

4. To achieve the desired decrease in the temperature of the hot water, a
fourth tube is inserted through which raw water with a temperature of 28°C
is passed. The fourth pipe has a diameter of 4 inches. During the design

process, it is estimated using the solidworks software program.

The length of the heat exchanger is determined by trial and error
method using the solidworks program software. Where several lengths are
chosen to get the appropriate length. Hot water with mass flow rate 40
I/min and temperature 40.8°C are taken as input data. Heat exchanger is
designed to cool the hot water from 40°C to 35 °C. When designing and
using flow simulation, it is found that the best length is 2 meters . This
length has resulted in a significant reduction of hot water temperature to
35°C. This is the optimum length in designing to get the required cooling

temperature.

Figure (3-1) schematic of four concentric pipes heat exchanger
(FCPHE)
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3.3. Design consideration

A new design of a four-concentric-pipe heat exchanger is designed by
using the steps in the Solidworks software program. All these steps are

explained in appendix B.

3.4. Main Component of the Test Rig Design

The experimental rig is comprised of a heat exchanger, hot water
rectangular tank, raw water rectangular tank, temperature data logger,
thermocouples, three pumps, three flow meters, valves, and flexible tubes
for connection ,as shown in figures(3-2)and (3-3). It is holed by metal
frames and installed in the laboratory building of Mechanical Engineering

Department, University of Babylon.

3.4.1. Heat exchanger (Test section)

The heat exchanger consisted of four concentric pipes. The outer pipe
iIs made from plastic (PVC) with diameter 4 inch and length 2 m working
as insulation for heat exchanger. The other three pipes are made from
copper due to this material has a good a thermal conductivity [50] .The four
pipes have dimensions of diameter 1 ,2,3,and 4 inch and fitted with length
of 2 m , as shown in figures (3-4) and (3-5). Figure (3-4) shows the
photograph of the four concentric four pipes heat exchanger. Figure (3-5)
shows configuration of the four concentric pipes heat exchanger FCPHE
with inserted support. The hot water is circulated through the first inner
pipe to the third inner pipe as two stages. The raw water is circulated
through the annulus second pipe as a counter-current flow with the first
pipe through the first stage of cooling. The hot water in third pipe is cooled
by raw water in fourth pipe and second pipe as second stage. The flow
arrangement through the processing of cooling hot water in second stage is

a parallel current flow. These parts have been fixed on the frame structure

38



Lhapter Three ...... Experimental Work
IR yERESELA==—= D,

which is designed to make both easy operation and maintenance through
the heat exchanger. Table (3-1) gives the properties of pipes and the
working fluid (water) that used in this test.

Figure (3-2) photograph of the experimental rig
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Figure (3-4) photograph of the four concentric pipes heat exchanger
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Figure (3-5) configuration of the four concentric pipes heat exchanger
(FCPHE) with inserted support.
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Table (3-1) thermo physical properties for materials and water.

Pipe properties Water properties
Material of pipe K pkg/m3 Cp
W/m.°C J/kg. °C
First pipe copper 401 Hot water | 994.75 |4178.375
Second pipe copper 401 |Rawwater | 996.1 |4179.125
Third pipe copper 401 Hot water | 994.75 |4178.375
Fourth pipe Plastic 0.19 |Rawwater| 996.1 |4179.125

3.4.2. Water Tanks

Two water tanks are used and manufactured from galvanized steel

sheet vessel as shown in figure (3-6). First tank with dimensions

(1x0.75x%0.75) m® is used to storage the raw water and supplies with two

pumps in order to provide the raw water to second and fourth pipes. A

second tank with dimensions (0.75x0.75x0.75) m® is used to storage the

hot water by using heater with capacity (3000 W), it supplies desired

temperature of the hot water which is controlled by the temperature

controller to that supplied to first pipe. That heater is located in the bottom

of the tank. This tank also provides with pump 0.37 kW,
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Figure (3-6) photograph of water tanks.

3.4.3. Water Pumps

Three centrifugal pumps are used in this experimental rig as shown in
figure (3-7) and connected by series. First hot pump has a power 0.37 kW
with maximum volumetric flow rate 50 I/min and maximum head 35 m.
This pump supplies hot water to the inner pipe. Second pump has a power
0.75 kW with maximum volumetric flow rate 60 I/min and maximum head
50 m, which pumped raw water to second pipe. Third pump has a power
0.75kW with maximum volumetric flow rate 110 I/min and maximum head
30m, which pumped raw water to fourth pipe. Table (3-2) shows the

specification of these water pumps.
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Table (3-2) specification of water pumps

Qmax(I/min) | Power(kW) | H nax(m) Volt/Ampere
first pump 50 0.37 35 220/2.7
second pump | 60 0.75 50 220/5
third pump 110 0.75 30 220/4.8

Figure (3-7) centrifugal pumps: a-first pump b-second pump c- third

pump

3.5. Measurement Devices

3.5.1. Digital thermometer

Temperature recorder model (BTM-4208SD) with 12-channels is used

to measure temperature after calibrating as shown in figure (3-8). It has

SD card to save the temperature reading data with time, information into

SD memory card and can be loaded to excel sheet. It uses for different

sensor types of thermocouple such as JJK/T/R and S. It is worked as auto

data logger or manual data logger sampling time range: (1 to 3600)
seconds. The SD card capacity is 1 GB to 16 GB and it has Rs 232/USB

computer interface, and the microcomputer circuit provides intelligent

function with high accuracy.
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In the present experimental work two devices are used in order to
measure the temperature of 24 points over the domain of heat exchanger.
Figure (3-9) shows the location of these thermocouples in different point of
rig domain, and conducted by other side by two devices of temperature
recorder. For (FCPHE), seven thermocouples are installed in the intake and
exit of each pipe. On the other hand, seventeen thermocouples are fixed in
various locations (0.2, 0.4, 0.8, 1, 1.2, 1.6) m along the pipe. The
temperature measurement has been measured in all selected points using a
date logger with SD ram that has been operated to read and save the
temperature measurement during the time of device operation. These
devices are working to catch the signal response, and transformation it to
digital reading. Chromium-Aluminum thermocouple type -K is used for

temperature measurements.

Figure (3-8) temperature recorder device

45



Experimental Work

Lhapter Three ......

urewop b1 ay1 1aA0 sajdnodowtayl Jo suoledao] (6-¢) ainbiH

Iapiodal armjeradwa T

7

IS UBPDXD Jea

sajdnoscomIa L

' 3

——---

Iapiodal amjeraduwa 1

j
sajdnoscomrat L |

ECET

46



LRAPIEE THPBE oooooeovevvrrersesevvveresesseerrrssssssssssssussssssssssssssss sesssssnssssessns Experimental Work

3.5.1.1 Calibration of Temperature Reading

Temperatures reading by thermocouples are calibrated with a digital
calibration device type (PROVA 123) as shown in figures (3-10).
Thermocouple a chromium-aluminum type (K) is used for temperature
measurement with range -200°C to 1250 °C [51]. The process of calibration
is done by reading the temperature values by two devices with varying

temperature range from 28 to 45 °C.

The steps of the calibration apparatus are summarized in the

following points as shown in figure (3-11):

1- Turn the power on and wait until the symbol disappears about 2
min

2- Plug the corresponding connector K type connector with

thermocouple K type into TC terminals of calibrator and thermometer to be

calibrated move the sliding switch to C, F position

3- Press the keypad (including the minus — button) to enter the value

of temperature directly.
4- Enter the temperature value from 28 to 45°C

5- Then, draw the relation between the temperatures reading for two
devices. A polynomial equation is obtained to correct the temperature

measurement readings as shown in figure (3-12):

Toatibration= 0.0002T3,. . - 0.0262T2,,, + 1.922T, 0y - 10.488 .....(3.3)
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Figure (3-10) calibration device of temperature
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Figure (3-11) photograph of calibration of temperature recorder
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I ¢ measured
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30 |

Reading of temperature recorder (°C)

25 30 35 40 45 50

Reading of temperature calibration device (°C)

Figure (3-12) calibration curve of temperature recorder readings

3.5.2. Water Flow Meter

Seven flow meters are used to measure water flow rate as shown in
figure (3-13). The volume flow of liquids can be calculated using this water
flow meter. The flow meters' measuring ranges for hot water in the first and
third pipes are 10 to 70 (I/min), raw water in the second pipe is 10 to 70
(I/min), and raw water in the fourth pipe is 10 to 130 (I/min). The flow
meter (a) is vertically connected in inlet and outlet of pipe to measure the
hot water flow rate in the first and third pip. The flow meter (b) is vertically
connected in inlet and outlet of pipe to measure the raw water flow rate in
the second pipe. The flow meter( c) that is attached vertically in inlet and

outlet to measure the water flow rate in fourth pipe.
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Py Pk P P e g e

Figure (3-13) photograph of flow meter: a- using for hot water b-using

for raw water c-using for raw water

3.5.2.1 Calibration of Flow meter

The calibration of the flow meters is performed by using a scaling
volumetric flask and a stop watch to measure the time required to fill a
specified volume of flask. Volumetric flask filled with the water that exits
from the pipe of heat exchanger for each flow rate, and the time required
for each flow rate is recorded. This process is repeated for each flow meter
five times. Figures (3-14) and (3-15) show the polynomial equations are

obtained to correct the flow rate measurement readings as:

For hot water flow meter (a) and raw water flow meter (b):

o

M_giipration= 0-00005 m3_, - 0.0023 m,%2,, + 0.956 m,,,, +0.244 ...
....(3.4)
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For raw water flow meter (c):

M_giipration= 000006 m.3 . +0.0032 m,2,, +0.6243 m,., 4 + 1.0959
...(3.5)

35

30 i ¢ measured

——calibrated

P N N
w o [
T T L

Reading of flow meter (L/min)
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o
T

0 1 1 1 1 1 L 1 1 1 1 L 1 1 1 1 L L 1 1 1 1 L L 1 1 1 1 L 1 1 1 1 L L
0 5 10 15 20 25 30 35

Reading of flow rate calibration device ( L/min)

Figure (3-14) calibration curve of flow meter readings for flow

meter (a) and flow meter (b)
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Figure (3-15) calibration curve of flow meter readings for flow meter(c)

3.5.3. Pressure Device

Digital pressure different manometer type Lutron PM-9107, as shown
in figure (3-16). This device is used to measure the pressure difference
between the inlet and the exit of the pipe. Digital pressure manometer can
be measured the static pressure in range 0 to 7000 mbar (7 bar). Digital
pressure manometer connects at inlet and outlet of each pipe of FCPHE to
measure the pressure difference between the inlet and the exit of the pipe at

these locations.
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Figure (3-16) photograph of pressure recorder device

3.5.3.1 Calibration of Pressure

The readings of digital pressure different manometer are calibrated
with Bourdon gauge pressure as shown in figure (3-17). Bourdon gauge
pressure is used to measure the pressure of water, with a range of (0 to 4
bar). Bourdon gauge pressure connects at inlet and outlet of each pipe of
FCPHE to measure the pressure at these locations. Equation (3-6) is used

to compute the pressure drop for each pipe as follows:
AP = Pipiet — Pouttet ... (3.6)

The results of pressure drop for Bourdon gauge and digital pressure
manometer are compared and represented by calibration curve in figure (3-
18). A polynomial equation for this relation is obtained to correct these

readings of pressure drop as:

AP jipration = 10.417 AP3, . — 7.8125 AP2

read rea

4+ 2.8271 AP,opq — 0.1262

- (3.7)
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Figure (3-17) Bourdon gauge pressure
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Figure (3-18) calibration curve of pressure device reading
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3.6. Experimental Procedures

The experimental procedure starts by following steps:

1- Filling the two tanks by water and check the leakage from any point in

the pipes and the tanks.

2- Switching on the circuit to supply power to the system when all valves

of the water cycle are opened.

3- Turning on the heater which is fixed inside the hot water tank by setting

the heater controller to the required temperature.

4- Adjusting the water flow rate in water cycle by the control valves of the
water flow through main and bypass pipes before the test pipe and flow

meter.
5- Turning on the water pumps and adjusts it at a certain water flow rate.

6- Recording the temperature in different point in the system after the
steady state condition reached about two minutes. In the meantime, connect

thermocouples with data loggers.

7- When steady state condition is reached after two minutes. Then, take the

following readings:

e Water temperatures of inlet and outlet of each pipe

e The surface temperature of the third and fourth pipes

e Water temperature distribution at different distance along the pipes
e Pressure drop in each pipe

e Flow rate for working fluid for each pipe.

8- The date logger with SD ram are operated to read and save the

temperature readings, through the time of device operating has been

55



LRAPIEE THPBE oooooeovevvrrersesevvveresesseerrrssssssssssssussssssssssssssss sesssssnssssessns Experimental Work

measured in all selected points as in tables (3-5) to (3-10) after calibrated

by equation (3.3).

9- The pressure drop is measured of four pipes of heat exchanger by digital
pressure manometer. The measurements explain in tables (3-5) to (3-10) at

different mass flow rate after calibrated by equation (3.7).

10- Repeating step 7 with a volume flow rate of (40) I/min for hot water in
the first pipe, and using different values of mass flow rate for raw water in
pipes two and four as shown in tables (3-5) to (3-10). These is done in
order to see which mass flow rate of raw water in two pipes gives better

performance of heat exchanger. That gives six cases of experimental tests.

3.7. Experimental Analysis

The following equations are used to calculate the effectiveness of the
design four concentric pipe heat exchanger (FCPHE) that cools the Al-

Mussaib thermal power plant to the appropriate temperature.
1. Heat Transfer Rates

Heat transfer rates of water in four pipes are calculated according to

Cengel [52] as follows:

Q = C,AT ... (3.8)
Then, the heat transfer rate of hot water in pipe one is calculated as:

Qh1 = mhlcphl (Thiin — Thi out) - (3.9)

Heat transfer rate of raw water in pipe two is calculated as:

an = My, Cpnz (Thz in — Tnz out) .. (3.10)
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Heat transfer rate of hot water in pipe three is calculated as:

Qh3 = thCph3 (Thz in — Th3 out) .. (3.11)

Heat transfer rate of raw water in pipe four is calculated as:

Qn4 = mn4Cpn4 (Tha in — Tha out) .- (3.12)
2. Hydraulic diameter

According to the definition of the hydraulic diameter; for circular
inner pipe the hydraulic diameter is the inside diameter of the pipe, while
the hydraulic diameter for the inner annulus is computed by Batmaz and
Sandeep [21] as follows:

T 2
Z(dgut_din)

(dout+din)

dpy = 4. = (dout — din) ... (3.13)

3. Velocity

Velocity of water in four pipes are calculated according to Cengel [52] as

follows:

p=-"2 ... (3.14)

pAc

Then, velocity of hot water in pipe one is calculated as:

p, = =1 ... (3.15)

T py df

Velocity of raw water in pipe two is calculated as:
=Mz ... (3.16)

v
2 T P2 (d%_d%)

Velocity of hot water in pipe three is calculated as:
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4m,
V3 = W;—d%) (317)
velocity of raw water in pipe four is calculated as:
AU ... (3.18)

Y T s (@G-ad)
4. Reynolds Number

Reynolds number is estimated for four pipes of heat exchanger by

Gomaa et al. [31] as follows:

Re = ‘”;dh ... (3.19)

5. Prandtl numbers

Prandtl numbers of water in four pipes are calculated according to

Vocale et al. [53] as follows:

pr="1t= ... (3.20)

6. Nusselt number

Nusselt number can be calculated for different flows. Through the
inner pipe the flow was turbulent with Reynolds number between 3000 <

Re < 5x10° so Nusselt number calculated by Gnielinski [54] as

follows:
_ (ft/2)(Re;—1000)Pr
Nu, = 14+12.7(f,/2)%5 (Pro-67—1) ...(3.21)
where
f+ is friction factor which was calculated as:
fe = (1.58In(Re,) — 3.28)7 .. (3.22)
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While annular Nusselt numbers calculated by Davis [55] as follows:

Nuyy, = 0.038 a®*>(a — 1)°?Rey;) Pro33 ... (3.23)
where

a is the annular diameter ratio

Rey,, is the hydraulic Reynold number

7. Friction factor coefficient in annular space

The friction factor coefficient in annular space was presented by

Gnielinski [56] as follows:
fe = (1.81og(Rey};, ) — 1.5)72 ... (3.24)
where

(1+a?)Ina;+(1+a,)

(1—aq)2Ina,

Re, = Rey, ... (3.25)

a; =1/a ... (3.26)
8. Heat transfer coefficient

From definition of Nusselt number, heat transfer coefficient calculated
as:

... (3.27)

where

k., is the thermal conductivity of water
d,, is the hydraulic diameter for pipe
Nu is the nusselt number
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9. Effectiveness of the heat exchanger

The overall effectiveness of the heat exchanger which is calculated by
Cengel [52] as:

g =l Cav ... (3.28)

Q:‘nax m’Cp (Thin—Tn in)

Where the average rate of heat transfer rate Q,, is determined

between the three fluid sides which is determine by Gomaa et al.[57] as:

Qo = 2222 .. (3.29)
where
Q;z = m;l Cph (Th in Th out) (3°30)

The heat balance between the hot water and raw water is calculated as:
Q; = Qrol + Q;oss (3-31)
Where Qs = zero (neglected)

10. Overall heat transfer coefficient

There are four overall heat transfers coefficient. Two is for inner

annular space and another is for outer annular space.

1 do1 do11In(do1/di1)

1
- = + _l_ —_— e 3.32
Uo1 diz hq 2Kcopper ha ( )
1 _ _do + doz In(doz/diz) + 1 ... (3.33)
U  di h3 2Kcopper h2
1 d oy In(dyy/d; 1
1 0z 4 Zoz (do2/di2) + = . (334)
Uo2 diz hy 2Kcopper hs
1 d dys In(dys/d; 1
1 03 4 Zos (do3/di3) + = . (335)
Uiz diz hy 2Kcopper hs
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=4+ 4+ 141 ... (3.36)

... (3.37)

U = —
total
R¢n

Where total thermal resistance can be calculated by Cengel [52] as :

R, = 1 + Indyy/dig + 1 + Indy,/di; + 1 + Indyz/diz +

hi A4 2ntKcopperl hy A3 2ntKcopperla hs Az 2ntKcopperls

... (3.38)

11. Logarithmic Mean Temperature Difference (LMTD)

The log-mean temperature difference is presented by Gomaa et al.
[31] as shown in figure (3-33):

LMTD{+LMTD,+LMTD
LMTDy,, = =122 3

... (3.39)

Where LMTD, is the log-mean temperature difference between hot
water which it flows in inner pipe and raw water which it flows in pipe

two.

LMTD1 — (Tlin_TZOut)_(Tlout_TZin) N (340)

T1in—T
ln( 1in 2o0ut
T1out=T2in

LMTD, is the log-mean temperature difference between hot water

which it flows in pipe three and raw water which it flows in pipe two.

LMTD, = “3inITZi’;)si‘n(_T;g;*;‘TZ"“f) .. (3.41)
n(TSOut_TZOut)

LMTD; is the log-mean temperature difference between hot water

which it flows in pipe three and raw water which it flows in pipe four.

LMTD, = (T3in;:‘*”;)gi‘n(f;jy;”3°”) .. (3.42)
(T30ut—T4out)
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12. Rate of heat transfer

Rate of heat transfer for four concentric pipe heat exchanger FCPHE

is determined as follows:
Q = Utotat Atotar LMTDgy, ... (3.43)
where A;,:q; 1S the total cross section area for FCPHE
Aotar = md L ... (3.44)
13. Fouling factor

Heat exchanger performance typically degrades over time due to the
deposition of deposits on heat transfer surfaces. The layer of deposits adds
to the heat transfer resistance and slows down the rate of heat transmission
in a heat exchanger. As a result, after accounting for the fouling factor, the

total thermal resistance is calculated by Cengel [52] as:
Rep1 = Ren + Ry ... (3.45)

where R, is the fouling factor

Rfi R Rfi R Rfi R
Rf=l+£+l+ﬂ+l+£ ...(3.46)
Ain  Aor Az Aoz Aiz Ap3

Where A; and A,are the areas of inner and outer surfaces for the pipes.
A, =mnd, L ... (3.48)

Ry and Ry, have values 0.0001 presented by Tubular Exchange

Manufacturers Association Appendix C shows the experimental data and

the results of the experimental analysis.
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3.8. Uncertainty Analysis

The error in measurement is defined as the difference between its true
and measured value. However, this definition is not easy to know which the
true quantity of these values is. Therefore, it is necessary to compute the
uncertainty when presenting an experimental result. Generally, the
uncertainty of measurement is described as the amount of errors or doubts
in taking measurement. These errors or doubts are mainly due to measuring
instrument, measuring process, human error (operator skills), and operating
condition. For any set data, the standard uncertainty (SU) can be calculated

by equation detailed by Bell as:

S.D
Where,
N is the total number of measurements in each pipe.
S. D is the standard deviation which is calculated as:
_ Z?,:1(Xi_xaverage)2
S.D = J 1) ... (3.50)

Xaverage 1S the average readings of temperature or any function in

pipe. The average experimental values of readings in each pipe which were

repeating N times. The value of average readings is calculated as:

=23V X ... ... (3.51)

Xaverage N

Where X; is represented the values for measurements data of
temperature or any function measured in each pipe. Then, all experimental
analysis depending on measuring values are uncertain. Table (3-3),

indicates the uncertainty for all parameter measurement.
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Then the uncertainty in the results (Uz) can be written as Equation
(3.52), whereu,,U,,.... to U, are the uncertainty of independent
variables[58].

((69)-0) =) 2]+ (D))

Appendix (D) gives a detailed calculation of the uncertainties of

UR=

Nusselt number and heat transfer coefficient.

Table (3-3) temperature, mass flow rate and pressure drop

uncertainty

Descript S.U. S.U. S.U. S.U.

_ value value value value
- (Pipe)) | (piped) | (pipe3) (piped)
T,, °C 0.065 0.085 0.104 0.155
Ty °C 0.104 0.132 0.129 0.165
T, °C 0.111 0.165
To4 °C 0.085 0.075
Tog °C 0.104 0.132
T, °C 0.125 0.121 0.091 0.118
T, °C 0.065 0.158
Tie °C 0.119 0.189
m (I/min) 0.155 0.155 0.194 0.190
Ap(bar) 0.003 0.003 0.005 0.021
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Mathematical model and numerical analysis
4.1 Introduction

Four concentric pipe heat exchanger FCPHE which is developed from
double and triple pipes heat exchanger. Computational fluids dynamic
approach is used to determine output temperature, temperature distribution,
velocity distribution, and pressure distribution for each fluid. It argues that
turbulence models, in which the magnitudes of two turbulence quantities,
the turbulence kinetic energy k and its dissipation rate €, were calculated
from transport equations solved simultaneously with those governing mean
flow behaviors. The width of applicability of the model was demonstrated
by reference to numerical computations of nine substantially different kinds

of turbulent flow.

In this present work, the computational fluid dynamics (CFD) used to
predict water flow and temperature fields in four concentric pipe heat
exchanger (FCPHE). This is accomplished numerically by solving the
partial differential governing equations for mass, momentum and energy.
These equations are linearized, discretized, and applied to finite volume in
the solver to obtain a detailed solution, including velocity and temperature
fields. A commercially available CFD code (Solidwork Flow Simulation-
Ver.2016) has been used to carry out the numerical calculations for the
studied geometries. A three dimensional geometrical model of the problem
with SOLIDWORKS software is used and mesh generation is done. The
physical model is presented. The simulation is solved to predict the heat
transfer and fluid flow characteristics by using k-e.

4.2 Physical Geometry Model Description

The geometry in the present work consists from a four concentric

pipes, where working fluids are hot water and cold water. Hot water enters
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through the first and third pipe, while cold water enters through the second

and fourth pipe. The modeled of 2D structure using the CAD solidwork

ver.16 systems as shown in table (4-1) and figure (4-1) . The domain of the

physical geometry is presented in figure (4-2). The pipes material is Copper

for pipel, pipe2 and pipe 3, while the material of pipe 4 is PVC. The

physical properties of copper and thermal properties of water are taken

from the SOLIDWORKS database as shown in table (4-2).

< 2000 mm

Figure (4-1) physical model of FCPHE

A 4

PVC

Y/ 7 v
Tube 4 <
myy, Ty -
Y Tube 1 >

Mg, Tiy

my3, T3

my, Ty

Figure (4-2) domain of FCPHE
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Table (4-1) geometrical dimensions of FCPHE

No. of pipe diameter (mm) length (mm) material
Pipel 25.4 2000 copper
Pipe2 50.8 2000 copper
Pipe3 76.2 2000 copper
Pipe4 101.4 2000 PVC

Table (4-2) thermo-physical properties of pipes and working fluid in

FCPHE
k W/m.°C U mPasec |[c, Jkg.°C |[p kg/m®
Water 0.613 0.856 4179 997.1
Copper 401 385 8960
PVC 0.19 840 130

4.3 Mesh Generation

SOLIDWORKS Flow Simulation uses the finite volume method

(FVM) to represent fluid and solid volumes with a mesh of three-

dimensional rectangular cells. During solution of the Navier-Stokes fluid

flow equations, the FVM establishes a balance of mass, energy and

momentum at every fluid cell and at the extent of the fluid volume under

consideration (the computational domain boundaries). A good finite

volume mesh is a must to accurately capture the solid/fluid boundary and
the fluid within the domain. The right and front views mesh for the FCPHE
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are shown in figure (4-3). The detailed computational mesh for FCPHE is
described in Table (4-3).

Figure (4-3) meshing of FCPHE by Solidworks

Table (4-3) Number of cells in the computational mesh

No. of Fluid cells 117754
No. of solid cells 124478
No. of partial cells 90054

4.4 Grid Independent Test

The grid independence test is a process used to find the optimal grid
condition that has the smallest number of grids without generating a
difference in the numerical results based on the evaluation of various grid
conditions. In this case, the level is selected “level = 2”, which means that
each cell in the mesh may be refined up to two times. As shown in figure
(4-4).

The best way to check for a mesh independent solution is to plot a
graph of the Nusselt number value vs the number of fluid cells, as shown in
figure (4-5). From this test it can be concluded that the baste mesh value is
at number of total cell 117754 with 0.5 % error for Nu.
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Figure (4-4) mesh refinement of FCPHE (a) right view of FCPHE (b)

front view of FCPHE.

Nu
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Figure (4-5) grid independent test.
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4.5 Assumptions and Boundary Conditions

The following assumptions are supported to simplify numerical

simulation:
1. Constant physical properties for working fluid.
2. No heat generation within the heat exchanger.
3. Incompressible and Newtonian fluid.
4. Steady state and turbulent flow.
5. No phase change for water (homogenous fluid).
6. No-slip condition.

As shown in Table (4-4) the boundary condition of FCPHE, as well
as figure (4-6) shows physical geometry for four concentric pipe heat
exchanger (FCPHE).

Table (4-4) input data for different cases study.

Pipe 1 Pipe 2 Pipe 3 Pipe 4
m Tin m Tin m Tin m Tin
kg/seC °C kglseC °C kglseC °C kg/SEC °C
From
Case 1l | 0.667 40.8 1 28 0.667 ) 1.167 |28
solution
From
Case 2 | 0.667 40.8 0.833 28 0.667 ) 1 28
solution
From
Case 3 | 0.667 40.8 0.667 28 0.667 ] 0.833 | 28
solution

70



Lhapter FOUP .....eeeerevvsesseeerrrirssssnees Mathematical mode/ and numerical analysis

hot water outlet

cold water outlet a
( | ' h
el

«—
hot water inlet = gold water inlet

)

cold water outlet

Figure (4-6) physical geometry for four concentric pipe heat exchanger
(FCPHE)

4.6 Mathematical Model

For turbulent flow modelling, the k-e turbulence model is adopted for
calculation process. The governing equations for continuity, momentum,
energy, k and ¢ in the computational domain which are showed by

Versteeg and Malalasekera [59] as follows:
Continuity equation

The continuity equation is part of Euler's equations in fluid dynamics.

Steady flow, incompressible fluid, ideal fluid and frictionless
2 (pw) + = (pv) + = (pw) = 0 (4.1)
5z (PW) + - (pv) + 52 (pw) = . (4

Navier—Stokes equations

Nonlinear equations that describe the motion of Newtonian fluids, for
viscous incompressible, Newtonian fluids may be written in the following

form:

X. momentum equation:
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= (puw) + 2= (puv) + - (puw) = =22+ = (u3h) + - (k30) +
0 Ju 10 u v w — —
5 (105 3G+ 5y + 50| + oy (o) + 5 (o) +
0 S
E(—pu w') ... (4.2)

Y. momentum equation:

2 (puv) +(%(pVV) +2 (pvw) = ——+ (uzZ) +;—y(u3—;) +
o/ d [ (du @ —
5 (15) 3Gt 5]+ 5 (ouv) + 5 (o) +
g p—
5(—,017 w') ... (43)

Z. momentum equation:

= (puw) + - (pvw) + 2~ (pww) = =22+ - (nZ0) + 2 (u30) +
=005) G s3] o (Puw)+ (o) +

;_Z (—pw'w’) .. (4.4)

Where the terms (ovW',—pwiw’, pub’', ovWw’, puw’) are the

turbulent Reynolds shear stress (1) .
Conservation of thermal energy:

The energy equation per unit volume for steady, 3D flow is presented
by Lietal. [60] as:

) ) ) ) oT a oT
a(puT) + E(I)UT) + E(thT) = a(rpa) + 5([‘ pa) +

g g 9 =T 0 T d T
E(Fpa_:)-l_ a(—puT)+ 5(—va)+£(—pr)+St
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Where TI' is diffusivity, the term (St) is source term and term

(—pu'T’, —pv'T’ and—pw’T’) are the turbulent heat fluxes respectively

4.7 Turbulence models

The k-¢ turbulence model is presented by Arani and Moradi [61] as

follows:

Turbulent kinetic energy:

]
Xi Ok axi
Turbulent dissipation energy:

0

aixi (puie) = — ((u + f) ﬁ) + S, (4T

(’)xi (’)xi
where the source terms S, and S, are defined as:

du;
Sk = Tf}a—zj—pe+/,ttPB ... (4.8)

R 0u;

2 ... (4.9
Se = Cs1£(f1Tija_xi + .utCBPB) - Cezfz% (4.9)

Where P represents the turbulent generation due to buoyancy forces and
can be written as

p, =410 ... (4.10)

0B P Xi

Where g; is the component of gravitational acceleration in
directionx;, the constants oz = 0.9, and constant C is defined as: Cz=1
when Pz > 0, and 0 otherwise; and, following the Boussinesq assumption,

the Reynolds stress tensor for Newtonian fluids has the following form:
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R _ du; , Ouj 2 Suyg 2

Where 6;;is referring to the Kronecker delta function (it is equal to
unity when i = j, and zero otherwise), pu is the dynamic viscosity
coefficient, k is the turbulent kinetic energy andu, is the turbulent eddy

viscosity coefficient, which is determined from:

c pk?
He = fu= ... (4.12)
where f,, is a turbulent viscosity factor represented as follows:
_ -0. 5 20.5
fi=(1—e 0.0165 Ry) (1+E) ... (4.13)

The distance from the point to the wall is y and Lam and Bremhorst’s

damping functions are calculated as follows:

3
fi=1+ (%) . (4.14)
fo =1—exp(—=R}) ... (4.15)

The constants Cu, Cel, Ce2, ok, oe are defined empirically. In Flow

Simulation the following typical values are used:
Cu=0.09,Ce1=1.44,Ce2=1.92, 06k=1, 0e=1.3

Where Lewis number Le = 1 the diffusive heat flux is defined as:

gi=(L+4) 20 1 =123 .. (4.16)

Pr o,/ 0x;

Here the constant oc = 0.9, Pr is the Prandtl number, and h is the
thermal enthalpy.
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4.8 Analysis Procedure

The solid works flow simulation approach is based on two main

principles which is presented by Sobachkin and Dumnov [62] as :
1. Direct use of native CAD as the source of geometry information

2. Combination of full 3D CFD modelling with simpler engineering
methods in the cases where the mesh resolution is insufficient for full 3D

simulation.
Therefor the numerical analysis requires the following steps:
1. A grid of points at which to store the variables calculated by CFD.

2. Boundary conditions required for defining all the conditions at the
boundaries of the flow domain and which enable the boundary values of all

variables to be calculated.
3. Physical fluid properties.

4. For turbulent flow modelling, the k — € turbulence model is adopted for

the calculation process.

5. Initial conditions used to provide an initial guess of the solution

variables in a steady state and transient simulations.

6. Solver control parameters required to control the behavior of the

numerical solution process.
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4.9 CFD solvers

The standard wall functions were employed for the near wall region to
accurately simulate the thermos-hydraulic performance. The governing
equations mentioned above were discretized by the finite volume method
with SIMPLE pressure velocity coupling algorithm as shown in figure (4-
7).

By using the Quadratic Upwind Interpolation for Convective
Kinematics (QUICK) scheme for both the convective and diffusive terms
in the numerical simulation, which is presented by Nishikawa [63]. The
convergence criterion was taken as 10 for the flow equations and 10°® for

the energy equation.

4.10 Finite volume solution methods

The finite volume solution method can either use a “segregated” or a
“coupled” solution procedure. With segregated methods an equation for a
certain variable is solved for all cells, and then the equation for the next
variable is solved for all cells, etc. With coupled methods, for a given cell
equation for all variables are solved, and that process is then repeated for
all cells. The segregated solution method is the default method in most
commercial finite volume codes. As shown in figure (4-8) the segregated
solution procedure and figure (4-9) shows the coupled solution procedure.

Appendix (E) described the numerical procedure for finite volume.

4.11 The multigrid solver

The algebraic equation (4.20) can be solved by sweeping through the
domain cell-by-cell in an iterative manner. This method reduces local
errors quickly and speed up convergence for Large number of cells, Large
cell aspect ratios (e.g. Az/Ay > 9), and Large differences in thermal

conductivity such as in conjugate heat transfer problems. The multigrid
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solver uses a sequence of grids going from fine to coarse. The solution on
the coarser meshes is used as a starting point for solutions on the finer
meshes. This accelerates convergence on the fine mesh. Coarse mesh

calculations only accelerate convergence and do not change the final
answer.as shown in figure (4-10)

1. Boundary condition and source term

dp

—=puV Un)-p(U.VU.R)
Beginloop _ : an K n'—p n

dp

==k v (Un) - p (U.VIU.T)

2- Solve momentum equation
Repeat

pUVIU = —Vp+uV' U

Exitloop 3. Solve continuity equation and update velocity

pV(U) =0

4. Solve pressure equation and update pressure

pUVp=V.({Vp)

Aﬂ‘k

OIy ergenc

Figure (4-7) flowchart for SIMPLE pressure-velocity coupling method.
Ref. [64].
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Update properties.

N

Solve momentum equations (u, v, w velocity).

Solve pressure-correction (continuity) equation. Update
pressure, face mass flow rate.

Solve energy, species, turbulence, and other scalar equations.

Converged?

@" Yes Stop

Figure (4-8) flowchart of segregated solution procedure

+ Update properties.

Solve continuity, momentum, energy, and species
equations simultaneously.

L

Solve turbulence and other scalar equations.

Converged?

No Yes Stop

Figure (4-9) flowchart of coupled solution procedure
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corrections
fine Ccoarse
mesh |2 — mesh
(1) summed equations
] =
(or volume-averaged
solution)

Figure (4-10) rectangular mesh

4.12 Residual errors

Number of iterations is the highest digit of iterations done before the
solver terminates. The CFD technique requires iterating the solution of the
fluid flow equations till it is converged. The iterations are stopped when the
solution remains the same within the accuracy of the selected convergence
criteria. The solution is said to be converged when the residuals are below a
tolerance limit of 10 for all the fluid flow equations. Figure (4-11) shows
the convergence history for temperature, velocity and pressure of the fluid
flow. The goals are being checked for convergence between the 60st

iteration and the 160st iteration.
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penaiird Loprfes B

Figure (4-11) residuals of numerical simulation
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Results and discussion

5.1. Experimental Results

As mention in chapter three the heat exchanger is designed to work by
two stages in order to cool the temperature of hot water in Al- Mussaib
thermal power plant to 35 °C. The experimental work is carried out with
different values of mass flow rate of raw water which were used to cool the

hot water as illustrated in below table (5-1).

Table (5-1) mass flow rate of raw water at different cases

SN m, (I/min) niny (I/min)
through pipe2 through pipe4
Casel 60 70
Case2 50 70
Case3 40 70
Cased 40 60
Caseb 40 50
Caseb 50 60

Figure (5-1) demonstrates the temperature distribution along the
length of FCPHE for casel and stage 1. In this stage the flow through first
pipe and second pipe is counter flow. The value of mass flow rate of hot
water enters the first pipe is 40 I/min, this value of mass flow rate is limited
by Al-Mussaib thermal power plant. The temperature of hot water
decreases about 2 °C in first stage. While the mass flow rate of raw water
enters second pipe with value of 60 I/min. It shows that the heat transfers
from first pipe to second pipe and temperature decreases from 40.8°C to

38.5°C in first pipe. While the temperature of raw water in the second pipe
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increases from 28°C to 31.8°C.The log mean temperature difference
between hot water and raw water in this stage is 9.73 °C, where the pattern
is counter flow. This value is the maximum due to the large difference
between temperature of hot water and raw water. The LMTD represents the

analysis of heat exchanger in this stage.

Figure (5-2) shows the temperature distribution along the length of
FCPHE for caseland stage 2. In this stage the hot water in third pipe was
cooled by the raw water in two around pipes. These are the second and
fourth pipes. The mass flow rate of raw water in the second pipe and forth
pipe is 60 I/min and 70 I/min, respectively. The heat transfers from third
pipe to the second pipe and fourth pipe. This figure illustrates that
temperature of hot water in third pipe decreases from 38.5°C to 34.7°C.It is
observed that mass flow rate of raw water in second pipe and fourth pipe
(60 and 70)I/min respectively , are significant to reduce the temperature of
hot water to required value. Therefor the parallel flow arrangement in this
stage led to reduce hot water temperature to the required temperature by
Al-Mussaib thermal power plant. If the counter flows arrangement used in
this stage the temperature of hot water decreasing less than the required
temperature. In this stage there are two log mean temperature difference.
The log mean temperature difference between hot water in third pipe and
raw water in second pipe is 5.91 °C, that the pattern is parallel flow, while
the log mean temperature difference between hot water in third pipe and

raw water in fourth pipe is 7.88 °C also that the pattern is parallel flow.

Figure (5-3) represents the case 1 which including the two stages of
cooling the hot water with selecting two values of mass flow rate of raw
water in second and fourth pipes. These values give a good required

temperature for cooling the system of Al-Mussaib thermal power plant. The
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average log mean temperature in this case is 7.84 °C. This value produces a

good sizing of heat exchange.

Figure (5-4) illustrates case 2 with two stages of hot water cooling and
two values of raw water mass flow rate in the second and fourth pipes. In
the first stage, the flow arrangement in the first pipe and second pipe is
counter flow. The mass flow rate of raw water in the second pipe is 50
I/min. It shows that the heat transfers from the first pipe to the second pipe
and the temperature decreases from 40.8°C to 39.3°C in the first pipe. It is
observed that the hot water temperature is reduced by 1.5 °C, due to the
mass flow rate of raw water decreasing to 50 I/min. While the temperature
of raw water in the second pipe increases from 28°C to 31.5°C. The log
mean temperature difference between hot water and raw water in this stage
is 10.27 °C, which means that the pattern is counter flow. That is, the
temperature difference increases in this case due to the mass flow rate of
raw water decreasing. This figure illustrates that the temperature of hot
water in the third pipe decreases from 39.3°C to 35.3°C.It is noted that the
temperature of hot water is reduced by 4 ° C because the mass flow rate of
raw water in the second pipe is 50 I/min, which produces more time for
heat transfer than 60 I/min in case 1. The log mean temperature difference
between hot water in the third pipe and raw water in the second pipe is 6.88
°C which means the pattern is parallel flow, while it is 9.73 °C between hot
water in the third pipe and raw water in the fourth pipe, that the pattern is
parallel flow. In spite of that, the mass flow rate of raw water in the fourth
pipe is as casel ,the temperature difference increases due to the decreasing
mass flow rate of raw water in the second pipe.The average log mean
temperature in this case is 8.96 °C. The LMTD average represents the

analysis of the heat exchanger in this case.
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Figure (5-5) promotes the case 3 which including the two stages of
cooling the hot water with selecting two values of mass flow rate of raw
water in second and fourth pipes. It indicates that heat is transferred from
the first pipe to the second pipe, and the temperature in the first pipe
decreases from 40.8 °C to 39.4 °C. It can be seen that the hot water
temperature is reduced by 1.4 °C, when the mass flow rate of raw water
decreases to 40 I/min. Therefore, this value of mass flow rate in the second
pipe is not significant enough to reduce the hot water temperature by 2 °C
as a first stage. The temperature of the raw water in the second pipe rises
from 28 to 31.1°C. The log mean temperature difference between hot water
and raw water at this stage is 10.5 °C, when the pattern is counter flow.
That is, the temperature difference increases in this case due to the mass
flow rate of raw water decreasing from 50 I/min to 40 I/min in the second
pipe. The temperature of the hot water in the third pipe decreases from
39.4°C to 35. 9°C.It is noted that the temperature of hot water is reduced by
3.5 ° C due to the amount of mass flow rate for raw water in the second
pipe not being enough to decrease the hot water temperature to 35 °C. The
log mean temperature difference between hot water in the third pipe and
raw water in the second pipe is 7.58 °C, which means the pattern is parallel
flow, while it is 15.51 °C between hot water in the third pipe and raw water
in the fourth pipe, which means parallel flow. Despite the fact that the raw
water mass flow rate in the fourth pipe is the same as in cases 1 and 2, the
temperature difference increases due to the decrease in raw water mass
flow rate in the second pipe to 40 I/min.Therefore the mass flow rate of raw
water in second pipe 40 I/min is not a significant amount to decrease
temperature of hot water to 35 °C in spite of low velocity in this mass flow

rate. The average log mean temperature in this case is 11.19 °C.
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Figure (5-6) promotes case 4 with two stages of hot water cooling and
two values of raw water mass flow rate in the second and fourth pipes. It
shows that heat is transported from the first pipe to the second pipe, and the
temperature in the first pipe decreases from 40.8 °C to 39.5 °C. It is
illustrated that the mass flow rate for raw water in the second pipe is the
same as in case 3 but the temperature of the hot water decreases to 39.5 °C.
This is due to the mass flow rate of raw water in the third pipe decreasing
to 60 I/min. In the second pipe, the raw water temperature increases from
28°C to 30°C. Therefore, since the mass flow rate of raw water in the
fourth pipe decreases to 60 I/min in this case, the log mean temperature
difference increases at this stage. The log mean temperature difference
between hot water and raw water at this stage is 11.15 °C, which means
that the pattern is counter flow. The third pipe transfers heat to the second
and fourth pipes. As seen in this figure, the temperature of the hot water in
the third pipe declines from 39.5°C to 36.3°C. It can be seen that the
temperature of hot water was reduced by 3.2 ° C due to the amount of mass
flow rate for raw water in the fourth pipe, which was not enough to
decrease the hot water temperature to 35 °C. The log mean temperature
difference between hot water in the third pipe and raw water in the second
pipe is 8.64 °C that the pattern is parallel flow, while it is 14.06 °C
between hot water in the third pipe and raw water in the fourth pipe,
that the pattern is parallel flow. Despite the fact that the mass flow rate of
raw water in the second pipe is the same as in case 3, the temperature
difference increases as the mass flow rate of raw water in the fourth pipe is
reduced to 60 I/min.In this case the average log mean temperature
difference is 14.06°C.

Figure (5-7) depicts case 5, which includes two stages of cooling hot

water by selecting two values for the raw water mass flow rate in the
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second and fourth pipes. It demonstrates that heat is transferred from the
first to the second pipe, and the temperature in the first pipe decreases from
40.8 °C to 39.8 °C. The raw water temperature rises from 28°C to 30.3°C
in the second pipe. At this stage, the mass flow rate of raw water in the
second pipe is the same as in case 3 and case 4 but the temperature of the
hot water drops to 39.8°C .This is because of the effect of the decreasing
mass flow rate of raw water in the fourth pipe. The log mean temperature
difference between hot water and raw water at this stage is 11.14 °C, which
means that the pattern is counter flow. It is noted that the log mean
temperature difference in this case less than the log mean temperature
difference in case 4 by 0.09%. This is because of the effect of the
decreasing mass flow rate of raw water in the fourth pipe. Also, the
temperature of the hot water in the third pipe decreases from 39.8 °C to
36.9 °C. This is because the mass flow rate of raw water in the fourth pipe
Is not significant enough to decrease the temperature of hot water to 35 °C.
The log mean temperature difference between hot water in the third pipe
and raw water in the second pipe is 8.95 °C that the pattern is parallel flow,
while it is 22.11 °C between hot water in the third pipe and raw water in the
fourth pipe, which means parallel flow, it is noted that the maximum value.
This is because the maximum temperature difference.In this case, the
average log mean temperature difference is 14.07°C, which is the

maximum value.

Figure (5-8) illustrates case 6, which includes the two stages of
cooling the hot water by selecting two values of mass flow rate of raw
water in the second and fourth pipes. It shows that heat is transported from
the first to the second pipe, with the temperature in the first pipe
descending from 40.8 to 39.3 °C. This is as in case 2. In the second pipe,

the raw water temperature rises from 28°C to 30.5°C. The log mean
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temperature difference between hot water and raw water in this stage is
10.79 °C, when that the pattern is counter flow. It is noted that the log
mean temperature difference in this case larger than log mean temperature
difference in case 2 by 4.7%. This is because the temperature difference
increases as the mass flow rate of raw water in the fourth pipe decreases.
As indicated in this figure, the temperature of the hot water in the third pipe
decreases from 39.3°C to 35.6°C. When comparing this case with case 2
the temperature of hot water decreases less than in case 2 due to the effect
of the decreasing mass flow rate for raw water in the fourth pipe. The log
mean temperature difference between hot water in the third pipe and raw
water in the second pipe is 7.79 °C that the pattern is parallel flow, while it
Is 8.61 °C between hot water in the third pipe and raw water in the fourth
pipe, that the pattern is parallel flow. The average log mean temperature

difference is larger than case2, that it is 9.07°C.

Figures (5-9), (5-10), (5-11), (5-12), (5-13), and (5-14) indicate the
variation of pressure along the length of the FCPHE for cases 1, 2, 3, 4, 5,
and 6, respectively. It can be seen that as the mass flow rate increases, the
pressure drop increases significantly for the entire pipe. The reason for this
is that the flow rate (square of inlet flow velocity) has a greater impact on
the pressure drop than other parameters. The mass flow rate of hot water in
the first pipe and in the third pipe is constant. Therefore, the pressure drop
is 3 KPa and 1.3 KPa in the first pipe and third pipe, respectively, for six

cases.

Figures (5-9), (5-10), and (5-11) depict the pressure variation along
the length of the FCPHE at various mass flow rates of raw water in the
second pipe. It is noted that the pressure drop by (1.2, 0.8, and 0.13) KPa in
cases 1, 2, and 3, respectively. It is observed that the pressure drop in the
second pipe decreases when the mass flow rate of raw water decreases.
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While the pressure drops by 0.3 KPa in the fourth pipe for casel, 2, and 3,
due to the mass flow rate of raw water, it is constant in the fourth pipe in

these cases.

Figures (5-12) and (5-13) indicate the pressure variation along the
length of the FCPHE at various mass flow rates of raw water in the fourth
pipe. It is noted that the pressure drop by (0.25 and 0.21) KPa in the fourth
pipe at cases 4 and 5, respectively, It is observed that the pressure drop in

the fourth pipe decreases when the mass flow rate of raw water decreases.

Figure (5-14) shows the pressure variation along the length of the
FCPHE in case 6. It is noted that the pressure drops by (3, 0.8, 1.3, and
0.25) KPa in the first, second, third, and fourth pipes, respectively. Because
the variance in temperature is so minimal, pressure drops relatively

slightly.

Figure (5-15) induces variation between Nusselt numbers and Reynolds
number for FCPHE. The relationship between Nusselt number and
Reynolds number is direction. It is observed that the Nusselt number of the
inner pipe is larger than the other pipes. It reaches up to 260 at Reynolds
number 46712. This can be attributed to the highly cooling process of the
inner pipe, which causes an enhancement in the heat transfer coefficient
and hence in the Nusselt number. The maximum Nusselt number is (192.7
and 93.13 ) in case 1 for the second and fourth pipes, respectively. This is

due to the maximum mass flow rate of raw water in case 1.

Figure (5-16) induce variation between friction factor versus Reynolds
number for FCPHE. Friction factor decreases with an increase in Reynolds
number. It is observed that the friction factor for the second pipe; third
pipe, and fourth pipe are very close. The friction factor of the first pipe is

the lowest; it reaches 0.005. This is due to the high Reynolds number in the
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first pipe. Therefore, the measuring values of friction factors are the lowest
for hot water in the inner pipe and the highest for raw water in the outer
annulus. It is due to the fact that the relative roughness of the outer pipe is
greater than that of the inner pipe. These results agree with the

experimental results of Gomaa et al.[31] .

Figure (5-17) observes the variation of the pipe side heat transfer
coefficient with Reynolds number. The pipe side heat transfer coefficient
proportional with the Reynolds number due to increasing turbulence
introduced by increasing the mass flow rate of water through the pipes.
This figure illustrates that the heat transfer coefficient of the first pipe is the
highest value when compared with other pipes. At a given water flow rate,
the pipe side heat transfer coefficient for higher inlet water temperature is
higher than that for the lower ones, i.e., the pipe side heat transfer
coefficient increases with increasing inlet water temperature. This is due to
the increase in the surface temperature and the temperature difference
between the water temperature and the surface tube temperature that led to

an increase in the overall heat transfer coefficient.

Figure (5-18) moderates the relation between logarithmic mean
temperature difference (LMTD) and mass flow rate of raw water. Log
mean temperature difference (LMTD) is a vital parameter as it determines
the temperature driving force for heat transfer in a heat exchanger. It shows
that the LMTD decreases with increasing of mass flow rate of raw water.
LMTD; represents the temperature difference in first stage of heat
exchanger; therefor the flow is counterflow between first pipe and second
pipe. While LMTD, and LMTD; indicate the temperature difference in
parallel flow arrangement for second pipe, third pipe and fourth pipe. It can
be seen that the larger value of LMTD,yerage @t (40,40,40 and70)l/min mass
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flow rate at first pipe, second pipe , third pipe and fourth pipe ,respectively
. These results agree with the experimental results of Prasanna et al
[65].From this figure can be seen that the maximum LMTD between third

pipe and fourth pipe due to the large size of heat exchanger .

Figure (5-19) shows the variation of the overall heat transfer
coefficient with the Reynolds number of raw water. It is observed that
overall heat transfer coefficients increase with the mass flow rate of raw
water. The maximum overall heat transfer coefficient between hot water in
the first pipe and raw water in the second pipe is found to be 2343.37
(W/m2.°C at a 60 L/min mass flow rate of raw water in the second pipe .
While the maximum overall heat transfer coefficient measured between the
hot water of the third pipe and the raw water of the second pipe is 1365.39
W/m2.°C. The maximum overall heat transfer coefficient between hot
water in the third pipe and raw water in the fourth pipe is 889.3 W/m*.°C
at a mass flow rate of raw water of 70 I/min in the fourth pipe. These

results agree with the experimental results of Hossain [37].

Figure (5-20) perceives the variations in heat transfer rates with
respect to the Reynolds number of raw water in six cases. The mass flow
rate of hot water is 40 I/min. It is found that the heat transfer rate increases
as the mass flow rate of raw water increases. It can also be seen that the
larger the inlet mass flow rate, the higher the magnitude of the Reynolds
number. A higher heat transfer rate from the FCPHE can be achieved when
the inlet mass flow rate of raw water is 70 L/min in the fourth pipe and the
inlet mass flow rate of raw water is 60 L/min in the second pipe. At this
mass flow rate of raw water, the exit temperature of hot water reaches the
required temperature of 34.7 °C. There is an elementary equation from
basic thermodynamics that states that the rate of heat transfer equals the
mass flow rate times a constant (the specific heat of water) times the delta
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T (fluid temp out minus fluid temp in).Therefore, when the mass flow rate

of raw water increases, the heat transfer rate also increases.

Figure (5-21) presents the relationship between the effectiveness of
FCPHE and the Reynolds number of raw water. The effectiveness is used
to estimate the performance of the FCPHE. It can be clearly seen from this
figure that the effectiveness of the FCPHE increases with the increase in
the mass flow rate of raw water. The effectiveness reaches its maximum
value of 0.76 at a mass flow rate of raw water of 60 I/min in the second
pipe and 70 I/min in the fourth pipe. It has been shown that increasing the
mass flow rate of raw water will increase the effectiveness according to
equation (3-28) . The minimum thermal capacity is for hot water and it is
constant at 40 I/min, so increasing the mass flow rate of raw water will

increase the average heat transfer, which increases the effectiveness.

Figure (5-22) explains the relationship between the Nusselt number
and annular diameter ratio for a cooled annulus. It is observed that the
Nusselt number increases with increasing the annular diameter ratio until
reaches peak point at annular diameter ratio 2. Then, the Nusselt number
drops after maximum point. For a cooled annulus, a maximum Nusselt
number is seen in the mid-range of annular diameter ratios, which
decreases as the annular diameter ratio moves from the mid-range. Due to
the large scatter in the LMTD results, an averaging scheme is used through
the points to provide an accurate data point at the respective Reynolds

numbers.

Figure (5-23) demonstrates the relationship between the Nusselt
number and annular diameter ratio of heated annulus ratio. It is showed that
the Nusselt number increases with increasing the annular diameter ratio and

reaches maximum value, after that the Nusselt number decreases. From
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figures (5-22) and (5-23), the diameters of four pipes for heat exchanger

have been selected with saving the other conditions of design.

Figure (5-24) imposes the variation of Nusselt number with Reynolds
number at different diameter ratio for second pipe. It has been shown that
the Nusselt number increases with increasing the Reynolds number for all
diameter ratios. The experimental results show that the best diameter ratio

equal 1.89 to achieve a good agreement with theoretical results.

Figure (5-25) shows the variation of Nusselt number with Reynolds
number at different diameter ratio for third pipe. For all diameter ratios, it
has been demonstrated that the Nusselt number rises as the Reynolds
number rises. The optimal diameter ratio, according to the experimental

data, is 1.47, which is in good agreement with theoretical predictions.

Figure (5-26) depicts the fluctuation of Nusselt number with Reynolds
number at various diameter ratios in fourth pipe. For all diameter ratios, it
has been demonstrated that the Nusselt number rises as the Reynolds
number rises. The experimental results suggest that the best diameter ratio

is 1.36, which agrees well with theoretical diameter ratio 1.33 values.

Figures (5-27),(5-28) and (5-29) moderate friction factor as a function
of Reynolds number for four pipe concentric heat exchanger at different
diameter ratio. Friction factor decreases with increasing Reynolds number.
The rate of decrease in friction factor is higher at lower range of Reynolds
number compared to that at higher range of Reynolds number. It can be
show the same response in figures (5-27) to (5-29). It is found that is no
significant impact by comparing the different diameter ratio on friction

factor.
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Figure (5-23) Nusselt numbers for heated annulus at different
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Figure (5-24) Nusselt numbers variation with Reynolds number

for a cooled annulus (second pipe) at different diameter ratio
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Figure (5-25) Nusselt numbers variation with Reynolds number

for a heated annulus (third pipe) at different diameter ratio
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Figure (5-26) Nusselt numbers variation with Reynolds number

for a cooled annulus (fourth pipe) at different diameter ratio
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Figure (5-27) Friction factor variation with Reynolds number for

inner annulus (second pipe) at different diameter ratio
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Figure (5-28) friction factor variation with Reynolds number for
heated annulus (third pipe) at different diameter ratio
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Figure (5-29) friction factor variation with Reynolds number for

cooled annulus (fourth pipe) at different diameter ratio
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5.2. Numerical Results

In this study, the numerical results obtained from using finite volume
method single-phase model by CFD software program solidworks ver. 16,
package are presented to show both the flow, heat transfer and interaction
characteristics in form of path lines, velocity vectors and contours for the
present models. Numerical results of temperature distribution, pressure
distribution and velocity vectors are presented for turbulent flow. The
results show the same behavior of temperature, pressure and velocity as

that in the experimental result.

Figure (5-30) demonstrates the temperature distribution along the
length of FCPHE of stage 1 at casel.lIn this stage the hot water in first pipe
was cooled by the raw water in the around second pipe only. The flow of
hot water arrangement in first pipe is counter flow with raw water in
second pipe, due to that counter flow heat exchangers are inherently more
efficient than parallel flow heat exchangers. The mass flow rate of raw
water is 60 I/min in second pipe. It is noted the temperature decreasing
along the first pipe and it reaches to 39.6 °C at x equal to 1 m. The
decreasing of temperature continuous until reaches to 38.8 °C.The log
mean temperature difference represents the analysis of heat transfer inside
heat exchanger. Therefore, the log mean temperature difference between
hot water and raw water in this stage is 10.08 °C, where that the pattern is

counter flow.

Figure (5-31) shows the temperature distribution along the length of
FCPHE of stage 2 at casel. In this stage the hot water in third pipe was
cooled by the raw water in two pipes. These are the second and fourth
pipes. The flow are arranged in parallel flow pattern. The value of mass

flow rate of raw water is 60 I/min and 70 I/min in second and fourth pipes,
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respectively. In this figure illustrates that temperature of hot water in third
pipe decreases along the length. At the middle of the third pipe, the
temperature decreases to 36.4 °C. After that the temperature decreases to
35 °C at x equal to 2 m. Therefore, the parallel flow arrangement in this
stage led to reduce hot water temperature to required temperature of AL-
Mussaib thermal power plant to 35 °C. In this stage there are two log mean
temperature difference. The log mean temperature difference between hot
water in third pipe and raw water in second pipe is 6.6 °C, that the pattern
is parallel flow. While the log mean temperature difference between hot
water in third pipe and raw water in fourth pipe is 9.06 °C, that the pattern

is parallel flow.

Figure (5-32) represents the temperature distribution along the length
of FCPHE at casel.In this figure it is noted that cooling of hot water
accrued at two stages. In first stage the flow is counter current flow. The
hot water in first pipe was cooled by raw water in second pipe. After that
the hot water in third pipe was cooled by raw water in second and fourth
pipes at second stage, where the flow pattern is parallel flow .In this case
that the mass flow rate of raw water in second and fourth pipes are 60 I/min
and 70 I/min, respectively. These values of masses flow rate of raw water
are satisfied to cool the exit hot water temperature in AL-Mussaib thermal
power plant to 35 °C. The average log mean temperature difference is 8.5
°C.

Figure (5-33) moderates the temperature distribution along the length
of FCPHE for case2. The hot water cooling process takes place in two
stages . In the first stage the flow is counter current flow. The hot water in
first pipe was cooled by raw water in second pipe . The mass flow rate of
raw water is 50 I/min in second pipe. It is noted the temperature decreasing
along the first pipe and it reaches t039.4°C. The log mean temperature

109



Lhapter Five............. v eseeessen e e e AR R Results and Discussion

difference is 10.4 in this stage. In the second stage the hot water in third
pipe was cooled by the raw water in two pipes. These are the second and
fourth pipes. The flow are arranged in parallel flow pattern .The value of
mass flow rate of raw water is 50 I/min and 70 I/min in second and fourth
pipes, respectively. In this figure illustrates that temperature of hot water in
third pipe decrease from 39.4°C to 35.5°C.1It is noted that the temperature of
hot water higher than the temperature of hot water in case 1 ,due to the
decreasing in mass flow rate of raw water in second pipe. In this stage
there are two log mean temperature difference .The log mean temperature
difference between hot water in third pipe and raw water in second pipe is
7.2 °C, that the pattern is parallel flow. While the log mean temperature
difference between hot water in third pipe and raw water in fourth pipe is
10.2 °C, that the pattern is parallel flow. In this case, the average log mean

temperature difference is 9.3 °C.

Figure (5-34) perceive the temperature distribution along the length of
FCPHE for case3. There are two stages to the hot water cooling process.
The flow is counter-current in the first stage. Raw water in the second pipe
cooled the hot water in the first pipe. In the second pipe, the mass flow rate
of raw water is 40 I/min. The temperature is recorded to be decreasing
throughout the first pipe, reaching 39.5°C. In this stage, the log mean
temperature difference is 10.6. The hot water in the third pipe was cooled
in the second stage by the raw water in the two pipes. These are the second
and fourth pipes. The flow is arranged in a parallel flow pattern. The mass
flow rate of raw water in the second and fourth pipes is 40 I/min and 70
I/min, respectively. The temperature of hot water in the third pipe drops
from 39.5°C to 36.09°C, as seen in this figure. The temperature of hot
water was reduced by 3.41 ° C because the mass flow rate of raw water in

the second pipe was insufficient to reduce the hot water temperature to 35 °
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C. There are two log mean temperature differences at this stage. The
LMTD between hot water in the third pipe and raw water in the second
pipe is 7.9 °C, indicating that the flow pattern is parallel. The LMTD
between hot water in the third pipe and raw water in the fourth pipe is 16.6
°C, showing that the flow pattern is parallel. In this case, the average log

mean temperature difference is 11.7 °C.

Figure (5-35) indicates the temperature distribution along the length of
FCPHE for case4. The hot water cooling process takes place in two stages .
In the first stage the flow is counter current flow. The hot water in first pipe
was cooled by raw water in second pipe . The mass flow rate of raw water
is 40 I/min in second pipe. It is noted the temperature decreasing along the
first pipe and it reaches t039.59°C. The log mean temperature difference is
10.9 in this stage. In the second stage the hot water in third pipe was cooled
by the raw water in two pipes. These are the second and fourth pipes. The
flow are arranged in parallel flow pattern .The value of mass flow rate of
raw water is 40 I/min and 60 I/min in second and fourth pipes, respectively.
In this figure illustrates that temperature of hot water in third pipe
decreases from 39.59°C to 36.8°C. In this stage there are two log mean
temperature difference .The log mean temperature difference between hot
water in third pipe and raw water in second pipe is 8.7 °C, that the pattern
is parallel flow. While the log mean temperature difference between hot
water in third pipe and raw water in fourth pipe is 16.5 °C, that the pattern
is parallel flow. In this case, the average log mean temperature difference is
12.03 °C. It is noted that the temperature of hot water higher than the
temperature of hot water in case 3 ,due to the decreasing in mass flow rate

of raw water in fourth pipe.
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In figure (5-36), the temperature distribution along the length of
FCPHE for case 5 has been tempered. There are two stages to the hot water
cooling process. The flow is counter-current in the first stage. Raw water in
the second pipe cooled the hot water in the first pipe. In the second pipe,
the mass flow rate of raw water is 40 I/min. The temperature is recorded to
be decreasing throughout the first pipe, reaching 39.85°C. In this stage, the
LMTD is 11.16°C. The hot water in the third pipe was cooled in the second
stage by the raw water in the two pipes. These are the second and fourth
pipes. The flow is arranged in a parallel flow pattern. The mass flow rate of
raw water in the second and fourth pipes is 40 I/min and 50 I/min,
respectively. The temperature of hot water in the third pipe drops from
39.85°C to 37.12°C, as seen in this figure. The temperature of hot water
was reduced by 2.73 ° C because the mass flow rate of raw water in the
fourth pipe was insufficient to reduce the hot water temperature to 35 ° C.
There are two log mean temperature differences at this stage. The LMTD
between hot water in the third pipe and raw water in the second pipe is 9.1
°C, indicating that the flow pattern is parallel. The LMTD between hot
water in the third pipe and raw water in the fourth pipe is 22.9 °C, showing
that the flow pattern is parallel. In this case, the average log mean

temperature difference is 14.4 °C.

Figure (5-37) illustrates the temperature distribution along the length
of FCPHE for case6.The mass flow rate of raw water is (50 and 60)l/min at
second pipe and fourth pipe ,respectively. There two stages in this case to
cool the hot water. In the first stage, the flow arrangement is counter flow
between hot water in first pipe and raw water in second pipe. The
temperature decreases along the first pipe and it reaches to 39.44°C.
Therefore, the LMTD is 10.97°C.After that the cooling of hot water accrues

in second stage. In the second stage the hot water in third pipe was cooled
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by the raw water in second and fourth pipes. In this stage demonstrates the
temperature of hot water in third pipe decreasing from 39.44°C to 35.8°C.
The LMTD between hot water in third pipe and raw water in second pipe is
8.13 °C, that the pattern is parallel flow. While the LMTD between hot
water in third pipe and raw water in fourth pipe is 9.42 °C, that the pattern
is parallel flow. In this case, the average log mean temperature difference is
9.51 °C. It is noted that the temperature of hot water higher than the
temperature of hot water in case 2 ,due to the decreasing in mass flow rate

of raw water in fourth pipe.

Figure (5-38) indicates isothermal contour of temperature distribution
of FCPHE at (z-y) plane .The inlet temperature of hot water and raw water
are 40.8 °C and 28°C, respectively. It is noted from this figure, that the hot
water was cooled in two stages. In the first stage the hot water in first pipe
was cooled by the raw water in the second pipe. Therefore, the temperature
decreases from 40.8 °C to 38.8 °C. It is observed the flow of hot water
arrangement in first pipe is counter flow with raw water in second pipe
.Therefore, the temperature decreasing from left to right in first pipe and
from right to left in second pipe. In the second stage the hot water in third
pipe was cooled by the raw water in second and fourth pipes. The
temperature of hot water decreases from 38.8°C to 35 °C,in this stage .The
temperature colors are graduated from right to left for raw water in second
pipe, hot water in third pipe and raw water in fourth pipe, due to that the

flow is parallel in the second stage.

Figure (5-39) shows a focused view of isothermal contours of
temperature at the portion A of heat exchanger at (z-y) plane. It is observed

the temperature of hot water at inlet of the first pipe is 40.8°Cthat has red
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color and it decreases to minimum value 35 °C at the exit of third pipe that

it has yellow color.

Figure (5-40) moderates a focused view of isothermal contours of
temperature at the portion B of heat exchanger at (z-y) plane. The inlet
temperature of raw water is 28°C.The mass flow rate of raw water in
second and fourth pipes are (60 and 70 ) I/min ,respectively. It shows that
the heat transfers from the hot water in first pipe to the raw water in second
pipe by convection and across the pipe wall by conduction .After that the
heat transfer from hot water in the third pipe to the raw water in the second
and fourth pipes by convection and through the pipes wall by conduction

.Therefore the fourth pipe is made of PVC to insulated the heat exchanger.

Figures (5-41), (5-42) and (5-43) present isothermal contours of
temperatures distribution for the FCPHE at x-y plane and z = 0, 1,2 m
respectively. Figure (5-41) shows that the inlet temperature of hot water in
the first pipe is 40.8 °C and decreases to 35 °C at the outlet of the third
pipe. In the same time the temperature of raw water in the second and
fourth pipe is (31.4 and 31.8) °C, respectively. It is noted at z=0, the inlet
of hot water in first pipe and outlet of hot water from third pipe. While the
exit of raw water from second and fourth pipes. Figure (5-42) presents
isothermal contours of temperatures distribution for the FCPHE at x-y
plane and z =1(middle of the heat exchanger).It is showed that temperature
of hot water in the first pipe is 39.6 °C and temperature of hot water in the
third pipe 36.4 °C. Figure (5-43) shows isothermal contours of
temperatures distribution for the FCPHE at x-y plane and z =2.It is
indicated how the hot water followed from the first pipe to the third pipe.
The counter flow arrangement between hot water in the first pipe and hot

water in the second pipe can be seen.
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Figure (5-44) details the velocity vector map for the FCPHE.It is
observed that the flow is counter current flow arrangement in the first
stage. While the flow is in a parallel flow arrangement in the second stage.
It shows that the velocity in the inner tube is larger than other velocities
because of the small cross section area of the tube. Also, this figure shows

that the velocity decreases when the diameter of the tube increases.

There is an irregular motion of fluid in directions transverse to the
direction of the main flow. The pressure drop caused by friction and
turbulent flow depends on the roughness of the pipe. Therefore, figures (5-
45), (5-46), (5-47), (5-48), (5-49), and (5-50) indicate the pressure drop in

each pipe of the heat exchanger.

Figure (5-45) illustrates the pressure distribution along the heat
exchanger at case 1. When a flow is disturbed, a pressure drop is created,
that is the flow pressure at the beginning of a passage is higher than at its
end. It is noted that the pressure drop by (1.38, 0.82, 1.02 and 0.198) % at
first pipe and second pipe, third pipe and fourth pipe, respectively.

The pressure distribution along the heat exchanger in case 2 is
depicted in figure (5-46). A pressure drop occurs when a flow is disrupted;
meaning the flow pressure at the beginning of a passage is higher than at
the end. At the first pipe, second pipe, third pipe, and fourth pipe, the
pressure drops by (1.44, 0.59, 1.07, and 0.198) %, respectively.

Figure (5- 47) represents the pressure distribution along the heat
exchanger in case 3. When a flow is disturbed, a pressure drop occurs,
indicating the flow pressure at the beginning of a passage is higher than at
the end. The pressure reduces by (1.41, 0.32, 1.29, and 0.199) % at the first,

second, third, and fourth pipes, respectively.
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Figure (5-48) depicts the pressure distribution along the heat
exchanger in case 4. A pressure drop happens when a flow is disrupted,
showing that the flow pressure at the beginning of a passage is higher than
the flow pressure at the end. At the first, second, third, and fourth pipes,
respectively, the pressure drops by (1.39, 0.41, 0.25, and 0.121) %.

Figure (5-49) shows the pressure distribution along the heat exchanger
in case 5. When a flow is disturbed, a pressure drop occurs, indicating that
the flow pressure at the beginning of a passage is higher than the flow
pressure at the end. The pressure reduces by (1.4, 0.412, 0.89, and 0.06) %

at the first, second, third, and fourth pipes, respectively.

In case 6, figure (5-50) depicts the pressure distribution along the heat
exchanger. A pressure drop happens when a flow is disrupted, showing that
the flow pressure at the start of a passage is higher than the flow pressure at
the end. At the first, second, third, and fourth pipes, the pressure drops by
(1.39, 0.59, 1.31, and 0.12) %, respectively.

Figure (5-51) shows the static pressure drop distribution contour map
of FCPHE. There are two stages to cool the hot water. In the first stage, the
flow arrangement is a counter current flow between the hot water in the
first pipe and raw water in the second pipe. It is observed that pressure
drops inside the first pipe and the second pipe .In the second stage, the flow
arrangement is a parallel flow between the raw water in the second pipe,
hot water in the third pipe, and raw water in the fourth pipe. From the
figure, it is noted that the higher pressure in the first pipe and the lower

pressure in the fourth pipe.
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Figure (5-38) isothermal contour of temperature distribution for
FCPHE

g

SEEEE

BymEupy

u

¥
HEZRNPESEZOREEN

uE

Temgaratere ]

AL b COnuig

L.

Figure (5-39) isothermal contour of temperature distribution for
FCPHE, at position A

=3
-

SERBNGRE
SEIERTEEEITHREN

Figure (5-40) isothermal contour of temperature distribution for
FCPHE, at position B

121



Lhapter Five ...Kesults and Discussion

Figure (5-41) isothermal contours of temperature for (FCPHE) of
plane x-y at z=0

Figure (5-42) isothermal contours of temperature for (FCPHE) of
plane x-y at z=1

Figure (5-43) isothermal contour of temperature for (FCPHE) of plane

X-y at z=2m
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5.3. Comparison between Experimental and Theoretical Results

Figures (5-52) to (5- 57) illustrates the experimental and the numerical
temperature distributions along the length of the four concentric pipe heat
exchanger. In these figures, it is noted that cooling of hot water accrued at
two stages. In first stage the flow is counter current flow. The hot water in
first pipe was cooled by raw water in second pipe. After that the hot water
in third pipe was cooled by raw water in second and fourth pipes at second

stage, where the flow pattern is parallel.

Figure (5-52) indicates experimentally and numerically the local
temperature distributions along the length of the four pipe heat exchanger
in case 1. In this case, the mass flow rates (40, 60, 40, and 70) I/min for the
first pipe, the second pipe, the third pipe, and the fourth pipe, respectively.
At the first stage, the temperature of hot water decreased to 38.5 °C and
38.8 °C experimentally and numerically, respectively. After that, the
temperature of hot water decreased to 34.7°C and 35°C experimentally and
numerically, respectively, at the second stage. The experimental results
show good agreement with the theoretical results. The deviation error
between experimental and theoretical work is 0.86 % at the exit of hot

water.

Figure (5-53) illustrates experimentally and numerically the local
temperature distributions along the length of the four pipe heat exchanger
in case 2. The temperature of hot water dropped to 39.3 °C and 39.4 °C
experimentally and numerically in the first stage. The temperature of hot
water then dropped to 35.3°C and 35.5°C, respectively, in the second stage,
both experimentally and numerically. The experimental and theoretical
results are in good agreement. At the exit of hot water, the deviation error

between experimental and theoretical work is 0.57 %.
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Figure (5-54) represents experimentally and numerically the local
temperature distributions along the length of the four pipe heat exchanger
in case 3. In the first stage, the temperature of hot water reduced to 39.3 °C
and 39.5 °C, respectively, experimentally and numerically. Both
experimentally and numerically, the temperature of hot water declined to
35.8°C and 36.09°C in the second stage. The deviation error between

experimental and theoretical work at the hot water outlet is 0.81 %.

Figure (5-55) reports experimentally and numerically the local
temperature distributions along the length of the four pipe heat exchanger
in case 4. Experimentally and numerically, the temperature of hot water
was decreased in the first stage to 39.5 °C and 39.6 °C, respectively. The
temperature of hot water fell to 36.3°C and 36.8°C in the second stage,
according to experimental and numerical. At the hot water exit, there is a

1.38 % discrepancy between experimental and theoretical work.

Figure (5-56) shows the local temperature distributions along the
length of the four-pipe heat exchanger in case 5 both experimentally and
numerically. The temperature of hot water was decreased to 39.8 °C and
39.6 °C, respectively, in the first stage, both experimentally and
numerically. According to experimental and numerical data, the
temperature of hot water dropped to 36.9°C and 37.12°C in the second
stage. There is a 0.59 %divergence between experimental and theoretical

work at the hot water outlet.

In case 6, Figure (5-57) demonstrates the local temperature
distributions over the length of the four pipe heat exchanger, as
experimentally and numerically. In the first stage, the temperature of hot
water was reduced to 39.3 °C and 39.42 °C, respectively, as experimentally

and numerically. According to experimental and numerical results, the
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temperature of hot water decreased to 35.6°C and 36.72°C in the second
stage. There is a 3.15 %change between experimental and theoretical work

at the hot water outlet.

Figures (5-58), (5-59), (5-60), (5-61), (5-62), and (5-63) represent the
pressure distribution along the heat exchanger for two stages of six cases,
experimentally and theoretically. It is noted that the pressure drops in four
pipes. In the first stage, the deviation error between experimental and
theoretical at the first pipe is (1.46 to 0.25) % for all cases. In the second
stage, the deviation error between experimental and theoretical at the third
pipe is (0.77 to 0.55) % for all cases. . While the pressures drop in the

second and fourth pipes, experimental and theoretical, is very close.

The comparison of the present experimental and theoretical results is
shown in figure (5-64) for Nusselt number versus Reynolds number.
Agreement between the results is noticed, and the maximum division was
2.76% at the first pipe .It can be seen that the Nusselt number increases

with increasing the Reynolds number.

Figure (5-65) depicts a comparison of the present experimental and
theoretical results for friction factor against Reynolds number. The highest
difference was 8 % at the first pipe, indicating that the findings were in
agreement. Experimentally and theoretically, the friction factor for the

second, third, and fourth pipes is fairly close.

Figure (5-66) depicts a comparison of the present experimental and
theoretical results for heat transfer coefficient against Reynolds number.
The largest difference in the first pipe was 0.15%, indicating that the results
were consistent. Experimentally and mathematically, the heat transfer

coefficients for the second, third, and fourth pipes are quite similar.
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Figure (5-67) moderates the relation between logarithmic mean
temperature difference (LMTD) and mass flow rate of raw water. It shows
that the LMTD decreases with increasing of mass flow rate of raw water. In
this figure the comparison shows agreement with LMTD with maximum

difference 7.2 % for mass flow rate 40 I/min.

The relationship between heat transfer rate and Reynolds number is
shown in Figure (5-68). For cases 1, 2, 3, and 4, the experimental and
numerical deviations are (10.11, 16.6, 14.56, and 11.39 %, respectively). In

cases 5 and 6, however, the results are extremely close.

Figure (5-69) reports the comparison between the experimental and
theoretical results of effectiveness at different values of raw water mass
flow rate. The effectiveness increases with increasing the raw water mass
flow rate until it reaches its peak point at (60 and 70) I/min in the second
and fourth pipes, respectively. The percentage error between the
experimental effectiveness and theoretical effectiveness is 10.2% at

maximum value.

Figure (5-70) reports the local temperature distributions along the
length of shell and tube heat exchanger(STHE) for Al-Mussaib thermal
power plant and four concentric pipe heat exchanger(FCPHE) at the same
inlet hot water temperature and raw water temperature .Counter flow
arrangements in the shell and tube heat exchanger. While, the four
concentric pipe heat exchanger the flow arrangements counter flow in first
stage and parallel flow in second stage. When compared between the two
heat exchangers, it was found that the temperature of hot water decreased
from 40°C to 38.5°C at the shell and tube heat exchanger. While the
temperature of hot water decreased from 40 °C to 34.7°C in the four

concentric pipe heat exchanger. Therefore, the shell and tube heat
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exchanger cannot decrease the temperature of hot water to the required

temperature of the Al-Mussaib thermal power plant.

The experimental and numerical investigations of the triple
concentric-tube heat exchanger were presented by Gomaa et al.[31] .
Three fluids being considered which are chilled water in inner tube, hot
water in inner annulus, and normal tap water in outer annulus. Numerical
CFD model is developed using a finite volume discretization method .The
comparison between TTHE which was presented by Gomaa and FCPHE in
this work, is carried out. Figure (5-71) shows the local temperature
distributions along the dimensionless length of triple tube heat exchanger
(TTHE) .Counter flow arrangements in the triple tube heat exchanger. It
can be seen from the figure that the hot water temperature decreases from
70°C to 48.7°C. It can be observed that the TTHE function used two fluids,
raw water and chilled water, to reduce the temperature of hot water. The
FCPHE, on the other hand, uses raw water in two stages to reduce the

temperature of hot water to 45°C.
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Conclusions and Suggestions for Future Work
6.1. Conclusions

In this study, the following conclusions have been gained:

1. Optimal diameters ratio of a new design for four concentric pipe heat
exchanger (FCPHE) are (1.89, 1.47 and 1.36) of second pipe, third pipe and

fourth pipe respectively.

2. The effectiveness is directly proportional to the raw water flow rate,
which means effectiveness increases with increasing the raw water flow
rate. At raw water mass flow rates of 60 and 70 I/min in the second and

fourth pipes, respectively, the effectiveness is 76%.

3. The experimental results indicate that the temperature of hot water was
decreased by increasing mass flow rate of raw water in second pipe and
fourth pipe. Therefore, the temperature of hot water was decreased to
minimum value 34.7°C for raw water mass flow rate (60 and 70) I/min in

second pipe and fourth pipe respectively.

4. The LMTD decreases with the increasing in mass flow rate of raw water.

The maximum LMTD occurred at raw water mass flow rate 40 I/min.

5. It was concluded that the four concentric pipe heat exchanger gives a
good enhancement of heat transfer compared with the shell and tube heat
exchanger. It was noted hot water temperature decreased 5.75% in STHE.
While hot water temperature decreased 15% in FCPHE .

6. The percentage error between the experimental effectiveness and

theoretical effectiveness is 9.27 % at maximum value.
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7. It is found the best flow arrangement in the first stage is counter flow,
while in the second stage is parallel through the working function of the

new heat exchanger.

6.2. Suggestions for Future Research

The following suggestion are recommended for future work

1. Studying the effect of using a different fluid on a heat exchanger

effectiveness.
2. Studying the effect of nano fluids on heat exchanger effectiveness.

4-inserting ribs inside pipes in order to increase the surface area of heat

transfer and turbulent flow.

5-Using corrugated tubes for four concentric pipe heat exchanger
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Appendix (A): Design consideration for prototype thermal
power plant for Al-Mussaib

1. Baffle Spacing

Inter-baffle spacing effected the response of the heat and mass transfer
and pressure drop on the shell side of a shell and tube heat exchanger
where the pressure drop is strongly affected by the baffle spacing that was
presented by Sadikin et al.,[66].Lee[67] explained the equation of

calculating the baffle spacing as:

B=-X e (ALD)

T Np+1

where

L; is the length of tubes assumed 2000mm as validating with actual

length with Al- Mussaib thermal power plant

N, is the number of baffles equal 11 for one pass which takes the

same number of Al- Mussaib thermal power plant
2. Equivalent Diameter

Sahin et al. [68] described how to calculate the equivalent diameter

for the triangular pitch layout as:

ﬁp%_m%)

_4< 4 8 A2
De_TO/Z ( )

Where tube pitch P;is calculating by equation as:
Py = P..d, o (A3)

P. is the pitch ratio, this value between 1.25 < P. < 1.5 as noted
by Sinnott [69], the B. value was taken 1.48 .This is due to the tubes are
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too close to each other tube sheet becomes too weak for proper rolling of

the tubes and cause leak joints. The sketch of the tube pitch details in figure
(A-1).
. SA)” T T
1 H{—1—) — — —

Figure (A-1) triangular-pitch layout. Ref. [1]

3. Cross-Flow Area of the Shell
Lee [67] showed the cross flow area calculated as:

A, = % o (A
where

Dq is the shell diameter which assume 154.4 mm .

Ct is the tube clearance was calculated as:

C; =P, —d, e (ALS)

4. Number of Tubes

The number of tubes can be predicted in fair approximation with the
shell inside diameter. Sinnott [69] expressed the number of tubes as:

N, =2(Z5) Dy ... (A6)

4\ CL / P?d}

where

CTP is the tube count pass which accounts for the incomplete
coverage of the shell diameter by the tubes due to necessary clearances

between the shell and the outer tube circle, the value of CTP equal 0.85
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for a four tubes pass and CL is the tube layout constant equal 0.866 for a

triangle tube layout reported in reference.[67].
5. Logarithmic Mean Temperature Difference

The LMTD method will be used to evaluate the required equipment's
area. Analysis will start by first calculating the mean temperature, for fluids
will be used in counter-flow to maximize the log mean temperature
difference. Holman [70]expressed the calculation as:

LMTD1 = Tsi=Teo)=TsoTei) o (AT)

(Tsi_Tto)
[n~—st_-—to/
n (Tso—T¢;)

where LMTD expressed as:
LMTD=F LMTDY L (A.8)

For a two shell and four tubes passes the geometry correction factor F

equal 0.95 as noted by Holman [70].
6. Overall Heat Transfer Coefficient

The overall heat transfer coefficient U,without fouling according to
the tube outer diameter. Cengel [52]showed the overall heat transfer

coefficient calculated as:

1/A
U, = - . (A9)

1 N ln(d—L) 1

1

htAiTZTIktLtThSAO

where
Ai = T[diNtLt (AIO)
AO == T[dONtLt ceeee (A.ll)

k. is the thermal conductivity of the metal tube.

A-3



Appendix ... eeeeesessneneeessssesensseseessessnenssesssssisesee (4)

h, and h are the heat transfer coefficient of the tube and shell respectively.
6.1. Calculating Tube side heat transfer coefficient

From dimensionless number (Nusselt number), heat transfer

coefficient of the tube showed by Cengel [52] as:

h, =””;—i"“’ o (A12)

where

k¢ is the thermal conductivity of tube water

Nu, the Nusselt number in turbulent flow is related to the friction factor

which was calculated by Gnielinski [54, 71]as:

(f:/2)(Re;—1000)Pr

N = TS D) o (AL13)
Then, the Re,was estimated as:
Re, =7t e (AL14)

 Ac
A 1s the cross section area of the tube which was calculated as:
Ay = Zd? o (AL15)
Prandtl number which was calculated as:

m:% ... (AL16)

The values of the Prandtl number between 0.5 < Pr < 2000 and
Reynolds number value between 3000 < Re <5 x 10° .This due to the

flow is turbulent . Then f;is friction factor which was calculated as:
f: = (1.58In(Re,) — 3.28 )72 e (A7)
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Then , the average Nusselt number correlation calculated by Abd and
Naji [72] as:

Nu, = j, Re Pr%33 ... (A.18)
where

Jpis the dimensionless of thermal factor. Edition and Sinnott [73] showed

this value was calculated by using Kern method from curve as shown in
figure(A-2).

6.2. Calculating Shell side heat transfer coefficient

From definition of Nusselt number, Shell side heat transfer coefficient
calculated as:

__ Nug kgr

hg . ... (AL19)
where
ks is the thermal conductivity of shell water

Nug is the nusselt number of shell water ,where McAdam’s[74]
showed the correlation for turbulent flow is:

Nug = 0.36 Re%>>pr033 ... (A20
S

D.v
Reszps sVs

" o (A2D)

The correlation obtained using the proposed curve for baffles with a
28% baffle cut from the graphs prepared by Kern [75] based on

experimental studies on shell side heat transfer is as follows:

Nug = j, Re Pr933 . (A22)
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where

jn is the dimensionless shell side heat transfer factor which is

evaluated from curve as shown in figure (A-3).
7. Pressure Drop

Pressure drop is an essential criterion in shell and tube heat exchanger.
7.1. Calculating Pressure Drop in Tube Side

The tube side pressure drop can be calculated by Shrikant et al.
[75].

AP=4(12t £ 1)N, 1 p. v o (A23)
Where

N, is the number of tube passes

vZ is the mean fluid velocity inside the tube
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Heat transfer factor j,
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7.2. Calculating Pressure Drop in Shell Side

The shell-side pressure drop depends on the number of tubes the
fluid passes through in the tube bundle between the baffles as well as the
length of each crossing. A correlation has been obtained using the product
of distance across the bundle, taken as the inside diameter of the shell and

the number of times the bundle calculated by Shinde and Chavan [76] .
AP = fsz—: (Np + 1)%p. 02 e (A29)

Where

vg IS the mean fluid velocity inside the shelland f; Shell side friction
coefficient includes the entrance and exit losses which was calculated by
Shinde and Chavan [76]as:

fs = exp(0.576 — 0.19 In(Re;)) o (A25)
8. Calculation Methods for Heat Exchanger Performance

The performance of heat exchanger by using two methods, Kays and
London came up with a method in 1955 called the effectiveness—NTU

method, which greatly simplified heat exchanger analysis[77].
8.1. Calculating Performance by using

The number of transfer units NTU is specified as a fraction of overall
thermal sizing (UA,) to the minimum storage capability (m°c;)mi, ,Which

was reported by by Cengel [52]as:

UAg

(mocp)min

NTU =

. (A26)
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8.2. Calculating Performance by using Effectiveness

Effectiveness of STHE, in steady state is defined as the actual heat
transferred divided by the maximum possible heat transfer, which was
presented by by Cengel [52] as:

q _ (mgcpt)(Tti_Tto) _ (mgcps)(Tso_Tsi)

Amax (mocp)min(Tti_Tsi) (mocp)min(Tti_Tsi)

€= e (A27)

Effectiveness for two passes shell was presented by Holman [70] as:

_ [(1-&6)/(-e)]?-1
€= [(1-£;1 C/)/(1—£1) ]2—C; ... (A28)

where
C,is the capacity ratio calculated as:

_ (mocp)min

(mocp)max

e (A29)

T

g, is the effectiveness one shell-one pass showed by Kays and London [77]

as.

)1/2 1+exp[-NTU (1+C,?)1/2] -1

_ 2
& =2 [1 +C, + (1 + C; 1—exp[-NTU (1+C2)1/2

v (A30)

9. Heat balance deviation

The difference of heat transfer rates between the hot water and
cold water should be less than 5.0%.It was presented by Marzouk et
al.[78]as:

Qaev. = =2 X 100% (A3

ave

where

q, is the heat exchange rate of shell-side fluid calculated as:
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qs = mdcy(Ts; — Tso) o (A32)
q; 1s the heat exchange rate of tube-side fluid calculated as:

qe = m°cy(Te; — Tyo) o (A33)
qave 1S the average heat exchange rate is defined as

st
Gave = = e (A34D)

10. Fundamentals Results for prototype module design

The used many assumptions for fluid flow and heat transfer simulation are
summarized as follows:
1. The heat transfer between the water and the baffles is neglected.
2. The fluid temperature is kept constant at the shell side inlet.
3. The walls of tubes have the thermal boundary condition of coupling
heat transfer.
4. The inlet to the shell and tube are set as mass flow inlet.
5. The properties of working fluid which was used in design selected

and assumed as input data. These values are reported in table (A-1)

Table (A-1) data for design of heat exchanger

Shell Side Fluid-Hot Water

Property Unit Value
Thi °C 40
Density kg/m3 994.75
Specific Heat Capacity J/kg °C 4178.375
Viscosity mPa .s 0.698
Conductivity W/m °C 0.624
Mass flow rate Kg/sec 0.5-2.5
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Tube Side Fluid-Cold Water
T, °C 30
Density kg/m3 996.1
Specific Heat Capacity J/kg °C 4179.125

Viscosity mPa .s 0.786

Conductivity W/m °C 0.616

Mass flow rate Kg/sec 0.5-2.5

6. To complete the designed it should be assume the dimensions of

prototype module compared with Al- Mussaib thermal power plant,

these values were presented in table(A-2).

Table (A-2) geometrical dimensions of prototype shell and tube heat

exchanger
Geometry Size
Shell diameter 154.4 mm
Tube diameter 25.4 mm
Number of tube 12
Heat exchanger length 2000 mm
Baffle cut 28 %
Central baffle spacing 157 mm
No. of baffle 22
No. of shell pass 2
No. of tube pass 4
Tube Layout Triangle

7. Table (A-3) showed the calculation dimensionless parameters (Nusselt
number and Reynolds number) at different mass flow rate of shell and tube

side in prototype module.
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Table (A-3) dimensionless properties of prototype shell and tube heat

exchanger
Tube side Shell side

m° Nu Nu m° Nu Nu
kg/sec Re (Eq.13) (Eq.18) | kg/sec Re (Eq.20) | (Eq.22)
2.448 | 51803.6 | 302.625 | 297.2326 | 2.45 | 16289.24 | 124.77 131.478
2 42323.2 | 254.466 242.837 2 13297.34 | 111.592 | 118.118
1.5 31742.4 198.7 182.128 1.5 |9973.005 | 95.2615 | 101.473
1 21161.6 | 139.852 121.419 1 6648.67 | 76.2197 81.917
0.5 | 10580.8 | 75.538 60.7093 | 0.5 |3324.335| 52.0596 | 56.8107

8. Table (A-4) explained the effectiveness with different value of mass

flow rate in tube and shell side.

Table (A-4) effectiveness variation with mass flow rate of shell and tube

m? m;}
£ &
(kg/sec) (kg/sec)
0.5 0.512206 0.5 0.793525
1 0.657462 1 0.629142
1.5 0.726955 1.5 0.514503
2 0.76826 2 0.433516
2.45 0.793585 2.448 0.379423

Many sketches from figures (A-4) to (A- 9) were given for design
prototype module which was isolated the shape and element number of

tubes and all these element.
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Figure (A-5) 2 D sketch of shell body of the prototype conventional heat

exchanger (mm)
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Appendix (B): Presimulation by using solidworks
A new design of a four-concentric-pipe heat exchanger is designed by
using the following steps in the Solidworks software program.

1. Creating the solidworks model of the (FCPHE)

a. Start by creating a new part in solidworks. Click on Front Plane in the
Feature Manager design tree and select Front from the View Orientation

drop down menu in the graphics window as shown in figure (B-1).
b. Select the Sketch tab and click on Circle as shown in figure (B-2).

c. Click at the origin in the graphics window and create a circle with
diameters 25.4, 50.8, 76.2 and 101.4 mm for first pipe, second pipe, third

pipe and fourth pipe, respectively as shown in figure (B-3).

d. Select the Features tab and the Extruded Boss. Enter 2000 mm for the

depth of the extrusion in direction 1, as shown in figures (B-4) and (B-5).

e. Repeat steps a to d to create inlet flow and outlet flow for each pipe, as

shown in figure (B-6).

Ry S B ED L S File Edit e I sert

T = <> TR, WA = =

Sketck Srmart .
Cirmernsicom J_— - = - (9 - .o

= - == — = e = =
Features | Shketcks | Evaluate I Carrma et I S nmg
s [ BE | = | s | & | == | >
L5 Partl (Default = s Default=_ IDisplaw Sta

H i ST

= Sensors

- Ao tations

3_; PrAaterial —moaot spaecified =

[==
Tl Top Plame
T Right Plamnce

I . Originm

Fromt Plamns I

Figure (B-1) selection of front plane

B-1
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Figure (B-2) selecting a sketch tool
ijsoUchmqg Fie Edit View Insert Toos |Window [Hep #| O -FB-@-&-9 -zi Ea@- Sketch1 of Part1 B Search Commands Q-7--0x
E (\ VA RE o ﬁJ. £ B Mimor Enites R J‘ C | &
| S| e 7 - %+ @ - A s o O BB s e +| P 25 5|04 eSaD
= 8- - . 20 ypove Entities = - .
Features | Sketch  Evaluate DimXpeﬂ| SOL\DWORI{SMMN‘SOLIDWORKSMED Analysis Preparation | Flow Simulation ~ SOLIDWORKS Plastics 2] =
PT Y . o
sEReEE] PEAPE S -W- - ® =
v i
) Part (Default< <Default> Display Sta =
» [ History =]
[@ sensors
[ » [2) Annotations // ;
5 Material <not specified> ’7
W Front Plane W
W Top Piane
W Right Plane
L. origin s 8 8 g
B Sketcnt o 2 & 4
s ® ®© §
=
e
¥
L
< > *Front
B Model | 3D Views | Motion Study 1 |
JRSOLIDWORKS Premium 2016 164 Edition Fully Defined _ Editing Sketchi L) MMGS - @ £

Figure (B-3) diameters selection of FCPHE
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Figure (B-6) front view of (FCPHE)
2. Setting up Flow Simulation projects

a. Select Tools >> Flow simulation >> Project >> Wizard to create a new

flow simulation project, as shown in figure (B-7).

JJ(??SSOL;DWORKS File Edit View Insert Tools Window Help 2 M - ¥ - - & -
|

N Wiz ] Mo B @ o & A %
Flow Flow
General - Run | Load/Unload
L) e Settings 3 simulation @ 2] < Simulation P Sin’
> Feat = = R Its F... D
Clone Project | [@& £ eatures | o b - | & Results & | &

Assembly | Layout | Sketch | Evaluate | SOLIDWORKS Add-Ins SOLIDWORKS MBD Flow Simulation

Wizard - Project Name 7 >
Project £
Project name: FCPHE|
L. N~ 3 Comments:
=% Input Data
H L[] computational Domain

P18 Component Conkrol
H e Lol ==

Figure (B-7) creating a name for the project

b. Use the default Internal Analysis type and check the heat conduction in

solids box, as shown in figure (B-8).
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Wizard - Analysis Type ? >
Analysis type Consider closed cavities >
@ Internal Exclude cawvities without flow conditions
) External Exclude internal space

Physical Features
= Heat conduction in solids
Heat conduction in solids only
Radiation
Time-dependent
Gravity
Rotation

Walue

DDDDDl

Reference axis: |3 ~ Dependency. 22

Figure (B-8) internal analysis type with heat conduction in solids

c. Add water from liquids as the project fluid, as shown in figure (B-9).

Select alloys copper as the default solid, as shown in figure (B-10).

Wizard - Default Fluid ? >
Fluids Path -~ [WI=10) 2
Mitrogen Pre-Defined
Oxygen Pre-Defined
Propane Pre-Defined
R123 Pre-Defined
R134a Pre-Defined
R22 Pre-Defined
RC318 Pre-Defined

Non-Newtonian Liquids
Compressible Liquids
Real Gases

Steam

» Add
Project Fluids Default Fluid Femove
Water ( Liquids )
Flow Characteristic Value
Flow type Laminar and Turbulent ~
Cavitation |
»
< Back MNext > Cancel Help

Figure (B-9) adding water as the project fluid
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Wizard - Default Solid ? >
- £
Solids Path D e
= Pre-Defined
= Alloys

------ Allimel Pre-Defined\Alloys
Alloy 42 Pre-Defined\Alloys

------ Aluminum 5052 Pre-Defined\Alloys
Aluminum 8061 Pre-Defined\Alloys

------ Aluminum Bronze Pre-Defined\Alloys
Brass Pre-Defined\Alloys
Bronze (Manganese) Pre-Defined\alloys

- Chromel Pre-Defined\Alloys

- Constantan Pre-Defined\Alloys
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Kowvar Pre-Defined\Alloys
Monel Pre-Defined\alloys

------ Nichrome Pre-Defined\Alloys
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<Beack Cancel Help

Figure (B-10) selecting copper as the default solid

3. Creating lids for the model

Select the face and create lids as shown in figure (B-11). Select Tools

Flow Simulation Tools Create Lids from the solidworks menu.

Lo ]

@ B B | P &

@} Create Lids

>

Figure (B-11) selection of the face for the lid
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4. Inserting Boundary Conditions

a. Click on the plus sign next to the input data folder in the flow simulation
analysis tree. Right click on boundary conditions and select insert boundary
condition. Select the inner surface of the all input lids. Set the inlet mass
flow and the temperature for hot water and raw water, as shown in figure
(B-12).

b. Right click on boundary condition and select insert boundary condition.
Right click on the pipes outflow region and click on select other. Select the
inner surface of the lids, see figure (B-13). Click on the pressure opening

button and select environment pressure.

Assembly | Layout | Sketch | Evaluate | SOLIDWORKS AGd-in: | SOLIDWORKS MBD | Flaw Simutation

F|BE[R[s[&[=]
I Boundary Condition

]

N [Faca Caardinaia Sysiam
Refel

Type
@D] =]

Flow Paramaters
o] [ 4]
i [ose7kars

Figure (B-12) pipe input data parameters

Fosembly | Unyoun | Sketch | Evaiuate | SOUDWOR

@ e (B(e | &=

Figure (B-13) pipe outflow parameters
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5. Running the calculations for heat exchanger

Select Tools >>Flow Simulation>>Solve>>Run to start calculations,
see figure (B-14).

Startup

kesh Take previous results
[ Sahe
(@ Mew calculation Helg

Close

Continue calculation
CPU and memory usage
Run at: This computer ~
Lsa 12 ~ CPUs)

Results processing after finishing the calculation

Load results EBatch Results..

Figure (B-14) run window
6. Inserting Cut Plots

Right click on cut plots in the flow simulation analysis tree and select
insert. Select temperature, pressure and velocity from the parameter drown

menu.
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Appendix(C): Experimental data and the results of the
experimental analysis.

Table (C-1) experimental data of mass flow rate, pressure drop and

temperature distribution for case 1

No. Min Ap | Tin | Tout |Tozm | Toam | Tosm | Tim | Tizm | Tiem 0
Tb_ w
Pipe | (/miny | kPa) | (°C) | (°C) | CC) | (CC)| (CC) | CC) | (CC) | (CC)
Pipe 1 40 3 40.8 | 38.5 39.7 0.75
Pipe 2 60 1.2 | 28 | 318 29.4 0.6
Pipe 3 40 1.3 | 385 | 347 | 381 | 38 37.7 | 36.1 | 35.8 | 349 0.9
Pipe 4 70 03 | 28 | 323 | 292 | 293 | 29.9 | 30.2 | 306 | 314 0.2
Table (C-2) experimental data of mass flow rate, pressure drop and
temperature distribution for case 2
m; Tl m
No. n Ap | Tin | Tout | Tozm| Toam | Tosm e Ti2m| Tiem 0
T, — T,
Pipe | (ymin) | &kPa) | (°C) | CC) | CC) | (CC) | CC) Q) (WOREQS)!
Pipe 1 40 3 40.8 | 39.3 40.2 0.7
Pipe 2 50 0.8 28 | 315 29.3 1
Pipe 3 40 13 | 393353389386 | 38 |375| 365 | 359 1
Pipe 4 70 03 | 28 | 318291293 |29.7| 30 | 305|309 0.2
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Table (C-3) experimental data of mass flow rate, pressure drop and

temperature distribution for case 3

N . Tb _Tw
No. | ™in Ap | Tin | Tout | Tozm| Toam | Tos™m | Tim | Tizm| Tiem Q)
Pipe | (yminy | kpa) | (CC) | CC)| CC)| CC)| CC) (CC) | (CC)| (C)
Pipel| 40 3 | 408 | 394 40.3 0.7
Pipe2 | 40 013 | 28 | 311 29.4 0.8
Pipe 3 40 1.3 | 394 | 359|382 | 379 | 373 369 | 36.7 | 36.1 | 0.9
Pipe 4 70 0.3 28 | 30.1 | 28.6 | 28.8 29 29.1 | 29.2 | 293 | 0.2
Table (C-4) experimental data of mass flow rate, pressure drop and
temperature distribution for case 4
No. My |Ap | T; Tout | Tozm| Toam | Tosm | Tim Tizm| Tiem E’;_é;
pipe . (kpa) | (°C) | (°C) | (°C) | (°C) |(°C) |(°C) |(°C)|(°C)
(I/min)
Pipel | 40 3 | 40.8 | 395 40.2 0.7
Pipe2 | 40 013 | 28 | 30 29.2 1.3
Pipe3 | 40 1.3 | 395|363 (391|388 | 383 | 375 | 369|365 | 1
Pipe4 | 60 025 | 28 | 295|283 (285 | 287 | 289 | 29 |29.2 | 0.2
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Table (C-5) experimental data of mass flow rate, pressure drop and

temperature distribution for case 5

No. Min | Ap | Tin | Tour | Tozm|Toam |TosMm | Tim | Tiam| Tiem T’;_Tw
pipe (kpa) | (°C) | (°C) |(°C) | (°C) [(°C) |(O)|(°C)|(C) (O
(I/min)

Pipe 1 40 3 40.8 | 39.8 403 0.8

Pipe 2 40 013 | 28 | 30.3 20,5 1.5

Pipe 3 40 13 | 398 | 369 | 392 | 00| 334 | 382 | 379 | 374 | L1

Pipe 4 50 021 | 28 | 289 | 282 | oon | 9g4 | 285 | 286 | 287 | 02
Table (C-6) experimental data of mass flow rate, pressure drop and

temperature distribution for case 6
No. my [Ap | T; Tout | Tozm| Toam |Tos™m |Tim |Ti2m| Tiem E’;_é;
pipe : (kpa) | (°C) | (°C) | (°C)|(CC) |(°C) |[(°C)|(°C)|(C)
(I/min)

Pipel | 40 3 | 408 | 393 40.2 0.8

Pipe2 | 50 08 | 28 | 305 29.4 0.8

Pipe3 | 40 1.3 | 393 | 356 |383| 377 | 37.2 | 369|362 |357 | 09

Pipe4 | 60 025 | 28 32 | 29.2 | 296 30 | 305|308 |315| 02
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Table (C-7) experimental calculation for first pipe and third pipe of

FCPHE (hot water)
dn : h
moY Re R* Pr £, | Nu
l t
mm ( /mln) m/sec W/m2 °C
Pipel |25.4 40 1.25 | 46711.77 - 4.67 | 0.005322 | 260.0155 | 6226.005
Pipe3 | 254 40 0.25 | 9125.25 | 6098.5 | 467 | 0.03542 | 84.8118 | 2083.56
Table (C-8) experimental calculation for second pipe of d,, =
25.4 mm and different mass flow rate of FCPHE (raw water)
m° v h
: Re Pr Nu R* fe
(I7min) | y/gec W/m?. °C
60 0.609556 | 19621 | 5.33 | 192.7 | 13168 | 0.0286 4673.4
50 0.50776 | 16345 | 5.33 | 166.49 | 10969 0.03 4037.8
40 0.406574 | 13087 | 5.33 | 139.37 | 8782.8 | 0.0319 3380.1

Table (C-9) experimental calculation for fourth pipe of d;, = 27.8 mm

and different mass flow rate of FCPHE (raw water)

m° v h
_ Re |Pr |Nu |R* £,

(I/min) | ysec W/m?. °C
70 0.297919 | 10496 | 5.33 | 93.133 | 7008.6 0.034 2063.7
60 0.255286 8994 | 5.33 | 82.309 | 6005.6 | 0.0356 1823.8
50 0.212654 7492 | 5.33 | 71.115 | 5002.7 0.0376 1575.8
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Table (C-10) overall heat transfer coefficient
mog Us1 U Uy m, Ujs Uiotal
(i) 1 owim2 c) | (wimz ¢y | (wim? ¢ | @imin) | (w/m? c) | (wim? C)
60 2343.37 1365.39 1401.3 70 889.27 333.64
50 2171.92 1305.36 1333.9 60 838.83 315.63
40 1966.13 1228.11 1248.02 50 778.98 293.44
Table (C-11) logarithmic mean temperature difference
Number of | LMTD,(°C) | LMTD,(°C) | LMTD3(°C) | LMTD,, (°C)
case
casel 9.7 5.9 7.9 7.8
case2 10.3 6.9 9.7 9.0
case3 10.5 7.6 15.5 11.2
case4 11.1 8.6 14.1 11.3
caseb 11.1 8.9 22.1 14.1
case6 10.8 7.8 8.6 9.1

Table (C-12) heat transfer and effectiveness at (m;, = 40, m, =

70) L/min and different values of mass flow rate for water flow in

second pipe
m; Qn Q2 Q4 .
(I/min) waltt waltt waltt
60 16992.06 15880.68 20965.28 0.755
50 15320.71 12189.11 18527.45 0.646
40 13788.64 8636.858 10238.86 0.458
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Table (C-13) heat transfer and effectiveness at (m;, = 40, m, =

40) L/min and different values of mass flow rate for water flow in

fourth pipe
m, Q;, watt Qnz Watt | Q4 watt €
I/min
70 13788.6 10587.1 20965.28 0.49
60 12535.1 5572.2 14626.94 0.34
50 10863.8 6408.0 7313.469 0.29
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Appendix (D): Uncertainties calculated of Nusselt Number
and Heat Transfer Coefficient.

The experimental error for the Nusselt Number can be calculated but
in the first we should calculate the experimental error for Reynolds

number, friction coefficient and Prandtl number.

_ (ft/2)(Re;—1000)Pr

Nuy = 1+12.7(f;/2)05(Pr067-1) ... (D.1)
Re =" D.2

e_TL'dpl ( )
ORe m
o - 1 [ﬁ] ....(D.3)
ORe _ P
om = G [du .....(D4)
ORe m
20 - G [dTy ... (D.5)
ORe _ pm
e [dyz] ... (D.6)

=29 -) + ()-0) + (- (0]

........ (D.7)
fi = (1.581In(Re) — 3.28)7? .....(D.8)
ot _ _ _ -3, 158
he 2[1.581In Re — 3.28]7° * — .....(D.9)
270.5
Ure = [((Z;t) - URe) . (D.10)
pr === e (D11)
orr _ 5
= .....(D.12)

D-1



Appendiy ... ()
- _____________________________________________________________________________________|

oPr _u

e =% .....(D.13)
oPr -

E: —k Z,UCp (D14)

.o (D.15)

o= [(5-0) 4 (- + (-0

ONu _ (fe/2)Pr
dRe  1+12.7(f;/2)05(Pr067-1) ... (D.16)

N 1+12.7(ft/2)°-5(Pr°-67—1)[% Re—1000]—(ft/z)(Rel—1000)Pr*6.02ft0'5*Pr_°'33

oPT [1+12.7(f;/2)0-5(Pr067-1)]2
(D.17)
ONu 1+12.7(ft/2)°-5(Pr0-67—1)(0.5RePr—soopr)—(ft/z)(Rel—1000)Pr*3.175<f1t)0'5[Pr°-67—1]
of, [1+12.7(f/2)05 (Pr0-67—1)]2
o (D.18)
; 5 5 270.5
Nu ONu ONu
U [((@) Ure) +((Ge) = Uee) + <(a—ft) Un)
.....(D.19)
The heat transfer coefficient is given in the form:
k
h== .....(D.20)
oh k
NL - a .....(D.21)
oh Nu
Pyiiaiors ... (D.22)
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Appendix (E): Numerical procedure

1. Finite volume method

The finite volume method (FVM) is a method for representing and
evaluating partial differential equationsin the form of algebraic
equations. In the finite volume method, volume integrals in a partial
differential equation that contain a divergence term are converted to surface
integrals, using the divergence theorem, that is presented by LeVeque [79].
These terms are then evaluated as fluxes at the surfaces of each finite
volume. Because the flux entering a given volume is identical to that
leaving the adjacent volume, these methods are conservative. Another
advantage of the finite volume method is that it is easily formulated to
allow for unstructured meshes. The method is used in many computational
fluid dynamics packages. "Finite volume" refers to the small volume

surrounding each node point on a mesh.
2. Finite volume basic methodology

The main steps of this method can be summarized as follows:
1- Divide the domain into control volumes

2- Integrate the differential equation over the control volume and apply the

divergence theorem.

3-To evaluate derivative terms, values at the control volume faces are

needed: have to make an assumption about how the value varies.
4-Result is a set of linear algebraic equations: one for each control volume.

5-Solve iteratively or simultaneously.

E-1
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3. Typical control volume

The net flux through the control volume boundary is the sum of
integrals over the four control volume faces (six in 3D). The control
volumes do not overlap. The value of the integrand is not available at the
control volume faces and is determined by interpolation. Figure (E-1)

explains the computational node.
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Figure (E-1) scheme for control volume

4. General approach

For the conservation equation for variable ¢ the following steps are

taken:

1- Integration of conservation equation in each cell.

2- Calculation of face values in terms of cell-centered value
3- Collection of like terms.

The result is represented the following discretization equation by
Marshall and Bakker [80] as :

E-2
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ap®p = Ynp AnpPnp + b ... (E1)

Where nb refers to the neighboring cells. The coefficients a,, and b

will be different for every cell in the domain at every iteration.
5. Relaxation

At each iteration, at each cell, a new value for variable ¢ in cell P can
then be calculated from that equation. It is common to apply relaxation
that showed by Marshall and Bakker[80] as:

d);ew,used — I(;ld + U(qb;ew, predicted d)l(;ld (EZ)
where U is the relaxation factor:

U < 1 is under relaxation. This may slow down speed of convergence
but increases the stability of the calculation, i.e. it decreases the possibility

of divergence or oscillations in the solutions.

U = 1 corresponds to no relaxation. One uses the predicted value of

the variable.

U > 1 is over relaxation. It can sometimes be used to accelerate

convergence but will decrease the stability of the calculation.
6. Convergence

The iterative process is repeated until the change in the variable from
one iteration to the next becomes so small that the solution can be
considered converged. At convergence all discrete conservation equations
(momentum, energy, etc.) are obeyed in all cells to a specified tolerance,
the solution no longer changes with additional iterations, and mass,

momentum, energy and scalar balances are obtained.
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Residuals measure imbalance (or error) in conservation equations. The

absolute residual at point P is defined by Marshall and Bakker[80]as :

Rp = |aP¢P - an AnpPnp — bl (E3)

Residuals are usually scaled relative to the local value of the property

¢ in order to obtain a relative error:

lapdp—Ynb AnbPnp—bl
RP,scaled = —=F |a;:¢P|b : (E4)

They can also be normalized, by dividing them by the maximum
residual that was found at any time during the iterative process. An overall

measure of the residual in the domain is:

R® — Zalicells 12PPp—inb AnbPnp b ... (E.5)

Dall cells lapdpl

It is common to require the scaled residuals to be on the order of 10

t010™ or less for convergence.
7. Numerical scheme (QUICK scheme)

A QUICK stand for Quadratic Upwind Interpolation for Convective
Kinetics is presented by Nishikawa[63]. A quadratic curve is fitted through
two upstream nodes and one downstream node. This is a very accurate
scheme, but in regions with strong gradients, overshoots and undershoots
can occur. This can lead to stability problems in the calculation. Figure (E-

2) show the interpolated value.

The previously discussed numerical scheme assumes some shape of
the function ¢. These functions can be approximated by Taylor series

polynomials as follows:
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d(xe) = p(xp) + 2 S!CP) (xg — xp) + ¢ 2(!XP) (x, — xP)Z 4o
o G = xp)" .. (E6)
q)"-‘l.'

O(x) interpolated
value

g
L

L J

Flow direction

Figure (E-2) quadratic upwind interpolation
Higher order schemes will be more accurate. They will also be less
stable and will increase computational time. QUICK does take the second
order derivative into account, but ignores the third order derivative. This is

then considered third order accurate.
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Abstract

The most widely utilized utilization of heat transfer takes place in planning practical equipment which serves to give
and receive heat out of one fluid toward another. This equipment of effective transfer is normally entitled as heat
exchanger. The most commonly utilized heat exchange equipment could be shell and tube exchangers. In this work,
the emphasis 1s directed toward designing a prototype shell and tube heat exchanger for Al-Mussaib thermal power
plant. In order to do this design, there is a need to calculate all thermal physical properties and data of these properties
for the working fluid which was following through this design. Kern method depends on this design and it is generally
accepted when compared with others methods. Then, it uses solidwork to calculate these parameters and limitations
of working fluid by designing theoretically a prototype module in order to simulate and analyze these values with
actual data for Al-Mussaib thermal power plant.

Keywords: Kern Method, Solidwork, Heat Exchanger Design.
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EXPERIMENTAL INVESTIGATION AND
ANALYSIS OF HEAT TRANSFER RATE IN CONICAL TUBE
HEAT EXCHANGER: A NOVEL ENHANCEMENT APPROACH
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Abstract

Heat exchangers are devices employed in transferring thermal energy from one
fluid to another at varying temperature rates within thermal contact. Recent uses
of such devices are found in oil refineries and (petro-) chemistry, as well as power
generating projects, as all of these accommodate shell and mbe type heat
exchangers (STHEs). The present paper describes the major component of STHE
and the modification of heat exchangers that are used in thermal power plants.
The STHE 15 used as a heat exchanger based on its simple design and
performance aspects. Even though these shell and tube heat exchangers operate
at their designed point, they can be even effectively designed to achieve a better
heat transfer rate by using different changes in parameters. In terms of
engineering, an optimal design would involve maximal heat transferring and
minimal costs. This paper also reviewed different types of STHE enhancements,
including modifications in the arrangement and number of tubes, as well as their
diameters, length, pitches, and types. Other aspects considered are the height of
fins, and baffle types, and their spacing ratios. The outer cylindrical tube of an
ordinary heat exchanger-type concentrate tube was replaced by a conical tube
during the present experimental analysis. The use of epoxy resin and fibre has
been developed to create new conic tubes with different diameter values. Conical
tubes had a diameter of 0,882, 0.741, and 0.612. For a conical tube heat exchanger
with a length of | meter, experiments were performed. For the inner ube, | LPM
and the outside conical tube 1 LPM to 7 LFM were considered. The conical tube
thermal transmission results were analysed and compared with cvlindrical mbe
results. Results show that the heat transfer rate 15 inversely proportionate to the
ratio of diameter. For HTR water flowing through conical external tubes, a
correlatton was developed. There were results that showed up to 22 present
higher heat transfer rates.

Keywords: Baffle type, Conical tube, Heat transfer, Regression analysis, Tube
arrangement.
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