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Evaporation and condensation are central heat transfer processes in many applications of the
process industry. In most cases, condensation takes place by indirect heat transfer, i.e. the vapour
and the cooling medium are separated from each other by a wall. Horizontal shell and tube heat
exchanger are often used as condensers, in which the vapour flows on the shell side and the cooling
water on the tube side. In special applications, this can be reversed: the vapour is condensed in a
vertical tube bundle, the coolant flows on the shell side. The latter setup is especially beneficial for
corrosive or harmful chemicals due to better cleaning options in vertical tubes. Vacuum
condensation is particularly suitable for temperature-sensitive materials such as naturally occurring
components where the condensation pressure and thus the process temperature are reduced to
limit thermal stress to the product. However, these process conditions can lead to a loss in
condenser performance. With a lower process pressure the leakage of non-condensable gases into
the system increases considerably.

The presence of non-condensable gases influences the condensation performance of the product
vapour in two respects: a) thermodynamic effect: at a given total pressure, the presence of inerts
reduces the partial pressure of the condensable component, thus also reducing its condensation
temperature, and b) mass transfer effect: the accumulation of non-condensed components in the
vicinity of the heat transfer surface reduces access of the condensable species to the condenser
surface and triggers a diffusive flux of the inert components countercurrent to the condensable
species. Overall, the increasing inert gas fraction in the gas phase along the heat transfer surface
leads to a reduction of the heat exchanger performance.

Calculating the condenser performance in advance should help to evaluate the effects of the non-
condensable component on the condensation. Various calculation models are available in the
literature. These should be reviewed and evaluated in a critical literature revision. Subsequently, a
tool shall be developed to incrementally simulate the condensation in a vertical tube with a suitable
calculation model. The results of the calculation can be compared to experiments at the
condensation plant at ICTV (Institut fir Chemische und Thermische Verfahrenstechnik).The
following points need to be worked on in detail:

— Literature search regarding the state of knowledge on condensation in vertical tubes and
corresponding calculation models,

— Comparison of the scope, assumptions and applications of the existing calculation methods,

— Development a tool for the condensation calculation based on suitable mechanistic models
and

— Comparison and discussion of the results.

The work is conducted in cooperation with the Institute for Thermodynamics at the Leibniz
Universitdat Hannover, supervised by Prof. Stephan Kabelac. The original and two copies of the
Master thesis should be submitted and introduced in an oral presentation.
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Nomenclature

A Heat transfer area (mz)

Cp Specific heat (J / kg K)

D Diffusivity (m?/ s), diameter (m)

g Gravity (m / s?)

h Convection coefficient (W/ m? K)

hfg* Modified latent heat of vaporization (kJ/kg)
k Thermal conductivity of the material (W/m C)
L Length (m)

Le Lewis number (-)

Nu Nusselt number (-)

Pr Prandtl number (-)

system pressure (kPa), (bar)
R radius (m), (mm)
Re Reynolds number (-)
temperature (°C), (°K)

Overall heat transfer coefficient (W/ m? K)

Subscripts

w water

v vapor

sat saturation

| liquid

i inlet

o outlet

h hot

c cooled, cooling

Greek symbols
a thermal diffusivity (m?/s)

o density (kg m3)
U dynamic viscosity (kg/m s)
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1. Introduction

Heat exchangers are key appliances in most process industry designs. Therefore, a multitude
of different types and designs are currently available on the market. Their role has become very
important due to the need for more environmentally and climate-friendly production processes;
not only in relation to their thermal and economic performance in the installation but, also in

relation to other factors such as the energy used in the system.

The condensation process is also widely used and very important process for industries.
Finding ways to improve the process, more specifically by making it more economically viable

and environmentally friendly, could have significant positive implications for industry.

Evaporation and condensation are central heat transfer processes used in many industries. This
includes industries where simple devices for cooling and warming products are used to larger,
and more specialized industries, where processes are more complex, and even for the

transformation of raw material to final processed products.

One of the most important devices used in many industries is the horizontal tube heat
exchanger. It works by letting vapor flow on the shell side and by having cooling water on the
tube side; this is the most common. However, it can also be designed with the vapor on the
inner side and cooling fluid on the shell side. The most appropriate process depends on how
specialized the process is and how specialized the final result needs it to be. They can be used

in industries such as refrigeration, the navy, energy generation or even in nuclear plants.

In the most cases, heat exchange occurs through a surface or a pipe that facilitates the process
without any mixture between the fluids. The main task of a condenser is that it is designed to
let fluids flow through and allows for heat transfer from a cooling fluid to another fluid that
has a higher temperature. Then, through a thermodynamic processes, the vapor fluid condenses

into liquid.

The Institute for Chemical and Thermal Process Engineering (ICTV), at Braunschweig
Technical University, is conducting research to understand and improve condensation
processes. The objective of this thesis is to contribute to the work being done at the Institute
and, more specifically, on the influence of non-condensable gases on condensation. It focuses
on the development of a tool that can predict condensation behavior in vertical tubes, in the

presence of non-condensable components. This will be done by:



1) Providing a theoretical review of relevant existing explanations of condensation and
corresponding calculation models, which can predict how non-condensable gases affect

condensation and, based on the results of the review;

2) Developing an algorithm, coded in the Python, and running a simulation to develop the
temperature profile inside the heat exchanger to then compare it to the results obtained at
the ICTV laboratory at the University of Braunschweig — Institute of Technology (TU

Braunschweig).

While also relevant and should be included in future work related to the creation of a prediction
tool, within the scope of this study, focus is placed on the first part of the theoretical review.
However, because a review of heat transfer and exchanger theories should also inform the

overall development of a prediction tool they are included in the theoretical review.

The outcomes of the theoretical review, as well as the algorithm, simulation and comparison
to results from the ICTV laboratory, aim to contribute to the overall development of the

condensation prediction tool in the presence on non-condensable components.



2. Review of Condensation in Vertical Tubes

2.1 CONDENSATION

Condensation can be defined as the transition from a vapor to a liquid state. More technically,
it is a thermodynamic process whereby heat is removed from a system and vapor is then
transformed into liquid. There are two types of condensation; direct and indirect condensation.
Direct condensation is when vapor is brought into contact with a cold liquid. This is also known
as mixed or injection condensation. On the other hand, indirect condensation occurs when there
is a solid surface that separates the fluids circulating in the system. The fluids change their state
in a thermodynamic processes, under specific parameters, without any mixing of the two fluids

in the system.

It is important to specify that in any type of exchanger, by definition, heat is transferred in one
direction only. This means heat is always absorbed by the fluid with the lowest temperature
from the fluid with higher temperature .However, the fluids used may or may not be in contact
with each other. In the case of indirect condensation heat is transferred to the cooler fluid from
the warmer one because both are in thermal contact with the walls, usually metallic, that

separate them [Jacobo Cabanzén labat, Mayo - 2018].

When a pure vapor substance in a saturated state makes contact with a surface that has a lower
temperature than the saturation temperature of that vapor, the substance condenses, forming
liquid drops on the surface where it is located. These drops start to slip on the surface leaving
the surface free to produce more condensed drops.

The transformation from gas to liquid starts when the vapor pressure is higher than the
saturation pressure. For pure components, at a fixed pressure, the transformation occurs at a
specific temperature called saturation temperature or balance temperature. It occurs when the
vapor is in contact with an object that has a surface temperature below the saturation point.
Condensation happens at different heat transfer rates throughout two different condensation
mechanisms. This includes filmwise condensation, atomization, and dropwise condensation
[Huang et al., 2015]. The filmwise condensation coefficient is influenced by the texture of the
surface where condensation occurs and by the position (vertical or horizontal) of the installed

equipment. Filmwise condensation is the most commonly used in industrial equipment while



dropwise condensation is hard to find in industrial heat exchange equipment because the heat

transfer coefficient is much higher than the one used in filmwise condensation.
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Figure 1. Film wise condensation (a) and drop wise condensation (b) [Khan et al., 2019].

As shown in Figure 1, when vapor makes contact with a wall or a surface at a lower temperature

than the saturation temperature, condensation happens.

Filmwise condensation is the most commonly found for condensation equipment. This happens
when the droplets from the condensation start covering the surface of the wall. It requires more
vapor to condensate inside the liquid film that covers the surface than on a clean surface. In
the interface between vapor and liquid, there is vapor heat and the transfer of mass. This
condensation mechanism can be modeled mathematically. Saturation pressure inside the vapor
flow is higher than the saturation pressure of the condensed liquid on the cold surface. The
liquid film on the surface has the strongest thermal resistance compared to the low thermal
resistance inside the condensed liquid. The velocity of the fluid, at which the heat condenses,
goes through the condensed film and determines the condensation coefficient.

To describe the condensation process in more detail, it is also important to evaluate the heat
exchanger design. In general, there are vertical or horizontal condensers. For condensation on
vertical surfaces, a condensed film is formed on the wall where it then drains to the bottom of
the device and then to the outlet section to continue its circulation. The thickness of the film
highly influences the velocity of the condensation because of the heat involved in the transport
of mass from the vapor to the liquid phase. For a vertical surface the condensed film thickness
rises along the condensation path. Therefore, the condensation coefficient for a condensing



vapor in a vertical surface decreases and varies from the upper section to the lower section,

meaning that these condensation coefficients are higher in value.

Furthermore, the vapor phase velocity, the mass fraction and the flow regime have a direct
influence on the heat transfer coefficient making the condensation coefficient higher. When
vertical condensation is analyzed, the exact location where condensation is made (out or inside
the tubes), must be taken into account. If condensation is inside the tubes, it is crucial to assess
the impact of possible flooding at the bottom of the tubes, which results from a reduction in
the heat exchange rate. If the condensation is made in horizontal oriented tubes it is important
to evaluate the effect the condensed drops make from the upper sections of the tube to the lower

section [Huang et al., 2015].

Drop wise condensation (DWC)

In general, dropwise condensation occurs when the condensed vapor has contact with a non-
wetted surface with a previous presence of the condensate fluid [Eduardo Martin del Campo
Lopez, 16/08/18]. When a surface is covered with a substance that prevents it from getting
wet, it is possible to maintain dropwise condensation. Typically more than 90% of the surface
is covered with droplets, ranging from a few microns in diameter to visible agglomerations. In
drop condensation most of the heat transfer is through droplets of less than 100 mm in diameter,
and heat transfers that are an order of magnitude greater than in film condensation. Surface
coatings such as silicones, Teflon and a variety of waxes and fatty acids are used to inhibit
wetting of the plate, and stimulate drip condensation. However, these coatings gradually lose
their effectiveness due to oxidation, to the point when they are completely removed and film

condensation eventually occurs [Udeh Anthony S., et al. 2018].

The phenomenon of coalescence is negligible in the smallest drops, on the contrary it is
favorable in the growth of drops of a greater diameter. This explains why small drops grow
more easily. Through direct contact they offer less resistance to heat transfer in condensation
and so are mainly responsible transferring heat. When a drop grows sufficiently it is removed
from the surface by the action of gravity or due to the shear forces caused by the movement of
the vapor at the periphery of the drop. The instant a drop begins its movement on the surface,
it sweeps through the path it follows, joining with other drops it encounters on its way, forming



new clusters of drops on the free surface. The detachment of the droplets and the resulting
processes of sweeping the surface , and the formation of new drop embryos on the same surface
explain why drip condensation achieves heat transfer coefficients of up to ten times larger than

those obtained in film condensation.

The growth of condensed droplets after film breakdown depends mainly on two factors, the
first is the condensation formed in the spaces between the droplets, which is attracted to
adjacent droplets because of surface tension, and the second growth factor is the direct contact

condensation on the droplet surfaces [Yamali/Merte Jr, 2002].

Filmwise condensation (FWC)

Filmwise condensation is characteristic of clean and uncontaminated surfaces. It occurs when
drops unite to form a film that slides under the effect of gravity in a laminar regime so that the
condensed liquid wets the wall of the plate. The film thickness increases along the condensation
path.

The film starts in the top section of the plate and moves in downward direction. The thickness
of the film increases as the fluid moves along the wall due to the formed condensation in the
liquid — vapor interface. As condensation occurs, there is latent heat being developed in the
film until it reaches the plate’s surface. When the plate is tilted into a vertical position, the
speed of the condensation decreases and the liquid film thickens, which then causes a decrease
in the rate of heat transfer [Udeh Anthony S., et al., 2018].
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Figure 2. Filmwise condensation on a vertical wall [Udeh Anthony S., et al., 2018].

Figure 2 depicts the condensation temperature and velocity profiles. The velocity of the
condensate depends mainly on the thickness of the condensate film, which depends on the

speed at which the steam condenses.

As the film is created, three different film flow regimes can be considered: laminar, wave and
turbulent. For low Reynolds (Re) numbers the flow is laminar and the surface of the film
appears smooth; as the Reynolds number increases, waves form on the surface of the film; As
the Reynolds number continues to increase further, these waves take on a complex wave shape
in three dimensions. The waves cause the liquid to mix slightly, but the flow at the base remains
laminar, until at relatively high velocities the flow becomes turbulent throughout the film due
to the instability caused by shear stress. The Reynolds number of a falling film can be defined
as a function of the velocity and the hydraulic diameter of the film.

Depending on the value of the Reynolds number, different flow regimes are formed. As figure
3 shows, the external surface of the condensed film does not show any wavy forms and is,
therefore, smooth. This happens when Re is below 30. This is called the laminar regime. As

the condensed film moves along, the surface of the liquid is less smooth. There are waves being

11



formed on the surface as the condensed fluid flows and this increases the Reynolds number.
Then, at approximately 1800, the flow turns into a fully turbulent condensate flow. It is wavy-

laminar when the range is between 30 and 1800 and turbulent for values higher than 1800.

V * .‘\'T'ﬂf_:r::tir"u"apnr
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Figure 3. Flow regimes of film condensation in a vertical plate [Faghri/Zhang, 2020].

In 1916, Nusselt for the first time developed a theoretical mathematical model to determine the
average heat transfer coefficient in the condensation of a pure vapor on a vertical plate. His
analysis is presented in the next chapter, since the models are based on his work. The

considerations that Nusselt made in his analysis are as follows:

1. The temperature of the condensation plate, Tw, is kept constant, in addition Tw <Ts, where

Ts is the saturation temperature of the steam.
2. Steam is considered stationary.
3. The condensate flow is considered laminar.

4. The acceleration of the condensate flow is negligible, therefore steam does not generate shear

stresses at the liquid-vapor interface.
5. The fluid properties are kept constant.

6. Heat transfer through the condensate layer is carried out by pure conduction, and a linear

temperature distribution through the condensate layer is assumed[K. Stephan, 1992].
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Effects of non-condensable gas

The presence of a non-condensable gas in a vapor phase fluid (with lower temperature) restricts
condensed molecules from reaching the surface, and therefore decreases the transfer of heat in

the condensation process.

Another parameter that needs to be taken into account for the analysis of a non-condensable
gas present in the condensation process of a fluid, is the mole fraction. For example, when
using air as a non-condensable fluid, and as demonstrated in the figure below how, the mole
fraction of water in the vapor phase is reduced as steam gets condensed. This means the water's
partial pressure is decreasing which also decreases the saturation temperature. Air as a non-
condensable fluid is commonly used in industries and there are many different studies

dedicated to air as a non-condensable fluid.

Air/Water
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Liquid Water

Temperature (°C)

P =1000 kPa

Figure 4. Phase diagram for mole fraction of air and water mixture at constant pressure [John R Thome et al., 2015].

As non-condensable gases do not allow steam to reach the cold surface easily, increases in
thermal resistance. As mentioned before, even a small amount of non-condensable gas

drastically reduces the condensation process.

This occurs due to the condensation effect that results from mixing vapor with a non-
condensable gas which forms a layer of the condensate on the surface. This gas layer acts as

an obstacle between the vapor and the surface and obstructs the vapor from reaching the

13



surface. The ability to produce a proper condensation process is reduced because the vapor

diffuses across the gas before reaching the cold surface [Kaoutar ZINE-DINE et al.].

Vapor + Noncondensable gas

4

Cold - .

surface N\ c

Condensate

Noncondensable gas

*  Vapor

Figure 5. Effect of a non-condensable gas in the condensation process [Cengel, 2015].

The sequence of a condensation process in the presence of a non-condensable gas starts by
having a fluid condensate. For example, using water as steam, and then this steam receives a
set amount of volume and mass fraction of a non-condensable gas before going inside the
condenser. This depends whether the condenser has been set up for direct or indirect
condensation. After both fluids go inside the condenser, the condensation process begins (as
shown in Figure 5), and the condensate film-layer is created, with the help of the non-
condensable gas that impedes the formation of a thicker layer.

To describe the experimental process of condensation in the presence of non-condensable
gases, the flowsheet below depicts the process of condensation experiments.
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Figure 6 Diagram of condensation heat transfer experiments with Non-Condensable Gases [Huang et al., 2015]

The heated liquid converts into steam, then it is premixed with a set mass/volume fraction of
non-condensable gases before it enters in the condenser. The gas mixture then goes into the

condensation region, where it condenses to liquid.

Experimental results indicate that the heat transfer coefficient is highly affected and reduced
by the presence of non-condensable gases. Also, several studies have concluded that heat
transfer formation is related to the steam velocity flow; with a higher steam velocity there is a

better development of the heat transfer process [Huang et al., 2015].

2.2 HEAT TRANSFER & EXCHANGERS

Interaction through heat exchange occurs when two bodies, an emitter (body with the higher
temperature and a receiver, begin exchanging heat between each other. The body with the
highest temperature transfers energy to the other that has a lower temperature. The interaction
stops when both bodies reach the same temperature. Heat transfer from one object to another

can be done by different methods, more specifically, by conduction, or convection.

15



Transfer by conduction

Heat transfer by conduction is when energy is transmitted from the object with the most active
particles (of any substance) to the most passive. The speed of heat conduction depends on the
geometric configuration, the thickness and properties of the material through which the heat

transfer occurs . The relative difference in temperature also determines heat conduction speed.

\ ,ll,.z

Ee——)
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Figure 7. Heat transfer by conduction through a vertical wall [Cengel, 2015].
The heat transfer rate Q is given by Fourier's law of conduction:

' dT (2.1)
Qeong = —kA dx

Where:

2
A: Heat transfer area (m")

w
k : Thermal conductivity of the material (m"C)

daT
e Temperature gradient
X
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Transfer by convection

Convection is defined as the transfer of energy between a solid surface and the boundary liquid
or gas that is in motion. The faster the speed of the fluid, the greater the convection heat
transfer. Forced convection is when the fluid is compelled to flow over the surfaced and,
natural convection is when the movement of the fluid is caused by the forces of thrust induced

by differences in density (caused by a fluid’s temperature change).

Figure 8. Convection coefficients [DONALD Q. KERN, 1999].

The figure above (Figure 8)shows forced convection. The heat transfer in this can be
calculated from the heat change in any of the fluids and in the length of the tube in which the
heat transfer occurs. We see that the speed of heat transfer by convection is proportional to

the temperature difference and can be expressed by Newton's law of cooling as:

' (2.2)
Qconv = hAS(TS —Tw)

Where:

w
h : Convection coefficient( > )
m=°C

A, : Transfer heat area (m?)

17



Heat Exchangers
Heat exchangers are the devices that allow the transfer of heat between two or more
fluids at different temperatures. The applications of heat exchangers are varied and
include the following:
« Condensers-which are coolers that eliminate latent heat.

* Reboilers- which are connected to the base of a fractionating tower to provide reboil
ed heat needed for distillation.

* Vaporizers- are heaters that vaporize some of the liquid.
« Coolers- cool a fluid generally by means of water.

* Heaters- apply heat to a fluid.

Exchangers according to fluid direction
The trajectory of the fluids that intervene in the heat exchange process, can be classified as;

parallel flow, counterflow, crossflow, single flow and multiple flow.

Parallel flow refers to both fluids in the internal and external geometry flowing in the same
direction. The two fluids enter the heat exchanger and, as first contact is through the wall, the
fluid temperatures mingle as they flow along the configuration. In other words, one decreases

in temperature and the other increases, thereby reaching thermal equilibrium for both.

Cold
out

Hot W Hot
in Lt ‘jout

\J

Figure 9. Paralel Flow [Cengel, 2015].

Counterflow occurs when the two fluids run in opposite directions, as seen in Figure 10. This

type of exchanger is the most efficient heat exchanger. The counter flow heat exchanger can

18



develop a higher temperature in the cold fluid than in the hot fluid once the heat transfer effect
is conducted through its length.

Cold T4
in

Hot W Hot
in [ e _out

Y

Figure 10. Counter current flow [Cengel, 2015].

The crossflow heat exchanger is shown in Figure 11; one of the fluids flows perpendicular to
the other, that is, one of the fluids passes through the tubes while the other passes through the
outside of the tubes, forming an angle of 90 °.

Tr
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To—r . -T _
| | To
= 0

The

Figure 11. Crossed Flow [Sadik Kakag et al., 2012].

Single flow and multiple flow happens when the fluids in the exchanger transfer heat more than
once, it is called a multiple pass exchanger. Commonly the multi-pass exchanger alternates the
direction of flow in the tubes using U-shaped bends at the ends of the tubes, this allows the

fluid to circulate back and increase the transfer area of the exchanger.
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Figure 12. Single and multiple Flow [Sadik Kakag et al., 2012].

Vertical Tubes
To describe how the condensation process happens in a vertical tube, some parameters need to

be taken into account. When there is flow in a vertical condenser and channels, gravity has a

major influence on the flow of liquid. In Figure 13, different flow patterns in vertical tubes are

depicted..

Bubbly flow - when bubbles are formed all over the fluid.

Slug or plug flow - when bigger bubbles form plugs, with a shape that looks like a
bullet, as they get bigger.

Churn flow - when larger bubbles, start to separate and create a more unstable flow
in the liquid.

Annular flow - when the higher volume of the tube or the liquid is composed of a
vapor phase making a thin layer on the tube wall. This also happens due to higher
velocity in the vapor phase than in the liquid phase.

Wispy annular flow - when the liquid state has a higher velocity than the gas state
resulting in some breakings leading to an increase of liquid drops. [Zhang et al.,
2018].
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Figure 13. Vertical Flow patterns [Amir Faghri, 2020].

Condensation in a vertical heat exchanger
Most often, in a vertical condenser, condensation occurs when there is flow in the same

direction as gravity. These are called down-flow vertical condensers. This works by getting
steam in the top of the condenser which goes down in the tubes , and through the full of gravity,

the condensate goes out in the lower section of the condenser.
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Figure 14. Vertical condenser with downflow direction [Golder, 2010].

In a vertical heat exchanger condensation depends on many parameters presented in the system.
It depends on temperatures, flow regimes and even on the height of the condenser. If there is a
longer distance (vertically) for the fluid to flow, partial condensation could occur, leaving
some condensate mixed with vapor. This also implies that the fluid could reach the bottom of

the condenser fully condensed and resulting in full condensation.

22



1 1 Super heated
Iy vapor
Mist } I
b
1
Cooling | i
surface || i |
‘ : ‘ Annular
Liquid 1}
|
vapor—I- §
b
b
| i
3 :f Annular
:; :.:' Wawy
W
Liquid E :i
vapor )i
misture L4 2 W 1
(a)

[1 super heated

vapor

Annular

Annular
wavy

Plug and
slug

Sub-cooled

| 4
Mist —ffe |
|
|
Cooling | ! |
surfacé || | i
i
i
Liquid i
Vapor ™
M
0
[
Bubbles :“,li J
WG
i
q
F
i
1

liquid

(b)

Figure 15. Scheme for partial condensation (a) and fully condensation (b) [Kurita, 2011].

Heat Transfer Correlation

To calculate the heat transfer coefficient in a vertical plate it is necessary to know the type of

regime flow, i.e. whether it is laminar or turbulent. This information is provided by the

Reynolds number calculation. To describe how heat transfer is calculated, it is necessary to

expose some of the correlations used to calculate the heat transfer coefficient in a vertical plain

surface [Cengel, 2015].

Reynolds number

The Reynolds (Re) number depends on the configuration of the surface where the fluid flows,

“the ratio of the inertial forces to the viscous forces in the fluid, which is a dimensionless

quantity” [Cengel, 2015], and it is expressed as:
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o= Inertialforces pVL (2.3)
~ Viscsityforces v

D : Cinematic viscosity of the fluid
V : Velocity of flow

L: Length of geometry

The condensation effect on a vertical plane is described and, by applying the considerations
taken into account by the Nusselt analysis, the latent heat for a vertical plate of height L is the
following [Cengel, 2015],

1/4

— heo * kS
g*p*(p = py) *hyg *ka 0<Re<30

u; * (Tsat - Ts) * L

(2.4)

hyere = 0,943

Where:

hfg* = hrg + 0,68 (Tsq: — Ts): modified latent heat of vaporization
g: gravitational acceleration

P P+ densities of liquid and vapor

k;: thermal conductivity of the liquid

;- viscosity of the liquid
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Figure 16. Hydraulic diameter calculation for a vertical wall [Cengel, 2015].

Figure 16 shows how the hydraulic diameter can be calculated for a vertical wall geometry. It

shows p as a wetted perimeter, Ac as a crossed section area and the hydraulic diameter Dy, final
calculation.

Also, there is latent heat of vaporization ( hfg ) liberated when there is some amount of steam

mass unit condensed. Therefore, this usually represents the heat transfer per mass unit of
condensate [Cengel, 2015], and can be calculated as the following

hfg* = hfg + 0:68Cpl(Tsat - Ts) + va(Tv - Tsat) (23]

In the equation 2.5, the specific heat, shown was cpi , is referred to the value found at the liquid
film.

Furthermore, now the heat transfer rate is calculated as the following:

' * (2.6)
Qcond =h*As(Tsq —Ts) =m= hfg
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Where As is the area where heat transfer occurs during the condensation process.

Consequently, the final Reynolds number calculation for a vertical wall is

Re = 4 * Qcona _ 4 Agxhx (Toq —T) (2.7)
p o xheg p oy *heg

In an earlier section of this report (see page 10), there is a short description of what film
condensation is in a vertical geometry. Also, it shows some considerations made by Nusselt in

1916 regarding the heat coefficient calculation in film condensation in a vertical plate.

Shear force ]

du
My (bdx) Buoyancy force
' Weight | | #.2(8 — ) (bdx)

pe(8 — ¥) (bdx)

0 ¥y
/—;.
1y
VL
dx
‘_;H Idealized
u=0 . L velocity
aty=0 M profile
Yy ( —— No vapor drag
A
\ Idealized
i I \| temperature
Pe \ profile
AN
.. II'| = Tt
Liquid, 1 — Linear

Figure 17. Condensation model used for Nusselt in his analysis [Cengel, 2015].

As Figure 17 shows, Nusselt makes an analysis based on ideal profiles for velocity and

temperature. However, he applies the corrected latent heat calculation to improve the prediction
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for the heat transfer coefficient by taking into account the non-lineal liquid film temperature
profile and by the cooling of this last one under saturation temperature. Consequently, and in
terms of Reynolds number, the resulting equation for the heat trans coefficient on a vertical
plate of height L is the following:

1
1 rg\3 (2.8)
hvert = 1,47*kl*Re 3*<ﬁ) ,0< Re< 30
!

This final calculation is limited for condensation where the density of the vapor is much more

smaller than the liquid and for laminar flow.

For the laminar wavy region, Kutateladze (1963) developed experimental results for the
calculation of the heat transfer coefficient for this flow pattern region:

W~

(2.9)

Re * k; g
hvert,wavy = 108%Re"?% _5 2 * <l7_12> ,30 < Re <1800

Finally, for the turbulent pattern region Labuntsov (1957) developed the following correlation
for finding the heat transfer coefficient:

W[~

(2.10)

hvert,turb =

Re * k
L — . (%) ,Re > 1800
8750+ 58Pr " * (Re™"” —253) \VI
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The Pr value can be read in the following graph.

\ Pr=10

nvi/g)' S
k,

1
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0.1

10 30 100 1000 1800 10,000
Re

Figure 18. Non-dimensional transfer coefficients according to pattern flow on vertical plate [Cengel, 2015].

Prandtl number
It is a non-dimensional number and it is defined as:

pr pux*Cp (2.11)

{RI

Where

DV : Flow molecular diffusivity

OC : Heat molecular diffusivity

Where the Prandtl number is the amount of heat that is dissipated through movement from one

fluid to another, fluids with a higher Prandtl number dissipate faster [Cengel, 2015].

Nusselt number
It is defined as:

Nu = (2.12)
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Where:
k : Fluid’s thermal conductivity

L.: Length

The Nusselt number considers the fluid’s thickness and the temperature difference of walls.
Heat transfer is made by convection when the fluid moves and conduction is in a steady state.

Using the following:

: AT (2.13)
4eonv = h+ AT, Qeona = k L
Therefore,
9conv — h 2; — h;:L = Nu (2.14)
9cond k T

The Nusselt number exposes that there is an improvement in heat transfer through the fluid as
a result of convection relative to conduction through it. As the Nusselt number increases,

convection is more efficient.

Although not within the scope of this thesis, development a tool that can predict condensation
considering all the parameters explained about is enriching for different industries and research
fields. It is useful to predict the behavior of the fluids inside different heat exchanger geometries

with different parameters and designs.
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3. Condensation Models and Simulation

3.1 CONDENSATION MODELS

As stated earlier, the presence a non-condensable fluid during the condensation process
influences he heat transfer condensation effect. As a film is created, fluid accumulates close to
the vapor — liquid interface creating a region with a high temperature gradient and
accumulation. In this situation there is a balance between the convective movement of the non-
condensable gas particles to the liquid surface and also diffusion of the non-condensable gas

in the opposite direction.

In the literature there are many models on condensation theory, and modeling in the presence
of non-condensable gases. Most of these models have been created through empirical
experimentation done by researchers who started experimenting on the behaviour of

condensation with a non-condensable gas component.

Colburn and Hougen (1934)

Colburn and Hougen were the first to propose a theory that states that mass transfer by
condensation is controlled by the diffusion of a thin film layer, a diffusion layer. This value is
controlled in the film layer by the partial pressure difference from the non-condensable gas in
the atmosphere and by the interface divided by the logarithm average of the gas’ partial
pressure [Colburn/Hougen, 1934].

This method was created mainly focusing on the mass transfer effect in condensation. The
effect is evaluated by the mass transfer gradient calculated in the layer of the non-condensable
gas. For this method, both latent heat and sensible heat are calculated to expose what the

development of the heat transfer process is during condensation.

It generally makes the calculation of the mass transfer rate in condensation from the mass and
heat transfer correlation. This method solves the governing equations making an approximation
applying a film layer in the boundary region where the non-condensable gas and the liquid are

located. Therefore, it develops a correlation for each region’s transport quantity.
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Figure 19. Schematic of condensation process in the presence of non-condensable gases [Fronk/Garimella, 2013].

As shown in the figure above, this method evaluates the transferring heat across the liquid film,
making an iteration (eq. 3.1) , resulting in the sensible cooling addition for the vapor (eq. 3.2)

and the condensed latent heat (eq. 3.4).

q,1” + QS.V” =hy* (Tipe +Tyy) (31

Where:
qA” : latent heat flux.

T int = Tyt : saturation temperature.

TW,i :inlet water temperature

Where the transfer coefficient for the liquid film is represented by h; ; then, the sensible cooling

factor is added for the vapor is also shown by the following expressions
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a
—exp (—a)

(3.2)

Agy = hy* (Ty+ Tine) * 1

T, : vapor temperatures.

h,, : vapor film heat transfer coefficient.

<N1 * CPl) (3.3)

The condensation result can be calculated by the eg. 3.4 and eq. 3.5 equation

QG =Nixheg, (3.4)
N1.= 1_3’11/ (3.5)
- yl,tnt

The mole fraction is represented by)~1 , for the condensed component [Fronk/Garimella, 2013].

Silver and Bell (1973)

The Silver and Bell method has been used successfully on different vapor condensation
processes in the presence of non-condensable gases. It is used by researchers that stated that

applying this calculation would result in the correction of the heat transfer coefficients.
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Figure 20. Equilibrium model for heat transfer [Fronk/Garimella, 2013].

The following theories are stated in the Silver & Bell model:

1. The condensate vapor continues in the condensation equilibrium curve (T = Teq.). This
condition is achieved as long as Lewis number (Le = Sc/Pr) is approximately one.

2. All heat released, including in the liquid phase, goes to the interface of the cooling fluid.
No mass transfer effect on the heat transfer coefficient.

4. There is vapor in the whole transversal section of the pipe when the heat transfer
coefficient is calculated [Webb et al., 1996].

This method states an effective heat transfer coefficient calculated by the following expression:

L _1.% o)

Ueff a th hsG

Where h¢y is the heat transfer coefficient in the condensate film and hg; is the heat transfer
coefficient for the vapor phase, including the effects from mass transfer. The coefficient h¢f is
calculated by the condensation correlation for pure fluids. Z; is considered as the coefficient

between sensible heat and total heat Q ../ Q-
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As the geometry of the pipe is in a vertical position, the condensed layer goes in a downward
direction due to gravitational forces and the vapor’s shear force because both are going in the
same direction. The condensed partial constant and parallel layer flows on the pipe. In this case,
theh coefficient depends on the fluid regime. For low vapor flow rates, the gravitational force
has a bigger influence in the shear force. On the other hand, for high flow rates the shear forces

have a bigger impact. The following parameter determines the boundary in between both flow
regimes:

1 1-y\*° (3.7)
Cgt =E* 9 *Di* (pL_pg) <T)]

Where y is the vapor fraction, G is the flow velocity and D; is the hydraulic diameter. If the

Cgt parameter is below 0.3 it is in shear effect regime. When the parameter is above 0.7 then

it is in gravitational force regime.

For the value hg; , it can be calculated by the correlation of Sieder — Tate (1936) [E. N.
Sieder/G. E. Tate, 1936]

kg 0,8 04 (g (3.8)
hs; = 0,023 * (—) * Re; " * Prg <—G> '
DL' ,LlW
For the value (Z—G) can be considered as 1, D; is the hydraulic diameter.
w

This is an proximate method. If the system does not achieve condition, and there are deviations
for the equilibrium temperature, some errors occur in the prediction for gas temperature. If heat
is extracted faster than in equilibrium conditions than there would be lower vapor temperatures
than in the equilibrium stage, because of sub-cooled or saturated vapor. If the heat is extracted
slower than in equilibrium stage then the vapor temperature is higher than in equilibrium stage
by having an overheated vapor.
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Model comparison

The two models were the first approaches used to predict condensation with the presence of
non-condensable gases. These scientists realized that the effect made by the non-condensable
gases, in the condensation process, had a big impact in the results for the condensation
modeling made at that time. They realized they could create a different model that could more
accurately predict results and, therefore, brought them closer to understanding the actual
dynamics occurring in the condensation the process.

In comparison to Colburn and Hougen, the Silver and Bell method makes an approximation to
calculate the mass transfer coefficient. They stated that the gas keeps its saturation temperature
in contrast to the mass transfer calculation effect in temperature that the Colburn and Hougen
method stated.

Consequently, the effective resistance on the gas side differs in the method due to the heat flux
value difference which results from assuming different temperature saturation for the gas. The
sub-cooled condensation temperature is used by Colburn and Hougen, while Silver and Bell

use the saturation temperature of the gas.

Inspired by the Colburn and Hougen approach, Silver and Bell tried to create a more stable
model. They were looking for a more balanced method that would allow them to predict the
effect of condensation in multicomponent condensers where there are no specified mixtures
and with a unique cooling curve. Instead of using more deep and specific calculations for the
mass transfer calculation, they used the sensible heat parameter by stating that it changes across
the film and , consequently, creates a resistance in the gas side. Furthermore, in this research
they note that another advantage (besides geometry), is that no more calculations for the vapor
— liquid equilibrium are necessary. Research done by other scientists, who admired Silver &
Bell’s approach, conclude that the biggest advantage of this method is that the results are closer
to what industry asks for in predicting the condensation effect in devices. This, because the

industry is still conservative when it comes to design.
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Figure 21. Lewis number effect in condensation[Webb et al., 1996] .

The main difference in between these methods is that they do not agree on the utilization of
the unity value for the Lewis number since it becomes unsafe for the calculation of the heat
transfer coefficient. However, at values below the unity, both models are more reliable since,
according to the graph in figure 21, the condensation process has a lower tendency to go into
the sub-cooled region.

3.2 GOVERNING EQUATIONS AND PROBLEM FORMULATION

This report it will show an initial attempt to develop a heat exchanger in the presence of a non-
condensable gas. A code in Python language is developed to simulate a counter flow heat
exchanger which predicts the behavior of temperature and energy change when a cold fluid,
stated as cooling water, and a hot fluid, stated as hot hexanol, are flowing inside the heat

exchanger.

Python is a programming language that can create any kind of coding program simulation. It
is used in a wide variety of different industries. Some of them are artificial intelligence, web
development and data science. It is a software with an open code programming language,
created to make iteasier for the user to understand commands that are more practical than other
programming languages. Its main aim is to highlight a syntax that makes a code legible. Also,

it has a large library of commands that makes it time-saving. This means codes do not need to

36



be long to create a specific simulation. There are “’numerical engines’’ such as Numpy or

Pandas.

Other advantages are that it is a very accessible software because it does not require a license

for programming, it is a portable coding language because it can be used in almost any platform,

and it is possible to show a clean and organized final code. This last point is relevant for

programmers who mainly have experience using other programming languages, such as Java,

the clean and organized final code makes Python easier and faster to understanding.

Problem formulation

The properties used are written below.

Geometry Condenser parameters

Diameter
Length Inner Outer
[mm] [mm] [mm]
1800 16 20
Table 1. Geometry parameters of heat exchanger in simulation.
Fluid properties
Cooling water In 69,546 °C
Temperature
Hexanol In 112,443 °C

Table 2. Fluid properties used in simulation.
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Other parameters used are,

Additional parameters
Mass flow hexanol 40,44 kg/h
System pressure 203,74 mbar
Volume flow cooling water 11,999 I/min

Table 3. Additional parameters used in simulation.

Some assumptions are taken into account to establish an accurate calculation:

1. Dynamic flow

2. Non — mixture of fluids.

3. At mass transfer in the gas-liquid interface the same properties at the interphase

temperature is applied.

4. Fluids flowing in counter direction.

5. Thermodynamic equilibrium by the non-condensable gas and the steam.

6. Constant overal heat transfer coefficient along the pipe (values taken from laboratory
results at ICTV tests).
7. Constant densities of the fluids as they flow.
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Figure 22. Geometry simulated.

In the geometry above, the system represents a heat exchanger. It is cooled water in the x

direction and hexanol as a hot fluid going in the counter direction of the cooling water.

With the parameters, the assumptions and the geometry for the simulation taken into account,

the calculations for the heat transfer coefficient start is as follows:

1. Set the geometry for the system to evaluate. The parameters taken to make the

simulation for this project are shown in table 1. It evaluates a counter flow condenser.
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2. Set the directions of the fluids going in and going out of the condenser. In this case,

cooling water is going in and as hot fluid, in the other direction, hexanol is flowing in

the condenser. As mentioned before in the assumptions, these fluids are not mixing

since they are in different pipes.

3. As mentioned in the previous statement, the fluids are flowing in two different pipes

with two different diameters. The inner pipe contains the cooling water and the outer

pipe the hexanol.

Figure 23. Cross sectional view of pipes inside condenser.

4. After the real geometry and real flow direction is set, the system needs to be divided in

nodes that will simulate the heat and the temperature change in the fluids as they are

moving along the pipes. These nodes are set for the counter-flow direction of the fluid.

n+1

n+1

n+1

dx

For cooling fluid

For hot fluid

Figure 24. System node representation in the simulation.
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5.

In the system, these nodes represent the location of the area being evaluated by the

governing equations that will execute the values introduced.

After dividing the system into nodes, the energy balance can be made for the evaluation
of the fluids in the system. In this section, the governing equations for the simulation

are shown.

In the system, fluid 1 represents the cooling water and fluid 2 represents the hexanol.
For each of the fluids a balance for energy is made. By making an energy balance for
the energy coming inside from the previous node to the next one in the same fluid and
at the same time the energy gained from the other fluid represented by the overall heat

transfer coefficient.

[

n+1 n-1 n+1

Figure 25. Node representation for each fluid’s flow.

e For water

Energy balance = m,, * Cp , * (Twin—Twour) +UxAy*(Tp—T,) 39)
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e For hexanol

Energy balance = rﬁh *Cp, * (Thin— Thou) +U* Ay * (T, —Ty)

(3.10)

8. As mentioned above, the equations for the energy balance show that energy is coming

inside the cooling water, while for the hot fluid the energy leaves the node. That is set

up to make a proper heat exchange in between the two fluids for this specific case in

counter flow direction.

9. Now it is necessary to define the parameter changing in time in every node as fluids

flow

e For water

w

CDpy, * Py, * Acuw * 0x *

e For hexanol

T,
ot

Cph*ph*Ac,h * 0X *

10. Parameters fixed as equations to complete energy balance for each fluid.

e For water

w

a .
pr *pP,,* Agyy * 0x * ot =m, * pr * (Tw,in - Tw,out) +UxAy*(Th—Ty)

(3.11)

(3.12)

(3.13)
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e For hexanol

oT '
Cph *pp* Ac,h * 0X * ath = mp * Cph * (Th,in - Th,out) + U * AW * (Tw - Th) (3.14)
11. Finally, the temperature parameter is calculated as time changes.
e For water
aTw — m,, * pr * (Tw,in - Tw,out) + U * Aw * (Th - w)
ot Cpy * pw * Ac,w * 0x (3.15)
e For hexanol
aTy _mp* Con * (Thin — Thout) + U * Ay * (T, — Tp)
Jt Cpp * pp * Agp * 0x (3.16)

12. After the equations are set, it is possible to start writing the information inside the

solver. The solver in this case, to resolve our simulation, is Spyder.

A flow chart diagram is shown on the following page where it is shown how to interact with
the code and it makes it easier to read and understand. It is intended to guide the reader

through the process and the iterations made at every node.

The code described in the following flow chart is included in the appendix of this report.
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Simulation results

At different cooling water temperatures the following change of temperature is shown by

both fluids along the pipe.

Fluid Termperature (K}

e Inlet cooling water at 60 °C
400
— Water

30 { — Hexanol
380 1
370 1
350 -
350 1
34{| i _//
3‘3{' I I I I I I I

0.00 0.25 050 0.75 100 125 150 175 200

Length of the heat exchanger {m)
Figure 26. Temperature change along the pipe in simulation at 60°C cooling water.

e Inlet cooling water at 70 °C

400

— Water

3gg { — Hexanaol
i 380 A
g
=2 370 -
z
|U_E; 360 -
=
=2 350 - _______________—-——"“"

340 1

330 T T

T T T T T
000 025 050 075 100 125 150 175 200

Length of the heat exchanger {m)

Figure 27.Temperature change along the pipe in simulation at 70°C cooling water.
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e |Inlet cooling water at 80 °C
4010

— Water
390 { — Hexanol

380
370

360' e

Fluid Temperature (k)

350 1

3440 1

3‘3{' I I I I I ! !
0.00 025 050 0.75 100 125 150 175 200

Length of the heat exchanger (m)

Figure 28. Temperature change along the pipe in simulation at 80°C cooling water.

e Inlet cooling water at 90 °C
400

— Water
390 { — Hexanol

380 1

370

300

Fluid Temperature {K)

350 1

3440 1

3‘3{' I I I I I ! !
0.00 025 050 0.75 100 125 150 175 200

Length of the heat exchanger {m)

Figure 29. Temperature change along the pipe in simulation at 90°C cooling water.

By taking the different values of outlet temperature, a comparison between the simulation and

the real values resulting from the experiments are compared.
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Figure 30. Comparison for simulation and experimental outlet temperature for Hexanol at a water cooling temperature of
60°C.

The graph above shows the results of the simulation curve compared with the experimental
curve made with data taken in the ICTV. The experimental data shows how the hot fluid, in
this case hexanol, is flowing in the pipe at a higher temperature and, as it moves along the
pipe,is decreasing in temperature. We can observe that before reaching the 10! measuring point
along the heat exchanger, the temperature tends to remain constant but starts decreasing as the
hot fluid loses energy. It also shows that at the end of the pipe, the outlet region, the temperature
approximates with the data obtained by the simulation. The experimental curve is showing a
value that does not completely match the tendency of the curve under analysis. The curve given
from the simulation shows that the values from the temperature profile are not exactly the same
but keeps the same tendency along with the values taken in the measuring points along the heat
exchanger. This graph shows a very important result under the analysis made in this report,
which is that the temperature all along the pipe is changing as expected as a result of the heat

exchange between both fluids at different temperatures.

Another comparison made is the outlet temperature for the hexanol at a different inlet

temperature for the cooling water. The result is shown in the graph below.
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Figure 31. Comparison of the hexanol outlet temperature at different inlet cooling water temperatures.

As seen in the graph, the simulation results show that the outlet temperature of the hot fluid is
decreasing when there is a lower temperature set for the cooling fluid. This increase in the
temperature makes the heat exchange lower and leads to a smaller drop in the temperature of
the hot fluid.

As summary, the tool predicts the temperature profiles for each fluid along the heat exchanger
by keeping the same tendency, and approximately, as the values given in the ICTV laboratory.
The energy transferred all along the heat exchanger as the fluids flow is represented by the
accurate temperature behavior from both fluids where the cooling fluid’s temperature increases
and the hot fluid’s temperature gets lower. These values represent a first step of a tool that will

be able to predict the condensation effect of these fluids in a heat exchanger.
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Conclusions

This study was made up of a theoretical review and a mathematical simulation. The theoretical
review revealed that there are many different predictive methods, approaches and condensation
process variables that that have been applied to get the most accurate results. The study of
condensation effect is not new and there is a significant amount of knowledge and research,
but it is a disparate body of work that has resulted in a wide variety of models. Many of these
models where developed empirically, based on trial and error, and often lack a strong common
theoretical basis. When developing a predictive tool for condensation processes particular
effort should be placed on ensuring the tool is based on common theoretical basis. This study

suggested a common theoretical basis and algorithm drawn from condensation theories.

Previous research on condensation concludes that the condensation process and its models are
dependent on the demands of industry and, as a consequence, depend highly on the device’s

geometry and the type of fluid used.

This report gave a detailed account of how the condensation process occurs, more specifically,
in vertical condensers. Also, it states that the presence of a non-condensable gas delays the
creation of a film layer and, therefore, also proper heat exchange between the two fluids being

used.

The foundational work and empirical models, by Silver & Bell and Colburn & Hougen, on
mechanisms to predict condensation with the presence of non-condensable gases, are still an
inspiration for scientists today. Therefore this report explained both models showing the
underlying assumptions and how the models were developed mathematically. As stated, earlier
in this report, the main difference in between these methods is that they do not agree on the
utilization of the unity value for the Lewis number since it becomes unsafe for the calculation
of the heat transfer coefficient. However, at values below the unity, both models are more
reliable since, according to the graph in figure 21, the condensation process has a lower
tendency to go into the sub-cooled region.

After comparison it was concluded that the Silver & Bell model is the most relevant to use for
designing the predictive condensation tool because it is more versatile, obtained results are

more accurate and it can be applied to different geometries.
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The purpose of the mathematical simulation was to show how a condensation tool can be
programmed by using a mathematical approach that allows this prediction. Python is an open
wide software and was chosen to do the simulation, as a first step towards designing a
condensation prediction tool. An appropriate coding solver that could allow for easy
understanding and calculation of different variables during the development of the project was
also selected. In this report a heat exchanger was created in Python language with a counter
current flow of two fluids at different temperatures. These consisted of water, at a lower
temperature as cooling fluids, and hexanol, at a higher temperature as hot fluid. This heat
exchanger simulates the most approximate geometry and the most approximate values for the
properties of the fluids, resulting in values that are very close to the real ones developed at the
ICTV at TU Braunschweig.

In conclusion, to further develop a suitable condensation tool it would be useful to conduct a
simulation based on Silver & Bell using the Python language by taking the simulation made in
this report since it is proven that it approximates accurately to the values obtained from the
tests at the laboratory. The temperature profile of both fluids are shown in the presented results.
The values calculated provide a good base to continue building a proper and accurate
condensation prediction tool by calculating additional values such a mass transfer and heat

transfer coefficient.
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Appendix
e Code for calculation at 60 °C
import numpy as np

import matplotlib.pyplot as plt

# Heat exchanger modeling

r1 =0.04 #m, in tube pipe radius
r2 = 0.05 #m, out tube pipe radius
n =17 # nodes dividing the system

L=2#m, pipe length

# Cooling water properties

rhow = 1000 #kg/m3, water density

Cpw = 3925.2 #J/kG*K, water heat capacity of fluid

m1 = 0.2 #kg/s, mass flow rate

# Hexanol properties

rhoh = 834.24 #kg/m3, hexanol density

Cph =311 #J/kG*K, hexanol heat capacity

m2 = 0.67 #kg/s, hexanol mass flow rate
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# Other parameters

pi = 3.14159
Acl = pi*r1**2 #m2, cross-sectional area for water

Ac2 = pi*(r2**2-r1**2) #m2, cross-sectional area for hexanol

#initialization values

Tw_i=363.15 #K, inlet temperature
Th_i = 385.44 #K, pipe inner surface temperature

T_i =300 #K, initial temperature of fluid throughout the pipe

U =869 #W/m2*K, HTC

t_f=1000

dt=1

t = np.arange(0,t_f, dt)
dx=L/n

x = np.linspace(dx/2, L-dx/2, n)
Tw = np.ones(n)*T _i

dTw = np.zeros(n)

Th = np.ones(n)*T_i

dTh = np.zeros(n)

for jin range(1,len(t)):
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plt.clf()

dTw[1:n]=(m1*Cpw*(Tw[0:n-1]-Tw[1:n])+U*2*pi*r1*dx*(Th[1:n]-
Tw[1:n]))/(rhow*Cpw*dx*pi*r1**2)

dTw[0]=(m1*Cpw*(Tw_i-Tw[0])+U*2*pi*r1*dx*(Th[0]-Tw[0]))/(rhow*Cpw*dx*pi*r1**2)

dTh[0:n-1]=(m2*Cph*(Th[1:n]-Th[0:n-1])+U*2*pi*r1*dx*(Tw[0:n-1]-Th[0:n-
1]))/(rhoh*Cph*dx*pi*r1**2)

dTh[n-1]=(m2*Cph*(Th_i-Th[n-1])+U*2*pi*r1*dx*(Tw[n-1]-Th[n-1]))/(rhoh*Cph*dx*pi*r1**2)
Tw = Tw + dTw*dt

Th =Th + dTh*dt

plt.figure(1)

plt.plot(x,Tw,color="blue’, label="Water')
plt.plot(x,Th,color="red', label="Hexanol')
plt.axis([0, L, 330, 400])

plt.xlabel('Length of the heat exchanger (m)')
plt.ylabel('Fluid Temperature (K)')
plt.legend(loc = 'upper left')

plt.show()

plt.pause(0.005)

e Code for calculation at 70 °C

import numpy as np
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import matplotlib.pyplot as plt

# Heat exchanger modeling

rl =0.04 #m, in tube pipe radius
r2 = 0.05 #m, out tube pipe radius
n = 15 # nodes dividing the system

L=2#m, pipe length

# Cooling water properties

rhow = 1000 #kg/m3, water density

Cpw = 4180 #J/kG*K, water heat capacity of fluid

m1 = 0.2 #kg/s, mass flow rate

# Hexanol properties

rhoh = 800 #kg/m3, hexanol density

Cph = 287 #J/kG*K, hexanol heat capacity

m2 = 0.67 #kg/s, hexanol mass flow rate

# Other parameters
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pi =3.14159
Acl = pi*r1**2 #m2, cross-sectional area for water

Ac2 = pi*(r2**2-r1**2) #m2, cross-sectional area for hexanol

#lInitialization values

Tw_i=333.44 #K, inlet temperature
Th_i =385.44 #K, pipe inner surface temperature

T _i =300 #K, initial temperature of fluid throughout the pipe

U = 872.08 #W/m2*K, HTC

t_f=1000

dt=1

t = np.arange(0,t_f, dt)
dx=L/n

x = np.linspace(dx/2, L-dx/2, n)
Tw = np.ones(n)*T_i

dTw = np.zeros(n)

Th = np.ones(n)*T _i

dTh = np.zeros(n)

for jin range(1,len(t)):

plt.clf()

56



dTw[1:n]=(m1*Cpw*(Tw[0:n-1]-Tw[1:n])+U*2*pi*r1*dx*(Th[1:n]-
Tw[1:n]))/(rhow*Cpw*dx*pi*r1**2)

dTw[0]=(m1*Cpw*(Tw_i-Tw[0])+U*2*pi*r1*dx*(Th[0]-Tw[0]))/(rhow*Cpw*dx*pi*r1**2)

dTh[0:n-1]=(m2*Cph*(Th[1:n]-Th[0:n-1])+U*2*pi*r1*dx*(Tw[0:n-1]-Th[0:n-
1]))/(rhoh*Cph*dx*pi*r1**2)

dTh[n-1]=(m2*Cph*(Th_i-Th[n-1])+U*2*pi*r1*dx*(Tw[n-1]-Th[n-1]))/(rhoh*Cph*dx*pi*r1**2)
Tw = Tw + dTw*dt

Th =Th + dTh*dt

plt.figure(1)

plt.plot(x,Tw,color='blue’, label="Water')
plt.plot(x,Th,color="red', label="Hexanol')
plt.axis([0, L, 330, 400])

plt.xlabel('Length of the heat exchanger (m)')
plt.ylabel('Fluid Temperature (K)')
plt.legend(loc = 'upper left')

plt.show()

plt.pause(0.005)

e Code for calculation at 80 °C

import numpy as np

import matplotlib.pyplot as plt



# Heat exchanger modeling

r1 =0.04 #m, in tube pipe radius
r2 = 0.05 #m, out tube pipe radius
n =17 # nodes dividing the system

L=2#m, pipe length

# Cooling water properties

rhow = 1000 #kg/m3, water density

Cpw = 3925.2 #J/kG*K, water heat capacity of fluid

m1 = 0.2 #kg/s, mass flow rate

# Hexanol properties

rhoh = 834.24 #kg/m3, hexanol density

Cph =311 #J/kG*K, hexanol heat capacity

m2 = 0.67 #kg/s, hexanol mass flow rate

# Other parameters

pi = 3.14159

Acl = pi*r1**2 #m2, cross-sectional area for water
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Ac2 = pi*(r2**2-r1**2) #m2, cross-sectional area for hexanol

#initialization values

Tw_i=363.15 #K, inlet temperature
Th_i = 385.44 #K, pipe inner surface temperature

T_i =300 #K, initial temperature of fluid throughout the pipe

U =869 #W/m2*K, HTC

t_f=1000

dt=1

t = np.arange(0,t_f, dt)
dx=L/n

x = np.linspace(dx/2, L-dx/2, n)
Tw = np.ones(n)*T _i

dTw = np.zeros(n)

Th = np.ones(n)*T_i

dTh = np.zeros(n)

for jin range(1,len(t)):

plt.clf()
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dTw[1l:n]=(m1*Cpw*(Tw[0:n-1]-Tw[1:n])+U*2*pi*r1*dx*(Th[1:n]-
Tw[1:n]))/(rhow*Cpw*dx*pi*r1**2)

dTw[0]=(m1*Cpw*(Tw_i-Tw[0])+U*2*pi*r1*dx*(Th[0]-Tw[0]))/(rhow*Cpw*dx*pi*r1**2)

dTh[0:n-1]=(m2*Cph*(Th[1:n]-Th[0:n-1])+U*2*pi*r1*dx*(Tw[0:n-1]-Th[0:n-
1]))/(rhoh*Cph*dx*pi*r1**2)

dTh[n-1]=(m2*Cph*(Th_i-Th[n-1])+U*2*pi*r1*dx*(Tw[n-1]-Th[n-1]))/(rhoh*Cph*dx*pi*r1**2)
Tw = Tw + dTw*dt

Th =Th + dTh*dt

plt.figure(1)

plt.plot(x,Tw,color="blue’, label="Water')
plt.plot(x,Th,color="red', label="Hexanol')
plt.axis([0, L, 330, 400])

plt.xlabel('Length of the heat exchanger (m)')
plt.ylabel('Fluid Temperature (K)')
plt.legend(loc = 'upper left')

plt.show()

plt.pause(0.005)

e Code for calculation at 90 °C

import numpy as np

import matplotlib.pyplot as plt
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# Heat exchanger modeling

r1 =0.04 #m, in tube pipe radius
r2 = 0.05 #m, out tube pipe radius
n =17 # nodes dividing the system

L=2#m, pipe length

# Cooling water properties

rhow = 1000 #kg/m3, water density

Cpw = 3925.2 #J/kG*K, water heat capacity of fluid

m1 = 0.2 #kg/s, mass flow rate

# Hexanol properties

rhoh = 834.24 #kg/m3, hexanol density

Cph =311 #J/kG*K, hexanol heat capacity

m2 = 0.67 #kg/s, hexanol mass flow rate

# Other parameters

pi = 3.14159

Acl = pi*r1**2 #m2, cross-sectional area for water
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Ac2 = pi*(r2**2-r1**2) #m2, cross-sectional area for hexanol

#initialization values

Tw_i=363.15 #K, inlet temperature
Th_i = 385.44 #K, pipe inner surface temperature

T_i =300 #K, initial temperature of fluid throughout the pipe

U =869 #W/m2*K, HTC

t_f=1000

dt=1

t = np.arange(0,t_f, dt)
dx=L/n

x = np.linspace(dx/2, L-dx/2, n)
Tw = np.ones(n)*T _i

dTw = np.zeros(n)

Th = np.ones(n)*T_i

dTh = np.zeros(n)

for jin range(1,len(t)):

plt.clf()
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dTw[1l:n]=(m1*Cpw*(Tw[0:n-1]-Tw[1:n])+U*2*pi*r1*dx*(Th[1:n]-
Tw[1:n]))/(rhow*Cpw*dx*pi*r1**2)

dTw[0]=(m1*Cpw*(Tw_i-Tw[0])+U*2*pi*r1*dx*(Th[0]-Tw[0]))/(rhow*Cpw*dx*pi*r1**2)

dTh[0:n-1]=(m2*Cph*(Th[1:n]-Th[0:n-1])+U*2*pi*r1*dx*(Tw[0:n-1]-Th[0:n-
1]))/(rhoh*Cph*dx*pi*r1**2)

dTh[n-1]=(m2*Cph*(Th_i-Th[n-1])+U*2*pi*r1*dx*(Tw[n-1]-Th[n-1]))/(rhoh*Cph*dx*pi*r1**2)
Tw = Tw + dTw*dt

Th =Th + dTh*dt

plt.figure(1)

plt.plot(x,Tw,color="blue’, label="Water')
plt.plot(x,Th,color="red', label="Hexanol')
plt.axis([0, L, 330, 400])

plt.xlabel('Length of the heat exchanger (m)')
plt.ylabel('Fluid Temperature (K)')
plt.legend(loc = 'upper left')

plt.show()

plt.pause(0.005)
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