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1 Introduction 

1.1 Objective 
Reducing energy use reduces energy costs and may result in a financial cost saving. Reducing 
energy use is also seen as a solution to the problem of reducing emissions. According to 
the International Energy Agency, improved energy efficiency in buildings, industrial processes 
and transportation could reduce the world's energy needs in 2050 by one third, and help 
control global emissions of greenhouse gases. The choice of which space heating or cooling 
technology to use in buildings can have a significant impact on energy use and efficiency. 
Having that background in mind, could be more technologies developed to make more 
sustainable buildings?  

Is very common in winter, when temperatures are low, seeing a little bit of white smoke 
providing from the sewerage in streets. The question would be then; could it be viable to 
recover that amount of heat providing of hot water from the buildings?  

The aim of this project is the study of viability of a heat exchanger application for a 
determinate type of building. The type of building selected is a sportive complex, where its 
water consumption conditions will be important for making the analysis of a double pipe heat 
exchanger and for defining the possible performance of equipment. Is wanted to make a full 
study of the effect of the diverse parameters on the final performance and an estimative cost 
and amortization of the equipment. 

1.2 Scope 
Is done a numerical modeling of a heat exchanger of double pipe. With that are obtained basic 
geometries in function of several parameters which are analyzed in the effect of the 
performance of the heat exchanger. Are defined several initial requirements of it and in 
function of that the study is done and basic geometries are concluded. Is also specified the 
cost of it and its amortization, taking into account the energy savings that would suppose.  

This study does not specify a detailed design of the equipment, as a detail engineering project 
would do, but it focuses more in the availability of a technique and the analysis of all the 
parameters that affect to it. 

1.3 Heat exchangers background 
A heat exchanger is a device that is used to transfer thermal energy between two or more 
fluids, between a solid surface and a fluid, or between solid particulates and a fluid, at 
different temperatures and in thermal contact. 

In heat exchangers, there are usually no external heat and work interactions. Typical 
applications involve heating or cooling of a fluid stream of concern and evaporation or 
condensation of single or multicomponent fluid streams. In other applications, the objective 
may be to recover or reject heat, or sterilize, pasteurize, fractionate, distill, concentrate, 
crystallize, or control a process fluid. Our case will be focused on recover heat. 

Like in the case of this project, in most heat exchangers heat transfer between fluids takes 
place through a separating wall or into and out of a wall. The fluids are separated by a heat 
transfer surface, and ideally they do not mix or leak.  

If no phase change occurs in any of the fluids in the exchanger, it is sometimes referred to as a 
sensible heat exchanger, as in our case due to water does not change its phase (Temperatures 
between 5 to 30ᵒC). Any internal thermal energy sources in the exchangers will occur, such as 

https://en.wikipedia.org/wiki/International_Energy_Agency
https://en.wikipedia.org/wiki/Energy_efficient_buildings
https://en.wikipedia.org/wiki/Sustainable_transportation
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in electric heaters and nuclear fuel elements nor combustion or chemical reactions. That 
would be cases of boilers, fired heaters, and fluidized-bed exchangers.  

Different heat transfer applications require different types of hardware and different 
configurations of heat transfer equipment. The attempt to match the heat transfer hardware 
to the heat transfer requirements within the specified constraints has resulted in numerous 
types of innovative heat exchanger designs. Our main requirement of the heat exchanger is to 
be a Fluid to Fluid heat exchanger, then a main summary of different types of heat exchangers 
that satisfies this requirement is done below.  

1.3.1 Types  

1.3.1.1 Shell and tube 
Shell-and-tube heat exchangers are fabricated with round tubes mounted in cylindrical shells 
with their axes coaxial with the shell axis. The tubes are divided into two sets: the first set 
contains the liquid to be heated or cooled. The second set contains the liquid responsible for 
activation the heat exchange, and either removes heat from the first set of tubes by absorbing 
and transmitting heat away. 

 

Figure 1 Shell and tuve heat exchanger 

The differences between the many variations of this basic type of heat exchanger lie mainly 
in their construction features and the provisions made for handling differential thermal 
expansion between tubes and shell. There are various design considerations to be taken into 
account such as routing of fluids (shell or tube), pressure drop especially in the case of 
increasing number of baffles and tube diameter and adjusting the area with the suitability of 
the exchanger to conduct the heat required to heat or cool a fluid with another one. 

Main uses: 

They are extensively used as process heat exchangers in the petroleum-refining and chemical 
industries; as steam generators, condensers, boiler feed water heaters and oil coolers in power 
plants; as condensers and evaporators in some air-conditioning and refrigeration applications; 
in waste heat recovery applications with heat recovery from liquids and condensing fluids; and 
in environmental control. 

Main advantages:  
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 The pressures and pressure drops can be varied over a wide range. Can be used in 
systems with higher operating temperatures and pressures and pressure drop across a 
tube cooler is less 

 Thermal stresses can be accommodated inexpensively. 

 Extended heat transfer surfaces (fins) can be used to enhance heat transfer. 

 Cleaning and repair are relatively straightforward, because the equipment can be 
dismantled for this purpose. 

 Less expensive as compared to Plate type coolers 

 Using sacrificial anodes protects the whole cooling system against corrosion 

1.3.1.2 Plate heat exchangers 
Plate heat exchangers consist of thin plates joined together, with a small amount of space 
between each plate, typically maintained by a small rubber gasket. The surface area is large, 
and the corners of each rectangular plate feature an opening through which fluid can flow 
between plates, extracting heat from the plates as it flows. The fluid channels themselves 
alternate hot and cold fluids, meaning that heat exchangers can effectively cool as well as heat 
the fluid .They are often used in refrigeration applications. Because plate heat exchangers have 
such a large surface area, they are often more effective than shell and tube heat exchangers. 

 

Figure 2 Plated heat exchanger 

Main uses: 

These exchangers are relatively compact and lightweight heat transfer surfaces, making them 
attractive for use in weight-sensitive locations such as on ships and oil production platforms. 
Pressures and temperatures are limited to comparatively low values because of the gasket 
materials and the construction. They are typically used for exchanging heat between two liquid 
streams in turbulent flow. They are occasionally used as condensers for fairly dense vapors or 
as vaporizers as for a reboiler. They are used in the food processing industry because they can 
be disassembled for cleaning and sterilization 

Main advantages: 

 Simple and Compact in size 

 Heat transfer efficiency is higher 

 Can be easily cleaned, maintenance is more simple 

 Capacity can be increased by introducing plates in pairs 

 Leaking plates can be removed in pairs, if necessary without replacement 

 Turbulent flow help to reduce deposits which would interfere with heat transfer  
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1.3.1.3 Double pipe heat exchanger: 
The simplest type of heat exchanger consists of one pipe placed concentrically inside another 
one of larger diameter, with appropriate end fittings on each pipe to guide the fluids from one 
section to the next. The inner pipe may have external longitudinal fins welded to it either 
internally or externally to increase the heat transfer area for the fluid with the lower heat 
transfer coefficient. The double-pipe sections can be connected in various series or parallel 
arrangements for either fluid to meet pressure-drop limitations and LMTD requirements 

 

  

 

 

 

 

 

 

 

 

 

 

Main uses: 

The major use of double-pipe exchangers is for sensible heating or cooling of the process fluid 
where small heat transfer areas (typically up to 50 m.) are required. They may also be used for 
small amounts of boiling or condensation on the process fluid side. They are used typically for 
pasteurization, digester heating, heat recovery, pre-heating and effluent cooling.  

Main advantages: 

 Flexibility of application and piping arrangement 

 Can be erected quickly from standard components by maintenance crews 

 Can handle high pressures and temperatures well.  

 When they are operating in true counterflow, they can operate with a temperature 
cross, that is, where the cold side outlet temperature is higher than the hot side outlet 
temperature. 

 Low cost and shorter deliveries than others due to standardization of design and 
simple construction. 

1.3.2 Selection of heat exchanger 
As seen there are many important factors that define the characteristics of a heat exchanger.  
There are made comparisons in basis the most important factors of this heat exchange 
problem: 

Figure 3 Double pipe heat exchanger 
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1.3.2.1 Heat transfer coefficient: 
This is the most important quantity in the selection of a heat exchanger. A heat exchanger 
should be capable of transferring heat at the specified rate in order to achieve the desired 
temperature change of the fluid at the specified mass. 

Best heat transfer coefficient is for plate design, followed by shell and tube and the double 
pipe. Despite that double pipe has also good performance in counter flow when a low 
difference of temperatures of fluids is condition. 

For this application, all of them are considered to have the enough heat transfer capacity; due 
to the heat transfer requirement is low.  

1.3.2.2 Construction cost: 
Here the cheapest is the double pipe, followed by Shell and tube and finally the plated. 

1.3.2.3 Pumping power 
This factor is much related to the pressure drop inside the heat exchangers. Pressure drop can 
be higher in double pipe heat exchanger but can be also lower, due to its simplicity of 
construction and rigidity. It doesn’t need a pump to make the fluid flow a priori. But if needed 
(high velocity of fluid and high pressure drop) it can be fitted. 

1.3.2.4 Numerical Resume 

Factor Plated Shell and tube Double pipe 

Heat transfer 10,0 9,0 8,0 

Cost 6,0 8,0 10,0 

Pumping power 6,0 7,0 10,0 

Maintenance 10,0 6,0 8,0 

Fitting and weight  8,0 8,0 10,0 

Total 40,0 38,0 46,0 
Table 1 Avaluation of alternatives 

Is seen how double pipe heat exchanger is the most suitable equipment for this kind of 
application.  

1.4 Demand’s requisites 
The application of heat exchanges is diverse. In this case, is wanted to be implemented into 
the Hot Sanitary Water system of a building. The main objective is to recuperate part of the 
heat that is lost when water is thrown to the sewers. The most quality water (in temperature 
terms) is that one which provides from showers, because it has a good temperature (around 
35ºC) and is free from solids. 

This makes us to predict that the most correct application would be in buildings where the 
requisites of hot water for showers use would be high. A good example of that are the sportive 
complexes, where most of the people make use of showers every day.  

These kinds of buildings also give us an important characteristic; the continuity of the demand, 
which is very important due to it makes us able to predict an approximate steady state 
operation of the heat exchanger. Because of that, the pipe red of the hot water installation in 
those places is recirculated, because always is need to be produced hot water due to the 
constant demand of it.  
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Other cases could be hotels, hospitals or other buildings which the flow rate is quite constant, 
but this project focuses in the viability for sportive complex, for focusing in a more accurate 
data. 

So in the next steps are described some of the initial values for the demand of hot water. 

1.4.1 Flow rate and temperature estimations 
According to construction norms, (CTE in Spain) there must be taken in account an estimation 
of flow rates for dimensioning the water distribution installation.  

CTE, DB-HS-4 estimates, for the washbasin, a consumption per unit of 0,05 dm3/s of cold water 
and 0,03 of hot one. For the shower use is estimated a 0,2 dm3/s of cold water and 0,1 for hot. 
Summing those values and multiplied for the number of units, there would be got the total 
consumption of water that would be the same (approximately) than the water which would go 
by through the evacuation pipes. So this amount of water would be that which would go 
through the internal pipe of the heat exchanger (Fluid 1). 

Besides, it must be considered a simultaneity coefficient due to the fact that not always all the 
equipment is being used all together. For peak hours time, having the case of a sportive 
installation, is assumed that all the showers are being used all together, while the washbasin 
could work at the 50%. 

Description 

of use 

 Cold Water 

Consumption 

(dm3/s) 

 Hot Water 

Consumption 

(dm3/s) 

N 
Simult. 

coef. 

Consumtion 

(dm3/s) 

Washbasin 0,05 0,03 10 0,5 0,4 

Showers 0,2 0,1 40 1 12 

TOTAL (L)         12,4 

Table 2 Maximum flow rate estimation 

This case is useful for dimensioning the correct size of installation’s pipes, due to for that 
amount of fluid, a determinate geometry (diameter) will cause load loses (pressure drop) in 
the pipes. So is an important value for, in our case, not having evacuation problems in the 
installation. In the 4.2 paragraph is detailed the design taking in account the pressure drop in 
the heat exchanger. 

A different simultaneity coefficient is used for have an idea of the average amount in an 
hypothetical “steady state” case that would represent the average value of flowing water 
along the day.  

For this is taken in account the average number of users that goes in the sportive installation, 
the number of showers, the number of hours that the installation is opened per day and the 
average time of use per each user. 

10
min

user
· 600 users = 6000 min per shower 

Having a 16 hours of service: 

960 min

6000 min per shower
= 6,25 shower units 
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This estimates that would be needed 6,25 showers to satisfy a constant demand of them. As 
the installation has 40 units, the coefficient of use could be obtained. 

6,25 units

40 units
= 0,2 

 

So the constant demand’s rates can be obtained: 

Description 

of use 

 Cold Water 

Consumption 

(dm3/s) 

 Hot Water 

Consumption 

(dm3/s) 

N 
Simult. 

coef. 

Consumtio

n (dm3/s) 

Washbasin 0,05 0,03 10 0,1 0,08 

Showers 0,2 0,1 40 0,2 2,4 

TOTAL (L)         2,48 

Table 3 Average flow rate estimation 

From CTE is observe how, per a determined demand of water (at a use temperature of 30°C), 
approximately 1/3 of it provides from hot water since the hot water piping network works at 
an average of 50 to 65°C that, mixed with a determined amount of cold water (depending of 
the situation and year season) that could be 10°C, is obtained a water temperature use of 
around 30°C, for a good comfort.  

x liter at 65°C + y liter at 10°C = 1 liter at 30°C 

65x + 10y = 30  

x + y = 1   

65x + 10 1 − x = 30 

55x = 20         𝐱 =  𝟎, 𝟑𝟔 %  

This means that a total of 0,9 l/s (36%) of the amount of use water would be provided from 
the hot water piping network. This amount of water is the corresponding at the Fluid 2, which 
will be flowing through the heat exchanger before going to the boiler to be heated up. 

A general expression can be obtained: 

x =
30 − A

65 − A
 

Where A is the temperature of the cold water supply (depends on the situation and period of 
the year). 
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1.4.2 Water pressures 
As is calculated in the paragraph 4.2  the water inside the pipe (fluid 1) suffers a pressure drop 
of about 1 WG (meter water column).  This pressure drop must be added in a form of height 
(Meter column water) from itself as the figure shows. If not there could be problems in the 
evacuation of the water 

 

Figure 4 Heat exchanger situation scheme 

This means that the dimensions of the heat exchanger are restricted by a piping network 
peculiarity; the initial fluid pressure that is known to be at the atmospheric pressure at the 
beginning, but, thanks to a difference of heights it can be offset the pressure drop inside the 
heat exchanger. So the heights and geometry of the building are crucial for this property. 

For the hot water piping network, water works to a determinate pressure thanks to the pumps 
of the system. It is needed a determined pressure for making the system with boiler work 
properly. This pressure is typically around 1 to 3 bar. Is taken an approximate value of 3bar = 
300000Pa of pressure (fluid2). 

 

PATM,T1,m 1 

P2,T2,m 2 

P2-Δp, T2+ΔT, m 2 
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2 Physic problem definition 
The problem consist in the modeling of an equipment that has to exchange the heat between 
two fluids. Those fluids are not mixed, so they exchange their heats through a fine wall.  Are 
known values of Temperature, flow rate, pressure at the entrance of the heat exchanger as 
well as temperature of environment. The problems consists in knowing those values at the 
exit, and make a general energy balance of the system. 

 

Figure 5 Heat exchanger cut view 

The problem is divided in convective heat transfer which takes place between the fluids and 
solids and convective heat transfer that takes place in the solids. 

 
 

 

 

 

 

 

 

 

 

 

 

A more accurate description of the conduction and convection phenomena is described in the 
following paragraphs: 

  

P1,T1,m 1 

P2,T2,m 2 

Tenvironment 

λ1 

λ2 

λ3 

h3 

h2 

h1 

L 

Figure 6 Heat exchanger front view; physic phenomena 
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2.1 Conductive heat transfer 
Conduction is the transfer of energy from the more energetic particles of a substance to the 
adjacent less energetic ones as a result of interactions between the particles. Conduction can 
take place in solids, liquids, or gases. In gases and liquids, conduction is due to the collisions 
and diffusion of the molecules during their random motion. In solids, it is due to the 
combination of vibrations of the molecules in a lattice and the energy transport by free 
electrons. The rate of heat conduction through a medium depends on the geometry of the 
medium, its thickness, and the material of the medium, as well as the temperature difference 
across the medium. 

 

Figure 7 Conductive heat transfer 

The main equation that describes conduction is Fourier’s law of heat conduction: 

Q = kA  
ΔT

Δx
  

J. Fourier, who expressed it first in his heat transfer text in 1822. Here dT/dx is the 
temperature gradient, which is the slope of the temperature curve on a T-x diagram 

For steady state and non internal generation of heat, the differential equation that describes 
the temperature distribution in a cylindrical body is the following: 

1

r

d

dr
 kr

dT

dr
 = 0 

q = λ
∂T

∂R
· S 

Assuming k to be constant, and integrating the variable two times from the general equation is 
got the following expression: 

T r = C1lnr + C2 
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2.2 Convective heat transfer 
Convection is the mode of energy transfer between a solid surface and the adjacent liquid or 
gas that is in motion, and it involves the combined effects of conduction and fluid motion. The 
faster the fluid motion, the greater the convection heat transfer. In the absence of any bulk 
fluid motion, heat transfer between a solid surface and the adjacent fluid is by pure 
conduction. The presence of bulk motion of the fluid enhances the heat transfer between the 
solid surface and the fluid, but it also complicates the determination of heat transfer rates. 

 

Figure 8 Convective heat transfer 

Convection is called forced convection if the fluid is forced to flow over the surface by external 
means such as a fan, pump, or the wind (happens in the fluids 1 and 2). In contrast, convection 
is called natural (or free) convection if the fluid motion is caused by buoyancy forces that are 
induced by density differences due to the variation of temperature in the fluid (happens in the 
contact with the environment). 

Despite the complexity of convection, the rate of convection heat transfer is observed to be 
proportional to the temperature difference, and is conveniently expressed by Newton’s law of 

cooling as: 

Q = h · AS · (TS − T∞) 

 Where: 

  h is the convection coefficient  

  AS is the surface Area 

  Ts is the surface temperature 

  T∞ is the fluid temperature 
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2.3 Radiation heat transfer 
Thermal radiation is electromagnetic radiation generated by the thermal motion of charged 
particles in matter. All matter with a temperature greater than absolute zero emits thermal 
radiation. When the temperature of the body is greater than absolute zero, interatomic 
collisions cause the kinetic energy of the atoms or molecules to change. This results in charge-
acceleration and/or dipole oscillation which produces electromagnetic radiation, and the wide 
spectrum of radiation reflects the wide spectrum of energies and accelerations that occur even 
at a single temperature. 

 

Figure 9 Radiation heat transfer example 

Radiant intensity emited by a body can be obtained with the Steffan Boltzmann law: 

 

If the body is surrounded by an environment at a Tc temperature, then the net radiation 
exchange between the body and the environment is: 

J=σ(T4-Tc4) 

In our case, the difference of temperatures between the body of the heat exchanger and the 
environment is so low that radiation loses can be neglected. 

 

2.4 Transient heat transfer 
The temperature of a body, in general, varies with time as well as position. In cylindrical 
coordinates, this variation is expressed as T (ϕ, r, z, t), where (ϕ, r, z,) indicates variation in the 
ϕ , r, and z directions, respectively, and t indicates variation with time. In the case of this 
project, heat transfer does not occur in the variation of the ϕ, so is simplified to T( r, z, t). 

http://en.wikipedia.org/wiki/Electromagnetic_radiation
http://en.wikipedia.org/wiki/Thermal_motion
http://en.wikipedia.org/wiki/Charged_particles
http://en.wikipedia.org/wiki/Charged_particles
http://en.wikipedia.org/wiki/Charged_particles
http://en.wikipedia.org/wiki/Matter
http://en.wikipedia.org/wiki/Temperature
http://en.wikipedia.org/wiki/Absolute_zero
http://en.wikipedia.org/wiki/Electromagnetic_radiation
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Figure 10 Transient heat transfer of a plane wall example 

Energy transfer by conduction also occurs in this case from the interior of the body to the 
surface, and the temperature at each increase until a steady-state condition is reached.  

The net heat exchange of a finite volume which is submitted to conduction and convection 
heat transfer is proportional to the mass, specific heat and Temperature difference divided 
into the variation of time: 

 Q cond + Q conv = mCV · Cp ·
∂T

∂t
 

2.5 Fluid characteristics  

2.5.1 Laminar and turbulent flows 
When between two particles a moving velocity gradient exists, frictional forces are developed 
which act tangentially to them. Frictional forces try to introduce rotation between the moving 
particles, but the viscosity is simultaneously preventing the rotation. Depending on the relative 
value of these forces, there can be produced different flow states. 

When the shear rate is low, the inertia force is larger than the friction, the particles move but 
not rotate, or do so with very little power but the end result is a movement in which the 
particles follow defined trajectories, and all particles passing through a point in the flow field 
follow the same trajectory.  

 

Figure 11 Laminar flow 

By increasing the velocity gradient increases the friction between adjacent particles to the 
fluid, and these acquire a rotational energy appreciable, viscosity loses its effect, and due to 
the rotation the particles change of trajectory. When moving from a trajectory to another, the 
particles collide and change direction erratically. This type of flow is called "turbulent". 
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Figure 12 Turbulent flow 

The flow "turbulent" is characterized by: 

 Fluid’s particles don’t move along definite trajectories. 

 The action of viscosity is negligible. 

 Fluid particles have appreciable rotational energy, and they move erratically colliding 
with each other. 

 Particles which enter in different layers of speed, its momentum increases or 
decreases, and the adjacent particles make it in a contrary way. 

As it will be seen later, turbulent flows have a better coefficient of heat transfer.  

2.5.1.1 Reynolds number 
Osborne Reynolds set a relationship that allows the differentiation of flow types. 

The Reynolds number relates the density, viscosity, speed and size of a typical flow in a 
dimensionless expression, which is involved in numerous problems in fluid dynamics. Such 
dimensionless number appears in many cases related to the fact that the flow can be 
considered laminar (Reynolds number small) or turbulent flow (Reynolds number larger). 

For internal flows in circular tubes the Reynolds number can be obtained with the following 
expression: 

Re =  
ρ · u · D

µ
 

Where D is the hydraulic diameter of the section.  

For the fluid 1: 

Dh =  
4 · A

pi · D1
 

For the fluid 2: 

Dh =  Dext − Dint  

2.5.1.2 Prandtl number: 
The Prandtl number (Pr) is a dimensionless number proportional to the ratio of the diffusivity 
of momentum (viscosity) and thermal diffusivity. It is named in honor of Ludwig Prandtl. 

Is defined by the following expression: 

Pr =
v

α
=

diffusivity of momentum quantity velocity 

thermal diffusivity velocity
=

Cp · µ

k
 

For water Prandtl number takes typically a value of 4,6. 
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2.5.1.3 Nusselt number: 
The Nusselt number (Nu) is a dimensionless number that measures the increase in heat 
transfer from a surface over which a fluid flows (convective heat transfer) compared to if the 
heat transfer occurred only by conduction. 

For example, in heat transfer within a cavity by natural convection when the Rayleigh number 
is less than 1000 is considered that heat transfer is only by conduction and Nusselt number 
takes a value of unity. In contrast to Rayleigh numbers above, heat transfer is a combination of 
conduction and convection, and the Nusselt number takes values higher. 

Nusselt number is defined by: 

Nu =
h · Dh

kf
=

Convective heat transfer

Conductive heat transfer
 

Where: 

Dh is the hydraulic diameter 
kf is the thermal conductivity of the fluid 
h is the heat transfer coefficient  

For a fully developed turbulent flow in a pipe it can be adopted se following correlation 
(Pethukov & Kirilov): 

Nu =
(f/8)Re · Pr

1,07 + 900/Re − 0,63/(1 + 10Pr) + 12,7(f/8)1/2(Pr2/3 − 1)
 

This is a precise correlation that only has errors of about 5% in the reng 0,5<Pr<106 and 
4000<Re<5·106 

f is the friction factor which is specified in the paragraph 2.3.1.5 

This is valid for a Re>10000 and L/D>10. 

Where n=0,3 if the fluid is being cooled or n=0,4 if the fluid is warmed. 

For anular zones Nusselt is obtained by the following correlation (Monrad Pelton 1942) 

Nu = 0,02 · Re0,8 · Pr
1

3 ·  
d2

d1
 

0.53

 

Valid for Reynolds numbers from 12000 to 220000. 

2.5.1.4 Convective coefficients h: 
For the environment convective coefficient is used a simplified model, assuming Laminar 
external flow and horizontal position for the pipes: 

h = 1,32 ·  
ΔT

d
 

1/4

 

Where ΔT is the temperature difference between external surface (wall2) of the heat 
exchanger and the environment temperature. D is the exterior diameter of the heat 
exchanger. 

For the fluid 1 and 2 convective coefficients is used the general Nusselt expression: 
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h =
Nu · kf

Dh
 

2.5.1.5 Friction factor 
Friction factor takes importance in the Nusselt number determination, as well as in the 
pressure drop through the pipes. 

This factor can be obtained with the Churchill expression (1977), valid for turbulent flow and a 
wide range of Re and roughness.  

𝑓 = 2 ·   
8

𝑅𝑒
 

12

+
1

(𝐴 + 𝐵)3/2
 

1/12

 

Where: 

𝐴 =  2,457𝑙𝑛  
1

 7/𝑅𝑒 0.9 + 0,27𝜀/𝑑
  

16

 

𝐵 = (37530/𝑅𝑒)16  

d is the hydraulic diameter, for the fluid 1 it will be D1, and for the annulus zone: 

 d=do/di for di/do<0,56  

 d=do-di for di/do>0,56 
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3 Resolution methodology 
Analytical solution methods such are based on solving the governing differential equation 
together with the boundary conditions. They result in solution functions for the temperature 
at every point in the medium. Numerical methods, on the other hand, are based on replacing 
the differential equation by a set of n algebraic equations for the unknown temperatures at n 
selected points in the medium, and the simultaneous solution of these equations results in the 
temperature values at those discrete points.  

There are several ways of obtaining the numerical 
formulation of a heat conduction problem, such as the 
finite difference method, the finite element method, the 
boundary element method, and the energy balance (or 
control volume) method. 

In this project is used primarily the energy balance 
approach since it is based on the familiar energy 
balances on control volumes. Besides, it results in the 
same set of algebraic equations as the finite difference 
method.  

 

3.1 Discretization in Control 
Volumes: 

As its name says, control volumes consist to divide the element to finite volumes where the 
conservation of energy, momentum and mass are applied. 

The following picture represents a correct division for cylindrical element. 

 

Figure 14 Discretization of a cylindrical element 

As heat flow is the same for all the ϕ values, heat transfer only occurs in “r” and “z” directions. 
We can change the discretization method in a plane formed by the two coordinates “r” and 
“z”: 

Figure 13 Discretization example 
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Figure 15 Discretization for 1 dimensional problem 

That would be the discretization for 1 dimensional analysis. 

For 2 dimensions, it consists in the same but making divisions in the L direction also: 

 

Figure 16 Discretization for 2 dimensional problem 

 

Here there is only one volume control for each material in the r direction, since for making a 
general energy balance through L is a enough method (see 4.1 conclusions) 

In this case is not taken in account the isolator layer, and convection loses are avaluated 
directly without it, due to temperature of ambient is close to the fluid (see 4.3). 

i=1 i=N1 

i=N1+1 i=N2+N1 

i=N3+N2+N1 i=N2+N1+1 

i=N3+N2+N1+1 i=N 

i=1,1 i=1,N 

i=M,1 

i=N,M 

FLUID 1 

WALL 1 

FLUID 2 

WALL 2 

R 

L 
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3.1.1 Obtaining the equations of discretization for the fluids  
In this section are derived the governing equations of fluid flow in the boundary layers. The 
flow is assumed to be steady and two-dimensional, and the fluid to be Newtonian with 
constant properties (density, viscosity, thermal conductivity, etc.). 

Consider the parallel flow of a fluid over a surface. Are taken the flow direction along the 
surface to be x and the direction normal to the surface to be y, and are chosen differential 
volume elements of length dx, height dy, and unit depth in the z-direction. The fluid flows over 
the surface with a uniform free-stream velocity u.  

Next are applied three fundamental laws to this fluid element: Conservation of mass, 
conservation of momentum, and conservation of energy to obtain the continuity, momentum, 
and energy equations in boundary layers. 

3.1.1.1 Conservation of Mass Equation 
The conservation of mass principle is simply a statement that mass cannot be created or 
destroyed, and all the mass must be accounted for during an analysis. In steady flow, the 
amount of mass within the control volume remains constant, and thus the conservation of 
mass can be expressed as 

 

Figure 17 Conservation of mass 

∂u

∂x
+

∂v

∂y
= 0 

Integrating the equation is obtained: 

 ρv  · dS  = m i+1
I − m i

I = 0 

Then the discretizaton equation is obtained: 

vi+1
I =

m 0
I

ρi+1
I · SI

 

As the section and properties are constant, velocity in each tram of the pipes will be constant.  

3.1.1.2 Conservation of Momentum equations 
The differential forms of the equations of motion in the velocity boundary layer are obtained 
by applying Newton’s second law of motion to a differential control volume element in the 
boundary layer.  
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Newton’s second law is an expression for the conservation of momentum, and can be stated 
as the net force acting on the control volume is equal to the mass times the acceleration of the 
fluid element within the control volume, which is also equal to the net rate of momentum 
outflow from the control volume.  

The forces acting on the control volume consists surface forces that act on the control surface 
such as the pressure forces due to hydrostatic pressure and shear stresses due to viscous 
effects. The surface forces appear as the control volume is isolated from its surroundings for 
analysis, and the effect of the detached body is replaced by a force at that location. Pressure 
represents the compressive force applied on the fluid element by the surrounding fluid, and is 
always directed to the surface. 

 

Figure 18 Conservation of momentum 

ρu
∂u

∂x
+ ρv

∂u

∂y
= µ

∂2u

∂y2
−

∂P

∂x
 

Boundary layer approximations can be done assuming that: 

 The velocity component in the flow direction is much larger than that in the normal 

direction, and thus u >>v, and 
∂v

∂x
  and 

∂u

∂x
 are negligible. 

 Velocity gradient normal to surface is greater than the parallel of it 
∂u

∂y
  >> 

∂u

∂x
 

 With temperatures 
∂T

∂y
  >> 

∂T

∂x
   

 Gravity effects and other body forces are negligible, applying Newton’s second law of 

motion: 
∂P

∂y
= 0   

 The velocity components in the free stream region of a flat plate are u=u∞ = constant 
and v=0  

Momentum equation in integral form: 

 v(ρv  · dS  )

SC

= Fsup
         +  g  

vc

ρdV 

Discrete equations are obtained: 

Fsup ,x = pi
I · SI − pi+1

I · SI − Ƭw,i
I · Ai

I =  pi
I − pi+1

I  ·
πDi

2

4
−  fi

ρivi
2

2
 

I

· πDiΔxi  
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 v(ρv  · dS  )

SC

≅ m 0
I (vi+1

I − vi
I) 

Replacing: 

pi+1
I = pi

I −  fi

ρivi
2

2
 

I
4Δxi

Di
−

4m 0
I

πDi
2 (vi+1

I − vi
I) 

3.1.1.3 Conservation of Energy equation 
The energy balance for any system undergoing any process is expressed as Ein - Eout = Esystem, 
which states that the change in the energy content of a system during a process is equal to the 
difference between the energy input and the energy output. During a steady-flow process, the 
total energy content of a control volume remains constant (and thus Esystem=0), and the 
amount of energy entering a control volume in all forms must be equal to the amount of 
energy leaving it. Then the rate form of the general energy equation reduces for a steady-flow 
process to Ein - Eout = 0. 

 

Figure 19 Conservation of energy 

The total energy of a flowing fluid stream per unit mass is estream = h + ke + pe where h is the 
enthalpy (which is the sum of internal energy and flow energy), pe is the potential energy, and 
ke is the kinetic energy of the fluid per unit mass. The kinetic and potential energies are usually 
very small relative to enthalpy, and therefore it is common practice to neglect them. 

Assuming density, specific heat, viscosity, and thermal conductivity of the fluid to be constant, 
the energy of the fluid per unit mass can be expressed as estream = h = CpT. 

ρCp  u
∂T

∂x
+ v

∂T

∂y
 = k  

∂2T

∂x2
+

∂2T

∂y2  

The previous equation states that the net energy converted by the fluid out of the control 
volume is equal to the net energy transferred into the control volume by heat conduction. 

For the special case of a stationary fluid, u = v = 0 and the energy equation reduces, as 
expected, to the steady two-dimensional heat conduction equation: 

∂2T

∂x2
+

∂2T

∂y2
= 0 
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Conservation of energy in integral form: 

  h +
v2

2
+ gz  

SC

 ρv  · dS   = Q − Ws
  

Kinetic and potential terms are neglected. There is no heat generation nor work done and the 
heat transfer occurs in a convective form for our case, in the bottom and upper sides of the 
volume control: 

Q = Q conv
I = hi

I Ti
W1 − Ti

I πDiΔxi 

 h 

SC

 ρv  · dS   = m 0
I  hi+1

I − hi
I = m 0

I Cp
I  Ti+1

I − Ti
I  

Replacing: 

Ti+1
I = Ti

I +
hi

IπDiΔxi

m 0
I Cp

I  Ti
W1 − Ti

I   

3.1.2 Obtaining the equations of discretization for the solids 
In this section are derived the governing equations for the heat transfer in solids; conduction. 

The conservation of energy is applied: 

𝜕

𝜕𝑥𝑖
 𝜆

𝜕𝑇

𝜕𝑥𝑖
 + 𝑞 = 𝜌𝑐𝑝

𝜕𝑇

𝜕𝑡
 

Q = Qcond ,−i
W1 = λ−i

W1SW1 Ti−1
W1 − Ti

W1 /δ 

Being: 

SW1 = π Do
2 − Di

2 /4 

δ = (Δxi−1 + Δxi)/2 

Then the general expression is obtained: 

𝑎𝑖𝑇𝑖
𝑊1 = 𝑏𝑖𝑇𝑖+1

𝑊1 + 𝑐𝑖𝑇𝑖−1
𝑊1 + 𝑑𝑖  

Which relates each node with the surrounding temperatures. 

3.2 Mathematical resolution 
Various numerical methods can be applied for solve this kind of problems. In this project are 
used TDMA and Gauss Seidel methods as described below. 

3.2.1 Tridiagonal Matrix algorithm (TDMA) 
In numerical linear algebra, the tridiagonal matrix algorithm, also known as the Thomas 
algorithm (named after Llewellyn Thomas), is a simplified form of Gaussian elimination that 
can be used to solve tridiagonal systems of equations. A tridiagonal system for n unknowns 
may be written as: 

𝑎𝑖𝑥𝑖−1 + 𝑏𝑖𝑥𝑖 + 𝑐𝑖𝑇𝑖+1 = 𝑑𝑖  

http://en.wikipedia.org/wiki/Numerical_linear_algebra
http://en.wikipedia.org/wiki/Llewellyn_Thomas
http://en.wikipedia.org/wiki/Gaussian_elimination
http://en.wikipedia.org/wiki/Tridiagonal_matrix
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Since we will have majorly equations of the same form: 

𝑎𝑖𝑇𝑖
𝑊1 = 𝑏𝑖𝑇𝑖+1

𝑊1 + 𝑐𝑖𝑇𝑖−1
𝑊1 + 𝑑𝑖  

Reordering: 

−𝑎𝑖𝑇𝑖
𝑊1 + 𝑏𝑖𝑇𝑖+1

𝑊1 + 𝑐𝑖𝑇𝑖−1
𝑊1 = 𝑑𝑖  

Sometimes di will be equal zero, depending on the boundary conditions. 

Matlab program can handle the program solving the equation by simple matrix algebra. 

A*X = Y 

X = A-1 *Y 

Where X is the matrix corresponding to the nodes temperatures, Y represent some boundary 
initial conditions (fluid temperature at the entrance, constant ambient temperature) and A the 
matrix of coefficients (ai, bi, ci …) 

This method will be enough for solving the temperatures of each node, having n equations 
(one for each temperature which relates with its surroundings) and n unknown values 
(Temperatures). 

3.2.2 Gauss Seidel method  
In numerical linear algebra, the Gauss–Seidel method, also known as the Liebmann method or 
the method of successive displacement, is an iterative method used to solve a linear system of 
equations. It is named after the German mathematicians Carl Friedrich Gauss and Philipp 
Ludwig von Seidel, and is similar to the Jacobi method. Though it can be applied to any matrix 
with non-zero elements on the diagonals, convergence is only guaranteed if the matrix is 
either diagonally dominant, or symmetric and positive definite. 

This method will be used in the cases where the solution (Temperature) depends of some 
parameter (for example heat transfer coefficient h) that in turn depends of the solution 
(Temperature). So, the method of resolution consist in giving to the system an initial solution 
value (initial temperature iteration 1) with which it will calculate an initial coefficient (h) and 
with it calculate the temperature resultant (iteration i+1).  Also is used for transient condition 
cases. 

This is repeated until the convergence which is reached when the difference of solutions 
between two consecutives iterations differs less than a predefined value (for example Ti-Ti-

1<0.001) 

Matlab will solve the given set of equations easily inside a loop as many times as necessary 
until the convergence. The set of equations will be as in TDMA form for the analysis in this 
project (algebraic matrix problems). 

http://en.wikipedia.org/wiki/Numerical_linear_algebra
http://en.wikipedia.org/wiki/Iterative_method
http://en.wikipedia.org/wiki/Linear_system_of_equations
http://en.wikipedia.org/wiki/Linear_system_of_equations
http://en.wikipedia.org/wiki/Linear_system_of_equations
http://en.wikipedia.org/wiki/Germany
http://en.wikipedia.org/wiki/Mathematician
http://en.wikipedia.org/wiki/Carl_Friedrich_Gauss
http://en.wikipedia.org/wiki/Philipp_Ludwig_von_Seidel
http://en.wikipedia.org/wiki/Philipp_Ludwig_von_Seidel
http://en.wikipedia.org/wiki/Philipp_Ludwig_von_Seidel
http://en.wikipedia.org/wiki/Jacobi_method
http://en.wikipedia.org/wiki/Diagonally_dominant_matrix
http://en.wikipedia.org/wiki/Symmetric_matrix
http://en.wikipedia.org/wiki/Positive-definite_matrix
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4  Case studies 

4.1 Case 1: Steady state unidirectional 
In this case is studied the heat transfer phenomena that occurs in the “r” direction only. There 
can be obtained conclusions of the heat transfer between the different layers of the different 
materials. The layers of the fluids are supposed not to move in the z direction, so the problem 
is reduced to a heat transfer issue only. 

4.1.1 Hypothesis: 
 There is no heat generation in any of the control volumes 

 There is no heat accumulation; this with the previous condition verifies the steady 
state condition. 

 There is no movement in the fluid layers, nor in the x or y direction. 

 The temperature of each cell is uniform in it. 

 The contact between two different materials is assumed as perfect thermal contact. 

4.1.2 Discretization of equations in the Control Volumes: 

4.1.2.1 Wall 1; side of fluid 1 
 

 

 

 

 

QWest − Qeast = 0 

h1 · Sw (Tf1 − Ti) =
λ1 · Se

Δy1
(Ti − Te) 

Developing the expression is obtained: 

T i · ap = aw · Tf1 + ae · Te  

Where: 

aw = h1 + Sw  

ae = λ1 · Se/Δy1 

ap = h1 + Sw + λ1 · Se/Δy1 

 

 

4.1.2.2 Wall 1 
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QWest − Qeast = 0 

λ1 · Sw

Δy1
(Tw − Ti) =

λ1 · Se

Δy1
(Ti − Te) 

Developing the expression is obtained: 

T i · ap = aw · Tw + ae · Te  

Where: 

aw = λ1 · Sw /Δy1 

ae = λ1 · Se/Δy1 

ap = λ1 · Sw /Δy1 + λ1 · Se/Δy1 

4.1.2.3 Wall 1; side of fluid 2 
 

 

 

 

 

QWest − Qeast = 0 

λ1 · Sw

Δy1
(Tw − Ti) = h2 · Se(Ti − Te) 

Developing the expression is obtained: 

T i · ap = aw · Tw + ae · Te  

Where: 

aw = λ1 · Sw /Δy1 

ae = h2 + Se  

ap = λ1 · Sw /Δy1 + h2 + Se  

4.1.2.4 Fluid 2; side of wall 1 
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QWest − Qeast = 0 

h2 · Sw (Tw − Ti) =
λ2 · Se

Δy2
(Ti − Te) 

Developing the expression is obtained: 

T i · ap = aw · Tw + ae · Te  

Where: 

aw = h2 + Sw  

ae = λ2 · Se/Δy2 

ap = h2 + Sw + λ2 · Se/Δy2 

4.1.2.5 Fuid 2; internal nodes 
 

 

 

 

 

QWest − Qeast = 0 

λ2 · Sw

Δy2
(Tw − Ti) =

λ2 · Se

Δy2
(Ti − Te) 

Developing the expression is obtained: 

T i · ap = aw · Tw + ae · Te  

Where: 

aw = λ2 · Sw /Δy2 

ae = λ2 · Se/Δy2 

ap = λ2 · Sw /Δy2 + λ2 · Se/Δy2 

4.1.2.6 Fluid 2; side of wall 2 
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QWest − Qeast = 0 

λ2 · Sw

Δy2
(Tw − Ti) = h2 · Se(Ti − Te) 

Developing the expression is obtained: 

T i · ap = aw · Tw + ae · Te  

Where: 

aw = λ2 · Sw /Δy2 

ae = h2 + Se  

ap = λ2 · Sw /Δy2 + h2 + Se  

4.1.2.7 Wall 2; side of fluid 2 
 

 

 

 

 

QWest − Qeast = 0 

h2 · Sw (Tw − Ti) =
λ3 · Se

Δy3
(Ti − Te) 

Developing the expression is obtained: 

T i · ap = aw · Tf1 + ae · Te  

 

Where: 

aw = h2 + Sw  

ae = λ3 · Se/Δy3 

ap = h2 + Sw + λ3 · Se/Δy3 

4.1.2.8 Wall 2 
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QWest − Qeast = 0 

λ3 · Sw

Δy3
(Tw − Ti) =

λ3 · Se

Δy3
(Ti − Te) 

Developing the expression is obtained: 

T i · ap = aw · Tw + ae · Te  

Where: 

aw = λ3 · Sw /Δy3 

ae = λ3 · Se/Δy3 

ap = λ3 · Sw /Δy3 + λ3 · Se/Δy3 

4.1.2.9 Wall 2; contact with isolator side 
 

 

QWest − Qeast = 0 

λ3 · Sw

Δy3
(Tw − Ti) =

λ4 · Se

Δy4
(Ti − Te) 

Developing the expression is obtained: 

T i · ap = aw · Tw + ae · Te  

 

 

Where: 

aw = λ3 · Sw /Δy3 

ae = λ4 · Se/Δy4 

ap = λ3 · Sw /Δy3 + λ4 · Se/Δy4 

4.1.2.10 Isolator internal nodes 
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Developing the expression is obtained: 

T i · ap = aw · Tw + ae · Te  

Where: 

aw = λ4 · Sw /Δy4 

ae = λ4 · Se/Δy4 

ap = λ4 · Sw /Δy4 + λ4 · Se/Δy4 

4.1.2.11 Isolator; contact with environment side 
 

 

 

 

 

QWest − Qeast = 0 

λ4 · Sw

Δy4
(Tw − Ti) = h3 · Se(Ti − Te) 

 

Developing the expression is obtained: 

T i · ap = aw · Tw + ae · Te  

Where: 

aw = λ4 · Sw /Δy4 

ae = h3 + Se  

ap = λ4 · Sw /Δy4 + h3 + Se  
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4.1.3 Algorithm and method of resolution 
The resolution is done as shows the algorithm: 

 

Figure 20 Algorithm for 1 dimensional 

The resolution of the equations system is done by TDMA, since the problem has N equations 
and N unknown values. 

4.1.4 Results and conclusions 
A temperature distribution is studied with the variation of the radius. It can be observed how, 
for the metallic materials, the temperature almost has no variation while r is increased. This is 
due to the high conductivity of the material, making this to adopt a median temperature from 
its surroundings.  

For water and isolator, due to having a lower conductivity coefficient, a more noticeable 
variation of temperature is seen through the radius variation. 

 

 

INPUT DATA: 

Tfluid1=100°C 

T environment=-20°C 

D1=0.20 m 

D2=0.30 m 

D3=0.40 m 

D4=0.50 m 

D5=0.55 m 

λ1=50 W/K·m 

λ2=0.58 W/K·m 

λ3=50 W/K·m 

λ4=0.034 W/K·m 

h1=100 W/K·m
2
 

h2=100 W/K·m
2
 

h3=10 W/K·m
2
 

nº nodes=40 
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Graph 1 Temperature distribution along the radius 

A temperature variation in the boundary wall-fluid is also analyzed. Is seen how temperature 
varies linearly between the points, making this method not enough for studying the micro 
scale temperature variation in those trams. Even so, for a generic temperature distribution 
analysis the method is assumed as enough due to the other nodes temperatures would stay 
equal. 

INPUT DATA: 

Tfluid1=100°C 

T environment=-20°C 

D1=0.20 m 

D2=0.30 m 

D3=0.40 m 

D4=0.50 m 

D5=0.55 m 

λ1=50 W/K·m 

λ2=0.58 W/K·m 

λ3=50 W/K·m 

λ4=0.034 W/K·m 

h1=100 W/K·m
2
 

h2=100 W/K·m
2
 

h3=10 W/K·m
2
 

nº nodes=40 
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Graph 2 Temperature variation in the wall-fluid boundary 

A reduction of nodes is also applied where is seen no variation of the temperature in each part 
of the body. High number of nodes can be used for a high definition and more accuracy in a 
singular part of the body, but for a general study this variation is not significant. 

INPUT DATA: 

Tfluid1=100°C 

T environment=-20°C 

D1=0.20 m 

D2=0.30 m 

D3=0.40 m 

D4=0.50 m 

D5=0.55 m 

λ1=50 W/K·m 

λ2=0.58 W/K·m 

λ3=50 W/K·m 

λ4=0.034 W/K·m 

h1=100 W/K·m
2
 

h2=100 W/K·m
2
 

h3=10 W/K·m
2
 

nº nodes=16 
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Graph 3 Temperature distribution with reduction of nodes 

4.2 Case 2: Steady state bidirectional, system isolated 
Since the temperature of the fluid varies in the z direction (hot fluid is cooled and cold fluid is 
heated), a two dimensional analysis must be done for getting a more realistic model of the 
case. This will give more conclusions about the effect of the length and will be the basis for the 
next step where is implemented a model which takes care of the fluid properties variations. 
Both fluids have the same flow rate, this way its seen easily the behavior of them.. 

First of all is evaluated the Nusselt, Reynolds and the heat transfer coefficient. Pressure drop is 
evaluated also before modeling the case, and several conclusions are obtained for the initial 
hypothesis. 

In this case number of nodes is decreased in the R direction, having only one for each material. 
This loses accuracy as is supposed this way that the wall has the same temperature along the R 
direction, but, being the thickness so small and the material so conductor, the temperature 
almost doesn’t vary, so the approximation is valid. 

4.2.1 Reynolds and Nusselt, defining heat transfer coefficients 
A variation of dimensions of the system is also done for the study of the Nusselt, Reynolds and 
heat transfer coefficient variation is done. 

Starting from geometries that will cause a Reynolds superior to 12000 (value from it is valid the 
correlation used for Nusselt calculation; number enough high for assume that the fluid is 
turbulent and has a good convective transfer coefficient) and increasing its value, a variation of 
convective coefficient is seen. Nusselt and Reynolds equations from the paragraph 2.3.1are 
applied for this. 

The study is done firstly for the Fluid 1, making variations of its diameter which defines velocity 
and consequently its Reynolds and Nusselt numbers, which are being increased as the 
diameter decreases. The contact surface S is reduced but the global coefficient h·S is increased.  
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Graph 4 Evolution of Heat transfer coefficient with diameter for fluid 1 

The same is done for the Fluid 2. In this case a inner diameter of 20 mm, which corresponds to 
a diameter D1 of 18mm (enough for not having much pressure drop in fluid 1) This D2 
diameter is D1+1mm of approximate thickness.  Having this value fixed, a study based on a 
exterior diameter D3 is done, which also defines the fluid 2 velocity, Reynolds and Nusselt 
numbers. As in the Fluid 1 is seen how the global heat transfer coefficient is increased as the 
external diameter is reduced. 

 

Graph 5 Evolution of Heat transfer coefficient with diameter for fluid 2 

Is seen how as diameters decrease, the heat transfer coefficients increase, in both cases. So it 
will be interesting getting the smaller diameters of tube as possible. 
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4.2.2 Pressure drop 
As described in the paragraph 1.5.2 the pressure drop must be taken in account for the 
dimensioning of the heat exchanger. It will be the first issue to solve to get starting data for the 
dimensions.  

Firstly is calculated the pressure drop for an arbitrary diameter and flow rate. Is seen a 
pressure drop of around 115Pa. Due to it is considered constant water properties (density, 
viscosity) the pressure drop is linear. This would mean that if in the output the atmospheric 
pressure is acting, is needed Patm+ΔP in the entrance. As the difference of pressure is very 
low, is assumed that water not change its density with it (for this value of pressure). Viscosity 
with fluids normally increments exponentially with the pressure, but being water the 
exception, for below 30°C temperatures it has no effect, so changes of viscosity with pressure 
are negligible too.   

 

Graph 6 Pressure drop along the pipe for a diameter of 18mm 

Is also seen how pressure varies linearly through the pipe. 

 

Graph 7 Pressure drop through the pipe for fluid 2 D2=20 D3=25mm 
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Previous values where worth to see as pressure drop varies linearly in our case along L, now 
are taken estimative values that will be useful for getting some starting data for our geometry. 

Taking a constant flow rate of 12,4 liters per second and making variations in the diameter, is 
obtained different pressure drop in the pipe. For it is applied the equations of momentum 
continuity explained and valued according the friction coefficient. 

Is seen how the pressure drop increases exponentially as the diameter decreases (note that 
the graph is logarithmical)  

 

Graph 8 Pressure drop for diverse diameters for 12,4 l/s 

In this case, a pressure drop of 3 m corresponds to a diameter of 28mm.  

For the annulus section (fluid 2) the correspondent equations of friction factor are applied. 
Also pressure drops exponentially as the diameter and cross section of fluid decrease, making 
this way increase fluid velocity and friction factor. 

Can be found a normalized dimension for piping from 28mm of diameter and 1,5mm of 
thickness (UNE-EN 1.057) made of cooper. For the annulus analysis, an inner diameter of 
31mm is taken. 
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Figure 21 Pressure drop for diverse diameters for 4,46 l/s 

In the annulus section is fixed a pressure drop of 3 m water column as well. This time it 
corresponds to a 42mm of diameter. 

According to UNE-EN 1.057 there can be found pipes from a diameter of 42mm and 1,5 of 
thickness. 

 SUMMARY:

Dint1=28 mm 

Dext1=31 mm 

Dint2=42 mm 

Dext2=45 mm

Hypothesis: 

 There is no heat generation in any of the control volumes 

 There is no heat accumulation; this with the previous condition verifies the steady 
state condition. 

 There is no movement in the fluid layers in the y direction; only in the x direction. 

 The potential and kinetic energies are negligible. 

 The fluids don’t change its phase within the length of the tubes. 

 The temperature of each cell is uniform in it. 

 Temperature of fluids is constant in each cross section. 

 There is no taken in account the variation of pressure within the tube. 

 The specific heat of the fluids Cp is constant 

 Viscosity of the fluids µ is constant 
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 Coefficients of conduction heat transfer λ doesn’t depend of the temperature 

 No heat loss; isolated system from the surroundings 

 No contact between the two walls; isolated system. 

4.2.3 Discretization of equations in the Control Volumes: 

4.2.3.1 Fluid 1 – All nodes 

 

QNorth = Q1−2 

h1 · Sn Tf1 − Tn = cp · m1 ·  Tw − Ti  

Developing the expression is obtained: 

T i · ap = aw · Tw + an · Tn  

Where: 

Tf1 =
Tw

2
+

Ti

2
 

an = h1 · Sn  

aw = cp · m1 − (h1 · Sn/2) 

ap = cp · m1 + (h1 · Sn/2) 

4.2.3.2 Wall 1 - Left side node 

 

QSouth = Qeast + QNorth  

h1 · Ss Tf1 − Ti =
λ1 · Se

Δz
 Ti − Te + h2 · Sn Ti − Tf2  

Developing the expression is obtained: 

T i · ap = as · Ts + an · Tn + ae · Te  
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Where: 

an = h2 · Sn  

as = h1 · Ss  

ae =
λ1 · Se

Δz
 

ap = h2 · Sn + h1 · Ss +
λ1 · Se

Δz
 

4.2.3.3 Wall 1 - Center nodes 

 

QWest + QSouth = Qeast + QNorth  

λ1 · Se

Δz
 Tw − Ti + h1 · Ss Tf1 − Ti =

λ1 · Se

Δz
 Ti − Te + h2 · Sn Ti − Tf2  

Developing the expression is obtained: 

T i · ap = aw · Tw + an · Tn + ae · Te + as · Ts  

Where: 

aw =
λ1 · Sw

Δz
 

an = h2 · Sn  

as = h1 · Ss  

ae =
λ1 · Se

Δz
 

ap = h2 · Sn + h1 · Ss + 2
λ1 · Se

Δz
 

SW 

SE 

SS 

SN 

Tw

W

wS 

Ti

W

wS 

TN

W

wS 

TS

W

wS 

TE

W

wS 



Heat recovery study from the sewage of sportive complexes                       Jaume Badia Constantí 

45 
 

4.2.3.4 Wall 1 - Right side node 

 

QWest + QSouth = QNorth  

λ1 · Se

Δz
 Tw − Ti + h1 · Ss Tf1 − Ti = h2 · Sn Ti − Tf2  

Developing the expression is obtained: 

T i · ap = aw · Tw + an · Tn + as · Ts  

Where: 

aw =
λ1 · Sw

Δz
 

an = h2 · Sn  

as = h1 · Ss  

ap = h2 · Sn + h1 · Ss +
λ1 · Sw

Δz
 

4.2.3.5 Fluid 2 – All nodes 

 

QSouth − QNorth = Q1−2 

h2 · Ss Ts − Tf2 − h2 · Sn Tf2 − Tn = cp · m2 ·  Tw − Ti  

Developing the expression is obtained: 

T i · ap = aw · Tw + an · Tn  
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Where: 

Tf2 =
Tw

2
+

Ti

2
 

aw = 2 · cp · m2 − (h2 · Ss) − (h2 · Sn) 

as = 2 · h2 · Ss  

an = 2 · h2 · Sn  

ap = 2 · cp · m2 +  h2 · Ss + (h2 · Sn) 

4.2.3.6 Wall 2 - Left side node 
 

 

QSouth = Qeast  

h2 · Ss Tf2 − Ti =
λ2 · Se

Δz
 Ti − Te  

Developing the expression is obtained: 

T i · ap = as · Ts + ae · Te  

Where: 

as = h2 · Ss  

ae =
λ1 · Se

Δz
 

ap = h2 · Sn +
λ2 · Se

Δz
 

4.2.3.7 Wall 2 - Center nodes 
 

 

QWest + QSouth = Qeast  
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λ2 · Sw

Δz
 Tw − Ti + h2 · Ss Tf2 − Ti =

λ2 · Se

Δz
 Ti − Te  

Developing the expression is obtained: 

T i · ap = aw · Tw + as · Ts + ae · Te  

Where: 

aw =
λ2 · Sw

Δz
 

as = h2 · Ss  

ae =
λ2 · Se

Δz
 

ap = h2 · Sn + 2 ·
λ2 · Se

Δz
 

4.2.3.8 Wall 2 - Right side node 
 

 

QWest = QSouth  

λ2 · Sw

Δz
 Tw − Ti = h2 · Ss Tf2 − Ti  

Developing the expression is obtained: 

T i · ap = aw · Tw + as · Ts  

Where: 

aw =
λ2 · Sw

Δz
 

as = h2 · Ss  

ap = h2 · Ss +
λ2 · Se

Δz
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4.2.4 Algorithm and method of resolution 
The algorithm is as shown at the figure: 

 

Figure 22 Algorithm for 2 dimensional 

The resolution of the equations system is done by TDMA, since the problem has N equations 
and N unknown values. After that, as the solution matrix has dimensions of [m*n, m*n] it is 
changed to a matrix of dimensions [m, n], this way the data can be read easily. 

4.2.5 Results 
Is seen how, from a differing initial temperatures, is obtained a point of convergence of them, 
making the cold fluid heated in the same quantity as the hot fluid is cooled, due to the heat 
loss in the system is zero, giving a performance rate of the 100%. This, of course, is only a 
solution of an ideal hypothetic case; a more realistic one is modeled in the next steps. 

Is seen how in the entrance region, the Wall2 temperature is higher than the fluid which is in 
contact with, making the heat go in the wall-fluid direction in this case, happening due to the 
high thermal conductivity of the material. 

 

 

 

 

 



Heat recovery study from the sewage of sportive complexes                       Jaume Badia Constantí 

49 
 

INPUT DATA 

Tfluid1=35°C 

Tfluid2=5°C 

D1=0.28 m 

D2=0.31m 

D3=0.42 m 

D4=0.45 m 

λ1=380 W/K·m 

λ2=380 W/K·m 

nº nodes=200 

m1=12.4 kg/s 

m2=4,46 kg/s 

 

 

Graph 9 Temperature-length for each element; isolated system 

Note as the average temperature is closer to the hot one due the flow rate of it is superior to 
the cold fluid. 

4.3 Case 3: Steady state bidirectional, non isolated system 
In this case is taken in account the heat loses of convection through the external tube. 

4.3.1 Hypothesis: 
 There is no heat generation in any of the control volumes 

 There is no heat accumulation; this with the previous condition verifies the steady 
state condition. 

 There is no movement in the fluid layers in the y direction; only in the x direction. 

 The potential and kinetic energies are negligible. 

 The fluids don’t change its phase within the length of the tubes. 

 The temperature of each cell is uniform in it. 

 Temperature of fluids is constant in each cross section. 

 There is no taken in account the variation of pressure within the tube. 

 The specific heat of the fluids Cp is constant 

 Viscosity of the fluids µ is constant 

 Coefficients of conduction heat transfer λ doesn’t depend of the temperature 
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 No contact between the two walls; isolated system. 

 Heat loss is only taken in consideration in the external surface of the external tube, not 
in the extremes of them (very small area – negligible) 

4.3.2 Convective heat transfer: 
For the value of natural convection a study in function of ΔT is done, also making variations in 
the external diameter D4 of the heat exchanger. ΔT is the difference of temperature between 
the exterior surface (wall2) of the heat exchanger and the environment temperature. The 
range of temperature incremental is taken from 1 to 15 degrees, assuming that the 
environment temperature can vary from 0 to 15 degrees, and the average temperature of the 
heat exchanger would be around 15. Is seen how as the temperature difference increases and 
the diameter gets smaller, the convective coefficient and heat loses increase.  

 

Graph 10 Evolution of convective coefficient with diameter and Temperature 

For convective heat transfer in the fluids 1 and 2 Idem done for the previous case (isolated 
system). 

4.3.3 Discretization of equations in the Control Volumes: 
The discretization of equations is done idem than in the previous case, with the exception of 
the wall 2 nodes, where is introduced the terms corresponding to the heat loss from 
convection: 

4.3.3.1 Wall 2  
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λ2 · Sw

Δz
 Tw − Ti + h2 · Ss Tf2 − Ti =

λ2 · Se

Δz
 Ti − Te + h3 · Sn Ti − Tn  

Developing the expression is obtained: 

T i · ap = aw · Tw + as · Ts + ae · Te + an · Tn  

Where: 

aw =
λ2 · Sw

Δz
 

as = h2 · Ss  

ae =
λ2 · Se

Δz
 

an = h3 · Sn  

ap = h2 · Sn + 2 ·
λ2 · Se

Δz
+ h3 · Sn  

4.3.4 Algorithm and method of resolution 
The algorithm is as shown at the figure: 

 

 
Figure 23 Algorithm for 2 dimensional non isolated 
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In this case is used a Gauss Seidel iterative method supported in a TDMA. Gauss Seidel is 
necessary due to h3 depends on the difference of Temperature between wall and 
environment, and this in turn, depends on h3. So a initial Temperature is supposed (instead of 
suppose it is calculated TDMA of the case without convective losses) and a first h3 is obtained 
and thus the nodal temperature. For each iteration is compared actual temperature with the 
before one, if the difference is less than a predefined value (criteria of convergence) the 
system is solved, if not, the system enters to the loop again. 

For each loop the resolution of the system is via TDMA as explained before. 

4.3.5 Results 
Is seen how the heat exchanger behaves similar to the previous case but here, temperatures 
never reach the same value, due to the heat dissipation to the environment. Also is seen a 
tendence of temperatures to decrease, due to the environment which has a lower 
temperature and makes cool the fluid along the length. One optimal Length would be that 
where the cold fluid starts to cool down.  

 

INPUT DATA: 

Tfluid1=35°C 

Tfluid2=5°C 

D1=0.28 m 

D2=0.31m 

D3=0.42 m 

D4=0.45 m 

λ1=380 W/K·m 

λ2=380 W/K·m 

nº nodes=200 

m1=12.4 kg/s 

m2=4,46 kg/s 

Tenv=15°C 

 

Graph 11 Temperature-length for each element; non isolated system 
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In this case is observed a difference of 6,64°K for the hot fluid (decrease) and a difference of 
18,3°K for the hot one (increase). The following energy balance is obtained: 

Q = Cp · m · ΔT 

The heat input heat from the hot fluid will be: 

Q = 4,18 · 2,4 · 6,6 = 344,6kJ 

The heat output useful obtained in the cold fluid: 

Q = 4,18 · 0,9 · 18,3 = 341kJ 

This corresponds to a performance of: 

ƞ =
Used heat

Useful heat
= 99.08% 

Is seen how the performance is still very high due to there is not taken in account the variation 
of fluid properties through the length of the heat exchanger. 

In the second graph a zoom in has been done. It can be observed how, for this range of 
temperatures, flow rate and materials, the optimal length L would be around 0.7m. 

 

Graph 12 Temperature-length for each element; isolated system 

A change of materials case is done, to see how it affects to the performance of the equipment. 
The material is replaced from cooper 380 W/m·K to steel 50W/m·K. The temperature 
distribution of the fluids is quite the same. 
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Graph 13 Temperature-length for each element; non isolated system 

In this case a performance of 99,08% is obtained as well. Difference is so little that cannot be 
appreciated. So it can be concluded that in this case the thermal conductivity of the materials 
here doesn’t play an important role.  

4.4 Case 4. Non isolated with heat exchange between tubes 
This case is very similar to the previous one, but it pretends also to simulate the contact 
between the two pipes of the heat exchanger. 

This should be a more realistic simulation because the heat exchangers of double pipe are 
normally done from one unique material. This means that all the heat exchanger body acts like 
a compact one, transferring the heat through all around it. 

 

Figure 24 Construction detail 

 

Hypothesis: 

Heat transfer 

through the contact 
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 Heat transfer in the contact nodes only occurs in conduction form; No heat through 
conduction, due to is neglected: Lateral Area<<<Longitudinal Area 

 There is no heat generation in any of the control volumes 

 There is no heat accumulation; this with the previous condition verifies the steady 
state condition. 

 There is no movement in the fluid layers in the y direction; only in the x direction. 

 The potential and kinetic energies are negligible. 

 The fluids don’t change its phase within the length of the tubes. 

 The temperature of each cell is uniform in it. 

 Temperature of fluids is constant in each cross section. 

 There is no taken in account the variation of pressure within the tube. 

 The specific heat of the fluids Cp is constant 

 Viscosity of the fluids µ is constant 

 Coefficients of conduction heat transfer λ doesn’t depend of the temperature 

 Heat loss is only taken in consideration in the external surface of the external tube, not 
in the extremes of them (very small area – negligible) 

4.4.1 Discretization of the equations  

4.4.1.1 Singular control volume: 
The control volume that refers to the node that plays the role of the contact between pipes, is 
assumed to interact only with the surrounding nodes corresponding to the pipes, so there is no 
interaction with the fluid or the environment (hypothesis of no heat transfer in the laterals). 

 

QSouth = QNorth  

λ1 · Ss

Δy
 Ts − Ti =

λ1 · Sn

Δy
 Ti − TN  

The thermal conductivity will be the same as the two pipes. North surface will represent the 
contact with the inner side of the big external pipe and South surface will represent the 
contact with the outer side of the inner pipe. 

 

As the thickness of the two pipes is the same, the distance “y” between nodes i-N and i-S will 
be also the same. 

Then the heat transfer expression can be reduced: 

Ss Ts − Ti = Sn Ti − TN  
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Ti =
SsTs + SnTN

Ss + Sn
 

Where can be seen how the temperature of the node that simulates the contact is directly a 
linear function of the temperatures of the North and South nodes, and directly proportional to 
the contact areas of them. 

 

4.4.1.2 Wall1 
 

 

 

 

 

 

  
QWest + QSouth = Qv + QNorth  

λ1 · Se

Δz
 Tw − Ti + h1 · Ss Tf1 − Ti =

λ1 · Sv

Δz
 Ti − Tv + h2 · Sn Ti − Tf2  

λ1 · Se

Δz
 Tw − Ti + h1 · Ss Tf1 − Ti =

λ1 · Sv

Δz
 Ti −

Ssv Tsv + Snv Tnv

Ssv + Snv
 + h2 · Sn Ti − Tf2  

Note that TV and SV represent the Temperature and surface contact of the virtual node that 
simulates the contact. 

Sub index SV and NV refers to the south and north relatively to the virtual node. So in this case 
the SV will refer to this particular control volume. SSV = SN and TSV = TI for this case, and TNV 
represents the temperature of the corresponding control volume in the wall 2. 

λ1 · Se

Δz
 Tw − Ti + h1 · Ss Tf1 − Ti =

λ1 · Sv

Δz
 Ti −

SN Ti + Snv Tnv

SN + Snv
 + h2 · Sn Ti − Tf2  

 

4.4.1.3 Wall2 
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QWest + QSouth = Qv + QNorth  

λ1 · Se

Δz
 Tw − Ti + h1 · Ss Tf1 − Ti =

λ1 · Sv

Δz
 Ti − Tv + h3 · Sn Ti − Tn  

λ1 · Se

Δz
 Tw − Ti + h1 · Ss Tf1 − Ti =

λ1 · Sv

Δz
 Ti −

Ssv Tsv + Snv Tnv

Ssv + Snv
 + h3 · Sn Ti − Tn  

The same as in the Wall1 happens here. For this case SNV = SS and TNV = Ti 

λ1 · Se

Δz
 Tw − Ti + h1 · Ss Tf1 − Ti =

λ1 · Sv

Δz
 Ti −

Ssv Tsv + SSTi

Ssv + SS
 + h3 · Sn Ti − Tn  

4.4.2 Results 
Is seen how the heat exchanger behaves similar to the previous case but here, temperatures in 
both extremes of the heat exchanger tend to be the same. This produces the elevation of 
temperature in the cold wall and the decrease in temperature in the hot one, making this way 
the cold fluid to get faster heated, and the hot one faster cooled down.  

INPUT DATA: 

Tfluid1=35°C 

Tfluid2=5°C 

D1=0.28 m 

D2=0.31m 

D3=0.42 m 

D4=0.45 m 

λ1=380 W/K·m 

λ2=380 W/K·m 

nº nodes=200 

m1=12.4 kg/s 

m2=4,46 kg/s 

Tenv=15°C 

 

 

Graph 14 Temperature-length for the contact between walls case 
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Performance here is   ƞ = 98,21% around 1% less than the previous case. This is due to the 
increase of heat flow from the Wall1 to the Wall2, evacuating this way more heat from the 
fluid 1 to the environment.  

 

4.5 Case 5. Non isolated with heat exchange between tubes 
and variation of properties with temperature 

This case pretends to simulate the variation of properties of water with the temperature 
variation.  

Viscosity, coefficients of conduction and Prandtl number for fluids vary. As seen in the tables of 
water in the annex, Cp doesn’t not vary much between 0 to 20 degrees; only a 0,7%, so the 
changes of it with temperature are neglected. 

The following correlations for Prandtl, viscosity and conduction coefficient are done: 

vi= 1  /  557,82468+19,408782·T+0,1360459·T2-3,1160832·10-4·T3 

kf= 0,5650285+0,0026363895·T - 0,00012516934·T1.5 - 1,51549180·10-6·T2 - 0,0009412945·T 0.5 

Pr=1/ 0,074763403 + 0,0029020983·T + 2,8606181·10-5 ·T2 - 8,1395537·10-8·T3 

 

Hypothesis: 

 Heat transfer in the contact nodes only occurs in conduction form; No heat through 
conduction, due to is neglected: Lateral Area<<<Longitudinal Area 

 There is no heat generation in any of the control volumes 

 There is no heat accumulation; this with the previous condition verifies the steady 
state condition. 

 There is no movement in the fluid layers in the y direction; only in the x direction. 

 The potential and kinetic energies are negligible. 

 The fluids don’t change its phase within the length of the tubes. 

 The temperature of each cell is uniform in it. 

 Temperature of fluids is constant in each cross section. 

 There is no taken in account the variation of pressure within the tube. 

 The specific heat of the fluids Cp is constant 

 Coefficients of conduction heat transfer λ doesn’t depend of the temperature in the 
walls 

 Heat loss is only taken in consideration in the external surface of the external tube, not 
in the extremes of them (very small area – negligible) 

 Viscosity of water varies with temperature 

 Thermal conductivity coefficient of water varies with temperature 

 Prandtl number varies with temperature 
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4.5.1 Discretization of the equations  
IDEM done as in the previous case 

4.5.2 Results 
INPUT DATA: 

Tfluid1=35°C 

Tfluid2=5°C 

D1=0.28 m 

D2=0.31m 

D3=0.42 m 

D4=0.45 m 

λ1=380 W/K·m 

λ2=380 W/K·m 

nº nodes=200 

m1=12.4 kg/s 

m2=4,46 kg/s 

Tenv=15°C 

 

 

Graph 15 Temperature-length variation of properties with temperature 

Not much difference is observed here in comparison with the previous case, as properties 
vary, but they variation is compensated, due to the average temperature is near to the 
temperature base which were calculated previous parameters. 

Performance observed here is  ƞ = 96,31% around 2% less compared to the previous case, 
due to the decrease of convective coefficients of the fluids. 

A variation of length in the pipes is done, seeing in each case which difference of temperatures 
in the cold fluid is obtained for each length. 
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INPUT DATA: 

Tfluid1=35°C 

Tfluid2=5°C 

D1=0.28 m 

D2=0.31m 

D3=0.42 m 

D4=0.45 m 

λ1=380 W/K·m 

λ2=380 W/K·m 

nº nodes=200 

m1=12.4 kg/s 

m2=4,46 kg/s 

Tenv=15°C 

 

Graph 16 AT for variable lengths for Cooper 

Is seen how ΔT is reduced exponentially from 0.4 m as the length is reduced. Also the 
performance of the system is reduced in the same way. This is due to the system needs some 
enough length for heat up the cold fluid. But after 0.6m the system has reached the “thermal 
equilibrium” and after this the temperature is being reduced due to the heat losses in the 
environment. 

INPUT DATA: 

Tfluid1=35°C 

Tfluid2=5°C 

D1=0.28 m 

D2=0.31m 

D3=0.42 m 

D4=0.45 m 

λ1=50 W/K·m 

λ2=50 W/K·m 

nº nodes=200 

m1=12.4 kg/s 

m2=4,46 kg/s 

Tenv=15°C 
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Graph 17 AT for variable lengths for Cooper 

Is seen how material practically doesn’t affect to the behavior of the system. A little difference 
can be appreciated when length takes a short value, due to higher conduction makes the walls 
temperature to be more uniform. But this effect is reduced as the length increases. 

4.5.3 Final geometry conclusions for maximum flow rate 
As seen, a value not more than 0,6 m of length would be enough for a good performance of 
the equipment. In fact, if it were larger, performance would be reduced as seen. 

So now there is taken a shorter length value of 0,6m and, for the same flow rates is done a 
new performance analysis: 

INPUT DATA: 

Tfluid1=35°C 

Tfluid2=5°C 

D1=0.30 m 

D2=0.32 m 

D3=0.42 m 

D4=0.44 m 

λ1=50 W/K·m 

λ2=50 W/K·m 

nº nodes=200 

m1=12.4 kg/s 

m2=2,46 kg/s 

L=0.6m 
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Graph 18 Temperature distribution for L=0.6 m 

A performance of 97,78% is observed in this case in comparison to 96,31 for the 1 meter 
Length case. 

 

Finally taking those last dimensions, is analyzed the performance with the “steady state” fluid 
flow rate of 2,4 l/s in the center and 0,9 l/s in the annulus. So a decrease of the demand is 
done, to the average flow rate of the installation. 

INPUT DATA: 

Tfluid1=35°C 

Tfluid2=5°C 

D1=0.30 m 

D2=0.32 m 

D3=0.42 m 

D4=0.44 m 

λ1=280 W/K·m 

λ2=280 W/K·m 

nº nodes=200 

m1=12.4 kg/s 

m2=2,46 kg/s 

L=0.6m 
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Graph 19 Temperature distribution for 2,4 and 0,9 l/s 

The heat input heat from the hot fluid is: 

Q = 85,93kJ 

The heat output useful obtained in the cold fluid: 

Q = 80,35 kJ 

This corresponds to a performance of: 

ƞ =
Used heat

Useful heat
= 93,51% 

Is seen how the performance decreases from 97 to 93 %, comparing it to the system with 
maximum flow rate. This happens because of the Reynolds number change when changing 
flow rates, and thus, velocities. Lower velocities for the fluid implies lower Nusselt number and 
lower heat transfer coefficients, theoretically performance should be similar in %, due to both 
coefficients would decrease: Less energy obtained but also less available energy. The practical 
case shows how also is reduced efficiency. 21,3 degrees of temperature increase is obtained in 
this case. 

Next step wants to show the variation of performance for the equipment with the variation of 
flow rates. 
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Tfluid1=35°C 

Tfluid2=5°C 

D1=0.30 m 

D2=0.32 m 

D3=0.42 m 

D4=0.44 m 

λ1=280 W/K·m 

λ2=280 W/K·m 

nº nodes=200 

m1=from 0 to 12.4 kg/s 

m2=from 0 to 4,46 kg/s 

L=0.6m 

 

Graph 20 Temperature variation with flow 

Is seen how the increment of temperature varies with the showers in use and thus, with the 
flow rate. Variation observed is not very big; from 19 to 22 aprox. This represents a variation of 
a 13% respect the maximum AT. So can be concluded that heat exchanger can be assumed to 
obtain around 20,5ºC of medium temperature for the entire flow rates use. 

Performance is seen however how increases with the flow rate.  

So does it Q exchanged, which is a direct product of flow rate for AT and performance. Highest 
values are in highest flow rates, as expected; more amount of water more energy. 

A good working point for the heat exchanger would be that which gives good temperature 
values despite the flow rate. If flow rate is low, such will be Q, but also Q demanded in the 
boiler will be lower because of lower water demand, so those demands from 10 to 20 nº of 
showers are the optimum for this case. 
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Graph 21 Performance variation with flow 

 

Graph 22 Heat obtainment with flow 
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Graph 23 Heat obtainment with flow, logarithmic scale 

4.6 Case 5: Transient state bidirectional, non isolated system 
This case represents, as the previous one, a non isolated heat exchanger with contact between 
the two surfaces which takes care about the transition in time, estimating the energy needed 
to heat up the equipment. 

Hypothesis: 

 There is no heat generation in any of the control volumes 

 There is no heat accumulation; this with the previous condition verifies the steady 
state condition. 

 There is no movement in the fluid layers in the y direction; only in the x direction. 

 The potential and kinetic energies are negligible. 

 The fluids don’t change its phase within the length of the tubes. 

 The temperature of each cell is uniform in it. 

 Temperature of fluids is constant in each cross section. 

 There is no taken in account the variation of pressure within the tube. 

 The specific heat of the fluids Cp is constant 

 Viscosity of the fluids µ is constant 

 Coefficients of conduction heat transfer λ doesn’t depend of the temperature 

 Heat loss is only taken in consideration in the external surface of the external tube, not 
in the extremes of them (very small area – negligible) 
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4.6.1 Discretization of equations in the control volumes: 

4.6.1.1 Wall1 

 

QWest + QSouth = Qeast + QNorth +
ΔE

Δ𝑡
 

λ1 · Sw

Δz
 Tw

i+1 − Ti
i+1 + h1 · Ss Tf1

i+1 − Ti
i+1 

=
λ1 · Se

Δz
 Ti

i+1 − Te
i+1 + h2 · Sn Ti

i+1 − Tf2
i+1 + ρ · Vvc ·

Ti
i+1 − Ti

i

Δt
 

Developing the expression is obtained: 

Ti
i+1 · ap = aw · Tw

i+1 + an · Tn
i+1 + ae · Te

i+1 + as · Ts
i+1 + Ti

i · at  

Where: 

aw =
λ1 · Sw

Δz
 

an = h2 · Sn  

as = h1 · Ss  

ae =
λ1 · Se

Δz
 

at =
ρ · Vvc

Δt
 

ap = h2 · Sn + h1 · Ss + 2
λ1 · Se

Δz
+

ρ · Vvc

Δt
 

4.6.1.2 Wall2 
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QWest + QSouth = Qeast + QNorth +
ΔE

Δ𝑡
 

λ1 · Sw

Δz
 Tw

i+1 − Ti
i+1 + h2 · Ss Tf2

i+1 − Ti
i+1 

=
λ2 · Se

Δz
 Ti

i+1 − Te
i+1 + h3 · Sn Ti

i+1 − Tn
i+1 + ρ · Vvc ·

Ti
i+1 − Ti

i

Δt
 

Developing the expression is obtained: 

Ti
i+1 · ap = aw · Tw

i+1 + an · Tn
i+1 + ae · Te

i+1 + as · Ts
i+1 + Ti

i · at  

Where: 

aw =
λ2 · Sw

Δz
 

as = h2 · Ss  

ae =
λ2 · Se

Δz
 

an = h3 · Sn  

at =
ρ · Vvc

Δt
 

ap = h2 · Sn + 2 ·
λ2 · Se

Δz
+ h3 · Sn +

ρ · Vvc

Δt
 

 

Discretization for fluid control volumes are IDEM as the previous case. 
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4.6.2 Algorithm and method of resolution 
The algorithm is as shown at the figure:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

- Nº of nodes (n) 
- Geometry definition (Diameters, 
length) 
- Materials Properties λ, Cp 
- Fluid 1 and 2 initial temperature 
- Fluid 1 & 2 flow rates and Cp 
- Environment Temperature 
- Convergence parameter 
- Time input parameter 
- Initial temperature map for t=0 (Ti) 

 

INPUT DATA 

Obtention of geometric 

parameters 

Obtention of fluid 

velocities 

Reynolds Prandtl, Nusselt; 

Obtention of h1 and h2 

h3 obtention with Tprevious 

and Tenv difference 

Elaboration of Coefficients 

matrix (with Tprev) 

Resolution with TDMA 

Obtention of new 

temperature map (Ti+1) 

Balance of Energies for t+1 

Balance of Energies for t+1 

Ti+1 – Ti < 

diff? Plot of results 
YES NO 

Ti =Ti+1 
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4.6.3 Results 
INPUT DATA: 

Tfluid1=35°C 

Tfluid2=5°C 

D1=0.28 m 

D2=0.31m 

D3=0.42 m 

D4=0.45 m 

λ1=variable W/K·m 

λ2=variable W/K·m 

nº nodes=200 

m1=12.4 kg/s 

m2=4,46 kg/s 

Tenv=15°C 

 
Graph 24 Cooper heat exchanger energy balance 

The graphs shows the variation of heat exchanges with the variation of time in the heat 
exchanger. 

From 0 to 47 seconds, the heat exchanger made of cooper gets to the steady state condition. 
Can be observed in the balance how at the beginning, the system is getting a lot of heat to be 
heated up itself, so the performance of it is not very good.  Performance increases as the time 
does until it gets the value of the steady state condition.  

Energy balance can be obtained directly from the increment of temperature for both fluids: 
Q=mCp·AT 

For the environment heat loses, in every node has been evaluated the heat loss (function of 
temperature different between environment and body) and summed in every step of time. Is 
seen how that value is really low compared to the others, due to the temperature of the 
environment is very close to the median temperature of the system.  

Q absorved for the body of the heat exchanger is directly obtained: Q=Q1-Q2-Q3 
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Graph 25 Steel heat exchanger energy balance 

Is also seen how the fastest to get the steady state is the aluminum (35 sec) followed by 
cooper (47) and finally for steel (49). 

 

Graph 26 Aluminum heat exchanger energy balance 
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Is seen how changing the parameter of difference (Ti-Tprev) from 0.1 to 0.01, despite 
temperature difference is low, performance of the equipment can change notably. So a value 
at least of 0.01 or lower must be taken. 

Tfluid1=35°C 

Tfluid2=5°C 

D1=0.28 m 

D2=0.31m 

D3=0.42 m 

D4=0.45 m 

λ1=380 W/K·m 

λ2=380 W/K·m 

nº nodes=200 

m1=12.4 kg/s 

m2=4,46 kg/s 

Tenv=15°C 

 

Graph 27 Fluid temperature – time, max flow  

Is seen how the cold fluid gets more temperature as time goes by and the system gets closer to 
the steady state condition. A median temperature of the interval can be obtained making sum 
of all the AT divided for the nº of times. It turns out that median temperature is 19,42 ºC, quite 
close to the temperature for the steady state.  

So can be concluded how the transient effect does not remove much performance to the 
system. It has to be taken in account that a period of 50 seconds is relatively close compared 
to the time of use of the equipment (hours). We are always talking about a recovery of around 
20ºC for the cold water. 

Tfluid1=35°C 

Tfluid2=5°C 

D1=0.28 m 

D2=0.31m 

D3=0.42 m 

D4=0.45 m 

λ1=380 W/K·m 

λ2=380 W/K·m 

nº nodes=200 

m1=2.4 kg/s 

m2=0,9 kg/s 

Tenv=15°C 
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Graph 28 Fluid temperature - time, low flow 

In this case is observed as flow decreases, time to get the steady state increases, and the 
median temperature decreases (17,65ºC vs 19,45ºC in the previous case). 

5 Environmental impact 

5.1 Energy savings estimation 
The amortization study is done in base to the energy that would be saved using the heat 
exchanger. Known data for water and environment temperatures are given (for the city of 
Manresa in Spain) and for each value an increase of temperature in cold water is observed. 
This increase supposes energy savings to the boiler system of the installation that, has a global 
efficiency of the 90%. Knowing ΔT, flow rate, hours each month, and efficiency an average 
amount of energy can be estimated: 

Q = Cp · m · ΔT (kW) 

 
JAN FEB MAR APR 

AVERAGE TEMPERATURES  5.7 7.9 11.0 13.1 

DAYS 27 24 27 26 

Coeficient 0,7 0,8 1 0,8 

WORKING TIME (hours) 302,40 307,20 432,00 332,80 

WATER TEMPERATURE 10,27 10,72 12,39 14,15 

Monthly liters consumption 979776,00 995328,00 1399680,00 1078272,00 

AT (water use of 30 C) 12,10 12,26 10,99 9,24 

AVERAGE ENERGY SAVED (MJ) 49555,11 51007,37 64298,78 41646,32 

NET ENERGY n=90% (MJ) 44599,60 45906,64 57868,90 37481,68 

NET ENERGY SAVED (kWh) 12487,89 12853,86 16203,29 10494,87 
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Table 4 Energy recuperation for first quarter of the year 

   MAY JUN JUL AUG 

AVERAGE TEMPERATURES  17.0 20.0 21.5 22.2 

DAYS 27 26 27,00 27,00 

Coeficient 0,9 0,6 0,60 0,40 

WORKING TIME (hours) 388,80 249,60 259,20 172,80 

WATER TEMPERATURE 16,63 19,39 20,91 22,44 

Monthly liters consumption 1259712,00 808704,00 839808,00 559872,00 

AT (water use of 35 C) 7,88 5,50 4,90 3,83 

AVERAGE ENERGY SAVED (MJ) 41492,90 18592,10 17200,95 8963,21 

NET ENERGY n=90% (MJ) 37343,61 16732,89 15480,85 8066,89 

NET ENERGY SAVED (kWh) 10456,21 4685,21 4334,64 2258,73 

Table 5 Energy recuperation for second quarter of the year 

 
SEP OCT NOV DEC 

AVERAGE TEMPERATURES  18.9 15.7 8.6 5.4 

DAYS 26,00 27,00 26,00 27,00 

Coeficient 0,90 1,00 0,90 0,70 

WORKING TIME (hours) 374,40 432,00 374,40 302,40 

WATER TEMPERATURE 21,53 19,07 14,95 11,70 

Monthly liters consumption 1213056,00 1399680,00 1213056,00 979776,00 

AT (water use of 35 C) 4,31 5,51 8,61 10,90 

AVERAGE ENERGY SAVED (MJ) 21854,17 32237,15 43657,64 44640,55 

NET ENERGY n=90% (MJ) 19668,76 29013,43 39291,88 40176,50 

NET ENERGY SAVED (kWh) 5507,25 8123,76 11001,73 11249,42 

Table 6 Energy recuperation for third quarter of the year 

That balance shows a total amount of 109657 kWh per year that would be saved using the 
heat exchanger. 

 
JAN FEB MAR APR 

AVERAGE TEMPERATURES  5.7 7.9 11.0 13.1 

DAYS 27 24 27 26 

Coeficient 0,7 0,8 1 0,8 

WORKING TIME (hours) 302,40 307,20 432,00 332,80 

WATER TEMPERATURE 10,27 10,72 12,39 14,15 

Monthly liters consumption 979776,00 995328,00 1399680,00 1078272,00 

AT (water 65 C) 54,73 54,28 52,61 50,85 

AVERAGE ENERGY SAVED (MJ) 224144,73 225830,37 307803,35 229189,95 

NET ENERGY n=90% (MJ) 249049,70 250922,63 342003,72 254655,50 

NET ENERGY SAVED (kWh) 69733,92 70258,34 95761,04 71303,54 

Table 7 Energy total needed for first quarter of the year 
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  MAY JUN JUL AUG 

AVERAGE TEMPERATURES  17.0 20.0 21.5 22.2 

DAYS 27 26 27,00 27,00 

Coeficient 0,9 0,6 0,60 0,40 

WORKING TIME (hours) 388,80 249,60 259,20 172,80 

WATER TEMPERATURE 16,63 19,39 20,91 22,44 

Monthly liters consumption 1259712,00 808704,00 839808,00 559872,00 

AT (water 65 C) 48,37 45,61 44,09 42,56 

AVERAGE ENERGY SAVED (MJ) 254696,89 154179,26 154773,42 99601,68 

NET ENERGY n=90% (MJ) 282996,54 171310,28 171970,47 110668,53 

NET ENERGY SAVED (kWh) 79239,03 47966,88 48151,73 30987,19 

Table 8 Energy total needed for second quarter of the year 

 
SEP OCT NOV DEC 

AVERAGE TEMPERATURES  18.9 15.7 8.6 5.4 

DAYS 26,00 27,00 26,00 27,00 

Coeficient 0,90 1,00 0,90 0,70 

WORKING TIME (hours) 374,40 432,00 374,40 302,40 

WATER TEMPERATURE 21,53 19,07 14,95 11,70 

Monthly liters consumption 1213056,00 1399680,00 1213056,00 979776,00 

AT (water use of 65 C) 43,47 45,93 50,05 53,30 

AVERAGE ENERGY SAVED (MJ) 220417,86 268720,92 253782,23 218288,21 

NET ENERGY n=90% (MJ) 244908,73 298578,80 281980,26 242542,46 

NET ENERGY SAVED (kWh) 68574,44 83602,07 78954,47 67911,89 

Table 9 Energy total needed for third quarter of the year 

Is seen a total balance of 812444,5 kWh in the entire year, needed for heat up the water in the 
installation. 

This supposes that the heat exchanger saves up to 13,5% of the heating water costs. (Being a 
pessimist estimation due to are taken values of lowest environmental Temperatures making 
the heat losses maximum) 
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5.2 Other environment impact 
 Materials mainly chosen (cooper) for the equipment is considered sustainable 

material, due to is completely recyclable. Recycled cooper can have same properties as 
first parts, so can be constructed from recycled copper without problems. 

 

Figure 25 Copper heat exchanger 

 There are no toxic parts 

 Materials and components are assumable to least more than 10 years of service 

 Has been contemplated a system with no need of pumps, no additional energy 

 Has been optimized for highest performance and less use of materials. 

 It doesn’t make any noise 

 Is needed a minimum space for its installation inside the building, no visual impacts. 

6 Cost and amortization 

6.1 Heat exchanger cost analysis 
In this paragraph is pretended to estimate the cost for manufacturing such equipment as a 
heat exchanger.  

Matche web gives prices for heat exchangers equipment with a java application: 

Taking a heat exchange area of 0,15m2 and a pressure admissible of 3 bar (50PSI)are obtained 
the following prices: 

 Carbon Steel – 700 US $ 

 Cooper – 400 US $ 

 Aluminum – 500 US $ 

 Stainless steel  – 1000 US $ 

Also is used the Hall correlation: 

Cost = a + b · Anetwork
c  

Where the cost parameters a, b and c depend on specific materials of construction and types 
of exchanger. Here, the parameter, a, represents fixed costs. The following table lists the 
values f a, b and c for a variety of exchangers 
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 Cost stainless steel = 1438,1 · 0,14330,65 = 1438 US $ 
 Cost carbon steel = 1438,1 · 0,14330,65 = 383 US $ 

 

Is seen how there is some difference with prices between Matche data and Hall correlation. An 
increment of 1,4 is observed in the price.  

As cooper was seen a very good alternative for technical performance of the equipment and, 
taking in account its lower price than steel, is chosen the copper as material. 

Is taken the most restrictive value so, is applied the correlation of 1,4 for the value of Matche 
price for the copper. 

Price of copper heat exchanger = 560 US $ = 450 € 

6.2 Installation cost analysis 

6.2.1 Elements costs 
Are taken values from approximate equipment in the ITEC data: 

Valves 

Units 3 

Price (€/unit) 50 

Total 150 

 

Cooper piping 

Units (m) 5 

Price (€/unit) 20 

Total 100 

 

Steel 

Units (m) 10 

Price (€/unit) 15 

Total 150 

 

 

Filter 

Units (m) 1 

Price (€/unit) 70 

Total 70 

 

 

Syphoon 

Units (m) 2 

Price (€/unit) 20 

Total 40 
 

 

 

Table 10 Components costs
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A total average of a 510x1,2= 612 € must be spent in installation hardware. (1,2 
coefficient represents additional hardware no contemplated)  

6.2.2 Operational costs: 
An operative work of at least 8 hours is needed for leave the equipment ready to work. 

Operative work 

Units (h) 10 

Price (€/unit) 40 

Total 400 
Table 11 Operative cost 

A total cost of 1462€ must be spent  

6.3 VAN 
Initial inversion: 1462 

6.3.1 Cash flow: 
Saved 109650kWh per year 

NATURAL GAS 

Calorific value (kcal/m3) 10000 

Energy price (€/kWh) 0,059 
Table 12 Natural gas properties 

Equivalent to 6469,35€ 

6.3.2 VAN and TIR 
Taking in account a net cash flow of 6469,35 and a discount rate of 12% is obtained the 
VAN  

 

Year Value 

0 -1462,0 

1 4314,2 

2 9471,5 

3 14076,3 

4 18187,7 

5 21858,6 

6 25136,1 

7 28062,5 

8 30675,4 

9 33008,3 

10 35091,3 
Table 13 VAN and TIR 

This shows how the installation is very profitable with a relative low inversion cost. 
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7 General conditions 
The study has been following some hypothesis commented before; also it needs of some 
conditions of use to be working in a correct way in order to have a good performance. 

7.1 Conditions of environment: 
o The heat exchanger must be situated inside the building where temperatures 

won’t be very low temperatures.  
o This way convective coefficient of environment won’t be very high. 
o Must be preserved from the rain. 
o Must be preserved from corrosive ambient. 

7.2 Conditions of Installation: 
o To be possible, heat exchanger must be isolated from the contact with other 

pipes, to prevent corrosion as well as heat transfer through contacts and 
though, heat loses 

o In both sides of the heat exchangers there must be quick fasteners to 
disassembly the equipment for its maintenance 

o There must be located manual valves before the heat exchanger for cutting the 
flow rate in case of disassembly. 

o A particle filter must be located also before the heat exchanger to prevent 
intrusion of dust inside it, and for guarantee the correct working. 

o  An alternative exit for the gray water must be located, in case of maintenance 
of the equipment. 

7.3 Conditions of use and maintenance: 
o Is seen how it has a good performance with all the range of flow rates. From 2 to 

30 liters per second the performance is much higher.  
o It must be cleaned periodically, in order to guarantee a good heat transfer 

coefficient through the time. 
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8 Final conclusions 
A modeling of one-dimensional case, two-dimensional isolated and two-dimensional 
non isolated systems are done. For most of them TDMA method has been enough, being 
an easy and quick method for the program to solve the equations. 

Is seen how accuracy is improved as the number of nodes increases. In the two-
dimensional case number of nodes is decreased in the R direction, being the 
approximation valid for a general heat rate exchange and temperature analysis.  

Is seen how convective coefficients as well as pressure drop increases exponentially as 
the diameter gets narrow. A convenient geometry is chosen for each case. 

Heat loses are low, due to the close values between temperatures of fluids and 
environment and low convective coefficients assumed that there is no forced convection 
in the exterior surface of the heat exchanger. Isolator would be optional in the design 
depending on the environment conditions. 

Is concluded how the transient effect does not remove much performance to the 
system, however diameters whose play a very important role. 

Heat exchangers for that use suppose a relatively low inversion with respect to the 
benefits obtained. It also presents an easy solution of terms of construction, installation, 
maintenance and operation. 
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