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Abstract

The production process of milk powder consists of multiple stages. This report focuses on the falling
film evaporator, which role in the production process is to evaporate the water content from the
milk. A falling film evaporator is a large vertically-placed vessel whereby the inside is filled with
smaller tubes. Steam enters the vessel and heats up the outside of the smaller tubes. The milk flows
in a thin layer only along the inside perimeter of the smaller tubes, so these tubes are not completely
filled. The advantage of this flow is that a thin layer of liquid is continuously in contact with the wall
so the heating process is equal along the tube. The thin layer is called a falling film because the
thickness compared to the length of the flow is very small.

The objective of this research is to determine theoretically the local overall heat transfer coefficient
of the falling film and to investigate experimentally the applicability of heat flux sensors by deter-
mining the local overall heat transfer coefficient. By investigating the falling film, it is not allowed
to disturb the falling film. Once a falling film is disturbed, the falling film will proceed at a differ-
ent path. Heat flux sensors allow for local non-intrusive measurements. The overall heat transfer
coefficient gives information about the thickness of the falling film. Theoretically the overall heat
transfer coefficient is calculated by taken the thermal resistances of each component. Experimen-
tally, the overall heat transfer coefficient is measured by the heat flux and the temperature difference
between the bulk temperature of the fluid and the sensor at the outside of the tube.

Before the heat flux sensors are used in practice on the falling film evaporator, a setup has been built
to experimentally determine the applicability of the heat flux sensor. This setup has been made for
a tube filled with water and to create a falling film. The tube filled with water is well-described in
theory and used as a reference.

The results of the experimental setup show that the Danfoss 'Koperpasta tube AT’ is in good com-
parison with the theoretical approach. The theoretical overall heat transfer coefficient difference,
caused by the mass flow difference of 0.01 kg/s in the falling film evaporator, can be detected by
the heat flux sensors taking into account the error margin of the heat flux sensor and temperature
Sensor.
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Introduction

1.1. Processing milk powder

Milk powder is used in many products and is transported to many countries all over the world.
In contrary to milk, the powder has longer shelf life date and more compact volume. The largest
producers of whole milk powder are Brazil, China, the European Union and New Zealand (fig. 1.1).
The total amount produced for the year 2018 is estimated at 4,9 million metric tons. For non-fat
milk powder, the production is estimated in the same order. The use of whole milk or non-fat milk
depends on the priority per country.

The production process of milk powder starts with the evaporation of condensed milk. This type of
milk is known for over one and a half century and was first patented by Gail Borden in 1853 after
experimenting for more than ten years!. After that time, many other processes have been inves-
tigated for making the condensed milk such as condensation by refrigeration, by centrifugal force
and by piling under atmospheric pressure. In the 1880’s unsweetened condensed milk appeared for
the first time on the market, introduced by John B. Meyenberg, who claimed his own patent in 1884.

Milk powder was developed by Grimwade in the same period as condensed milk but perfectionized
in the last part of the nineteenth century and the beginning of the twentieth century. The main
difference between condensed milk and milk powder is the degree of concentration. The commer-
cial breakthrough of milk powder was around the first World War. During that time there where
three dominating principles to make the milk powder, namely dough-drying, film-drying and spray
drying [1]. Nowadays most common used method is the spray drying, because of the excellent sol-
ubility, flavour and colour [2].

IThree years later the claim stated the following words: "Producing concentrated sweet milk by evaporation in vacuo,
substantially as set forth, the same having no sugar or other foreign matter mixed with it", United States Patent No.
15.553, August 19, 1856.
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Figure 1.1: Production milk powder world wide [3]. The bars of 2018 are a prediction.

Multiple processes have to be performed to produce the milk powder, see figure 1.2. From left to
right, the milk is stored in a milk silo before entering into the centrifuge. The skim milk is poured
into a homogenizer and is pasteurized afterwards. Before the milk is flowing into the evaporator,
the milk is preheated. The milk powder is created in the drier after the evaporator.

Concentrate

i E Cream

Skim Milk

Milk Silo Centrifuge

I Drier
Cream adjustment Y Pasteurizer
Ef ) Evaporator
Mixer. Pre-heater
Milk powder

Figure 1.2: Milk powder process beginning to end [4]

This research is focused on the evaporator. A falling film evaporator is a large vertically-placed vessel
whereby the inside is filled with smaller tubes. Steam enters the vessel and heats up the outside of
the smaller tubes. Milk is flowing through the inside of the smaller tubes. Water is separated from
the milk by evaporation. The quality of the milk must be preserved during the heating.

Having a closer look at the milk side, it appears that the tube is not completely filled with milk. Milk
is flowing only along the inside perimeter. The advantage of this process is that a thin layer of liquid
is continuously in contact with the wall. The flow is called a falling film if the thickness comparing
to the length of the flow is very small. The wall is heated with steam from the outside, the water in
the milk will evaporate. A total overview of an evaporator is given in figure 1.3. The milk comes in
from the top (A), and the product leaves at the bottom (B). Steam enters the evaporator at the top
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(D) and leaves where the tubes ends (C). Inside the tubes, vapour is formed as well. This vapour
is separated from the milk in the calandria base. The vapour flows via the separator duct into the
separator. In the separator, the last residues of milk are leaving at the bottom (B) and the vapour
flows out of the separator on the top (E).

Figure 1.3: Falling film evaporator [5]

The head section of the falling film evaporator has plates which divide the milk equally over the
small tubes (fig. 1.4). With the holes made in the distributor, the milk falls in the middle of the
plates of the tubes. From the middle the milk is distributed equally to each tube and creates a falling
film.

S

Orifice

Water
L evaporation

Milk concentrate

—— e e e Y e — -2

Figure 1.4: Evaporator working principle [4]
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To visualize the flow, experiments have been performed by Gourdon et al., where milk flows at the
outside of the tube [6]. This is opposite for this research, it only gives an example of the film layer.
Figure 1.5, produced by Gourdon et al., shows two examples of a falling film for two distinct dis-
tances from the inlet. The left figure shows a falling film at the beginning of the evaporator, while
the right figure shows a more viscous film, which is further into the evaporator.

(a) 0,3 m from inlet (b) 4 m from inlet

Figure 1.5: Falling film flow of approximately 50 percent solid at different heights in the evaporator [6]

1.2. Falling film evaporator

In the past decades several researchers have studied the falling film evaporators to understand the
relevant heat transfer mechanisms. Starting in 1990, Winchester and March [7] noticed that falling
film evaporators are widely used but not well understood. An energy balance has been proposed
as goal to make a dynamic and controlling system of the falling film evaporator. The assumption
was that the film velocity, liquid density, latent heat and the heat transfer coefficient are constant.
The breaking of the film due to surface tension can be avoided by using multiple stages. They also
suggested that a film exist of two layers; laminar layer close to the wall and a turbulent layer by the
moving vapour.

Processing milk consumes around 300 to 500 GWh per million metric tons. Heating and steam gen-
eration is responsible for 60 to 75 percent of the energy used. The energy is intended for the falling
film evaporator and the drying afterwards [8]. In the paper of Ruan et al. [9], a mass, energy, phase
equilibrium and heat transfer rate equation are captured in a matrix model. Their research focuses
on the energy saving of a triple effect evaporation system. To do so, the system is combined with a
heat pump, condensed water flash and solution flash which gives a saving of about 28 percent. For
the heat transfer coefficient an empirical correlation is used.

The research of Zhang et al. compared the different kinds of falling film evaporators, namely the
conventional five-effect evaporator and the three-effect evaporator with mechanical vapour recom-
pression (MVR) are compared. An effect is a body of an evaporator. The MVR consumes only one-
third of the energy compared to the conventional evaporator. The research has been done under
vacuum, because it minimizes the adverse impact of heat on the thermal sensitivity milk compo-
nents. The simulation was performed in a commercial package, comprehensive thermodynamic
package and advanced computation methods. The overall heat transfer is selected as a fixed value
of 2200 Wm™ K1 [10].

The residence time in a falling film evaporator, which is the required time to go completely through
the chosen section, depends on the state of the falling film. When the film is in a wavy laminar
regime, less time is needed than by a laminar regime. This is concluded, based on an experimental
data from the setup of Silveira et al. In figure 1.6 the horizontal axis is the residential time and the
vertical axis is the residence time distribution [11].
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Figure 1.6: Residence time in the falling film evaporator. [11]

The vapour flow inside the tube has influence on the behaviour of the falling film. When the vapour
flow has a higher velocity then the falling film layer, it makes the falling film more turbulent which
results in a higher heat transfer coefficient. However, when the vapour flow is too fast, tears will
be formed and will detached from the wall. In the paper of Chun et al. there is an eddy-viscosity
distribution function proposed to predict the thickness and heat transfer of a turbulent falling film
of water:

E
M —1/2+1/2
v

3 4.2 1/2
S
1+4 K2 y+2(1—6—f) Dzl (L1

with K the Von Kdrmén'’s constant, y the distance measured from the wall, § the film thickness, D
the van Driest damping coefficient and s is a combined factor with density, gravity, film thickness
and shear stress. Some of these parameters are hard to predict. But when the prediction is made
correct, the experimental data is in good agreement for a wide range of film Reynolds number and
dimensionless shear stress [12].

Research on the tube has been done by Wei Li et al. [13] for water. The paper draws several conclu-
sions. Increasing the inlet temperature will lead to an increase of the overall heat transfer coefficient.
Furthermore, when the pipe has a pattern inside, so instead of a smooth pipe, the overall heat trans-
fer increases as well. The correlation used for predicting have an error of less than 30 percent.

The fouling factor is a factor which has to be taken into account when investigating the falling film
evaporators. The fouling has impact on cleaning, energy and operation costs. It is important to keep
the tubes wet to avoid fouling, so that poor liquid distribution and falling film break up can be avoid.
Fouling has also the property to have a non-uniform formation along the tube. Furthermore, foul-
ing is a complex phenomenon which involves the denaturalization of the protein f - lactoglobulin
by thermal treatment. It has effects on several factors, such as product composition, temperature,
PH and geometrical aspects [14].

In June 2017, research was performed by Cyklis for a falling film juice evaporator to investigate the
theoretical heat transfer coefficient [15]. However, juice has slightly different properties than milk.
To validate the theoretical model, an experimental setup has been built. Multiple parameters are
varied in this setup. The diagrams are made for a five-effect falling film evaporator, where the feed
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is 20 t/h. The outer diameter of the tube is 38 mm with a tube wall thickness of 1.5 mm, total amount
of tubes is 163, length is 9.5 m and the total area of 178 m?. In the theoretical part, three methods
are opposed to each other. The first method is proposed by Verein Deutscher Ingenieure (VDI), the
second and third methods are proposed by papers, Prost et al. (PGU) and Chun & Seban (CS). In
figure 1.7a the results of the convection of the falling film are presented.

2500 -
k[W/m2K]

2000

8000
[W/mZK]
7000

6000

5000 | @Vl
@VDI 1500 -

4000 Che

SPGU

3000 oes 1000 - BPGU

B no BPE
2000

500 mcs

1000

7777727222722
A,
(7777722277727

V7727222277222

A
A Y
Y
Y
Y

2N N 2N ZAN 0 4
| effect Il effect Illeffect  IVeffect  Veffect 1 2 3
number of effect

(a) (b)

0

Figure 1.7: (a) Heat transfer by convection and (b) overall heat transfer coefficient

In figure 1.7b two extra methods have been added, first one is based on a website (Che). The sec-
ond added method (no BPE) is the experiment which has been performed. The paper is not show-
ing which method has been used for determining the overall heat transfer coefficient. It has been
concluded that the VDI, CS and CHE method can be used for calculating the overall heat transfer
coefficient.

Nucleation can occur when the temperature difference in the falling film increases. This usually
happens at a difference of more than 7 °C between the wall temperature and the boiling temperature
of the fluid. Nucleation is undesired for the process because of the risk of fouling. In figure 1.8 is
the horizontal axis gives as the heating rate in ¢, W m, and the vertical axis as the heat transfer
coefficient in @, Wm™2 K [16].

1051_ T
W/m2—|_< Water
- #g =100°C
5
-
2
104_ //
o |=_Re=2000 /] Nucleate Boiling
5 4”+1000; 200 —
B \%& 500
— Convective Boiling
2
103 1 P L1l 1 L L 1]
104 2 5 105 2 5 W/m2 108

q

Figure 1.8: Regime of convection and nucleated boiling [16].
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In the paper of Numrich [19], the turbulent falling film is divided into three sections, valid up to
Prandtl number of 50. Figure 1.9 indicates the wall of the tube, the three sections and the surface
of the falling film. Section 1 is close to the wall and has a laminar profile. The middle section is the
core section with a turbulent profile and the third section is the interface area between the falling
film and the vapour phase.

Figure 1.9: Sections in a turbulent falling film [19].

In figure 1.10 results are shown, which has been done in 1990 by Jebson et al. On the horizontal axis,
the effect number is ordered differently, it follows the liquid flow pattern. On the vertical axis is the
overall heat transfer coefficient. It can be observed that the fluctuation is significant. For the heat
flux, the total energy is taken, divided by the total area. The reason for fluctuation is the large num-
ber of different factors playing a role. There are design factors, such as viscosity, vapour momentum
and temperature difference. Also operating factors like, liquid distribution, fouling inside and out-
side tubes, calandria angle, gas blocking and restricted condensate flow which causes fluctuation
[20, 21]. The calandria is the body of the falling film evaporator.

32r
2.8
2.4}

2.0

Overall heat transfer coefficient, kW/m? per °C
T
[ J
[ X _ o]
[ ]
® ® O
o
(o]

0 L 1 1 1 ]
0 1 2 3 6 7 4 5
Effect number

Figure 1.10: Seven-effect evaporator of concentrating whole milk, the open circle is test 1, the filled circle is
test 2 [20]

A pilot plant has been built by Silveira et al. to investigate the effectiveness of evaporation of skim
milk [22]. The pilot plant consists of three tubes with a diameter of respectively 36 mm, 23 mm and
23 mm. The tubes are heated individually by an electrical heating system. The total power of the
heating is 25.2 + 0.05 kW. The pressure in the tube is maintained at 0.02 MPa, so the evaporation
temperature is maintained at 60 °C. The temperature difference is higher than 10 °C. The mass flow
rate is 50 + 0.7 kg/h. For the overall heat transfer coefficient, the value is between 1.24 W/m? °C and
1.96 W/m?2 °C.
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1.3. Research outline

From literature review on falling films follows that the overall heat transfer coefficient is not well
understood yet. Most researchers use a constant value in their model. Halfway 2017, the first com-
parison between theoretical knowledge and experimental observation has been done for a falling
juice evaporator. A better estimation of the overall heat transfer coefficient leads to a better un-
derstanding of the falling film evaporator and to an optimized thickness of the falling film. The
efficiency increases by optimizing the thickness as the energy usage is reduced. Therefore, the main
research question in this research is formulated as:

" The objective of this research is to determine theoretically the local overall heat transfer
coefficient of the falling film and to investigate experimentally the applicability of heat flux
sensors by determining the local overall heat transfer coefficient. "

The reason for investigating the overall heat transfer coefficient with heat flux sensors is given by the
restriction of a falling film. Once a falling film is disturbed, the falling film will proceed at a different
path. The heat flux sensors allow for local non-intrusive measurements. The advantage of knowing
the local overall heat transfer coefficient is that it can predict the thickness of the liquid at the inside
of the tube. So, for the running operation, it will detect any dry spots.

The approach to determine the applicability of the heat flux sensors is performed by building an
experimental setup. However, the heat flux sensors which will be applied on the falling film evapo-
rator are not determined yet. To do so, a theoretical analysis is made for the falling film evaporator
where the heat flux is calculated. The heat flux is needed for the selection of the heat flux sensor. In
the experimental setup, the tube is completely filled with water. This is well-known and described in
literature. The results and accuracy of the experimental setup can be compared with the theoretical
local overall heat transfer coefficient of the falling film evaporator. So, it can be determined if the
heat flux sensors are applicable to use on the falling film evaporator.

Fheoretical —‘
Falling film Full flow water

Experimental I

Full flow water

Result

Conclusion use of
heat flux sensors

Figure 1.11: Overview of research design



Theory

In the first section, the principles of heat transfer are discussed. These principles provide a frame-
work for the overall heat transfer coefficient. The second section explains the behaviour of the
falling film in a mathematical framework. The last section investigates a full flow water in a tube,
which will be used to test the heat flux sensors.

2.1. Principle of heat transfer

To know the amount of heat flowing from the steam into the tube containing milk, the heat transfer
must be investigated. Heat is defined as: "energy transfer due to temperature gradients or differ-
ences" [23]. There are three different types of heat transfer, namely conduction, convection and
radiation. The radiation is less important in this research. To theoretically estimate the total heat
transfer through an object, all the heat transfer should be taken into account. This combination is
known as the overall heat transfer coefficient.

The conduction of heat through an object is described by Fourier law. His work states that heat
always tends to an equilibrium. This process can be described by the following mathematical equa-
tion which comes out of experimental work [24].

Q:—Ak% 2.1)

where Q is the rate of heat transfer, A is the area, k is the thermal conductivity, T is the temperature
and the distance is given by x. In words, the heat through an object depends on the temperature
difference, distance, area and the thermal conductivity of the material.

Transport of energy by bulk motion of a medium is called convection [23]. Mostly applied from
surface to a moving fluid. The surface can be in any geometry and temperature difference, which
makes the convection complicated. Furthermore, the heat transfer rate is higher at a turbulent flow
than at a laminar flow. The general, linear characteristic equation used for convection is:

Q=—-AhAT (2.2)
AT=T-Ty (2.3)

where A, is the convection term. This equation is also known as Newton’s law of cooling [23, 25, 26].
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To include all the modes of heat transfer, an overall heat transfer coefficient is determined. The
overall heat transfer coefficient compose the modes by the use of electrical analogy. An electrical
analogy has the purpose to take all the resistances together and give one combined value. So a gen-
eral steady state, quasi one-dimensional overall heat transfer coefficient has the following equation
and in figure 2.1 is the electrical analogy drawn.

11, L, 1
U_ hc,i k hc,o+hr,0

where the U is the overall heat transfer coefficient, A, is the convection, L is the thickness of the wall,
k is the thermal conductivity and the h, is the radiation.

(2.4)

Convection (hc)

Object o—/\/\/\—o—/\/\/\—oi IO Object
Convection (hc) Conduction (k) A A N\

Radiation (hr)

Figure 2.1: General electrical analogy

2.2, Falling film

The falling film is a thin layer of liquid streaming along a vertical surface. The falling film is influ-
enced by the shear stress induced by the wall and gravity. By investigating the falling film, it appears
that it has three different regimes. The first regime is at very low Reynolds number for which the
surface of the falling film is smooth. This regime is known as the laminar falling film. Ripples start
to appear when the Reynolds number increases. This is the second regime and called the wavy lam-
inar falling film. The last regime is visibly influenced by gravity and is known as turbulent falling
film.

There the regimes depend on Reynolds number, the final Reynolds number of a falling film is given
in equation 2.8. Starting with the general definition of Reynolds number:

Inertial f i ik D
Reynolds number = { r'1er 14 Torees } — Pmilk Umilk Zp (2.5)
Viscous forces Pmilk
For a falling film, the velocity and the hydraulic diameter in a falling film are defined as:
r 4 A
Umilk = (2.6) Dp=——=40 2.7)
" Omin TP
Combining equation 2.5 with equation 2.6 and 2.7 gives:
4T ni
Repil = — K 2.8)

Hmilk
where p is the density, I' the mass flow rate per unit width, A, the cross-section area, P, the wetted
perimeter and 9 is the thickness of the film.

Figure 2.2a is a schematic overview of a falling film which is heated from the tube wall. The thickness
of the falling film starts to decrease over distance. The circle is a close up, indicated by figure 2.2b.
It is visible that there are waves present in the falling film, which means that the falling film is in a
transition or turbulent regime [27].
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y

Iy

(@ (b)

Figure 2.2: (a) Schematical evaporation falling film and (b) close up falling film at wavy laminar or turbulent
regime

2.3. Heat transfer in falling film

As discussed earlier, the first regime of the falling film is the laminar falling film. This regime is
calculated by using the theory. First the dynamics of the fluid is taken into account, after that the
heat transfer. The fluid dynamics can be subdivided into the mass conservation and momentum
conservation. The heat transfer can be subdivided as well into the local convection and energy
conservation. Solving the different subdivision will give the relation between the Nusselt number
and the Reynolds number. This equation is used for the calculation of the falling film of milk. Parts
of this section are based on the book of Basic Heat and Mass Transfer written by Mills [23].

2.3.1. Fluid dynamics

Taking a volume element in the falling film, with

a small length and width which is constant at IN
the same place, mass changes can be investi-
gated. The change of mass is obtained by de- ax Evapo-
termining the thickness of the falling film. The ration
amount of mass going in the system is equal to
the amount of mass leaving the system minus
the mass which leaves the system by evaporation,  Figure 2.3: Element volume for mass balance
so:

ouT

6(x) 6(x)
[0 p1udyly =f0 p1 udylxiax+m Ax (2.9)

where m'" is the evaporation rate per [kgm? s!].
When Ax goes to zero:

d

. 6(x)
= — d 2.10
=2 fo p1 udy (2.10)
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The behaviour of the flow has a large influence on the heat transfer coefficient. Using the Navier-
Stokes equation, the velocity and the amount of mass per unit width (I') of the falling film can be
determined for a laminar condition:

ou ou ou au) 0P (62u ’u dé*u

—tUu—+v—+ ——Z ==+
P “ v W ax Hlox2 0y?  0z°

ou 2.11
ar " Max T Vay TV ow TP 1D

Taking a detail look at the Navier-Stokes equation, a few things can be simplified. The falling film can
be seen as a two-dimensional object for now, so the three-dimensional component can be taken out
of the equation. Meaning that w and z terms drops out of the equation. Furthermore, it is assumed
that the flow is in steady state, so the time dependent factor drops out as well. The temperature of
the vapour inside the tube is equal to the saturation temperature and it is assumed that the velocity
of the vapour is zero.

The simplified Navier-Stokes equation can be non-dimensionalized. Starting with the non-dimen-
sionalizing of the continuity equation (eq. 2.12) to obtain the scaled velocity.

ou dv_, 2.12)
ox dy '

It is assumed that the 6 < L so the non-dimensional variables give for the Navier-Stokes equation

that ‘;27’2‘ < ‘;27’2‘. Furthermore, the term on the left side of the equation (eq. 2.11) is very small in

. . 2 . . .
comparison with 2%, so it can be neglected. Remaining:
ay

ou? _
,U(W)ﬂolg—o (2.13)
Integrating the equation (eq. 2.13) using boundary conditions. The first boundary condition is at the
wall, where the velocity is zero because of the no-slip condition. The second boundary condition is
at the edge where fluid is in contact with the vapour. For the second boundary condition, the shear
stress between the interface of the liquid and vapour is zero. The y-axis is set out on horizontal
direction, see figure 2.2a. After integration, the mass flow rate per unit width, I', and the velocity
profile are calculated.

o 53
F:fo 01 udy:% (2.14)
_p186% [y 1y
u= b 5_5(5) (2.15)

Combining equation 2.8 and equation 2.14, the Reynolds number becomes:

5 3 )3
_ = (—Re) (2.16)
(v2/g)s \4

where (v2/ g)% has the dimension of length.

At a wavy laminar and turbulent regime, the velocity varies at each position because liquid builds
up and waves can be formed on the surface of the falling film. This has effect on the velocity of the
falling film. When the wave has passed, the velocity will decrease. The equation used is:

u
40 p

u=Re (2.17)
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2.3.2. Heat transfer
To find a relation between the Nusselt number and Reynolds number, the local convection and en-
ergy conservation must be determined as well.

The heat goes from the tube into the falling film. For the tube is assumed that the temperature
distribution is linear. The two boundary conditions are located at the wall, temperature of the tube
and at the surface of the film, as the saturation temperature:

_ kl (Tw — Tsar) oT

=k— 2.18
o lay w ( )
The local heat transfer coefficient is:
n=-1 2.19)
AT
Combining both equations gives:
oT
ki vl
h=—— (2.20)
Tw - TSﬂt

The flow is assumed to be steady for this energy equation. Just as with the mass conversation, an
element volume approach has been taken.

Heat
Evapo-

Wall ration

ouT

Figure 2.4: Element volume for energy balance

The equation becomes:

5(x) 6(x) oT
—-m hg Ax+f pluhldylxzf pruhidyleiax+k; —| Ax (2.21)
0 0 0y lw
Again, let Ax go to zero and rearrange:
oT d [?°
ki —| =—-m hg—— h;d 2.22
zay y m ng dxfo prunay (2.22)

Insert the mass equation which is found in equation 2.10. Giving:

oT a [?°
—| =— he—hy)d 2.23
Pyl = | pruthg=nidy (2.23)
The enthalpy of the liquid is k; and vapour is hg. For a constant liquid specific heat capacity:
oT d fa [Afe+ Cpy(T T)ld (2.24)
—| =— u c - .
l 3y lw  dxJo o1 fg T Cp\Usar y

where the term ¢, (Tsq; — T) is negligible in comparison to the phase change enthalpy. Combining
equation 2.14 and equation 2.23, the energy equation becomes:

oT d 6w dr
ki —| =hro— dy=hr,— 2.25
layw fgdxfo pruay fgdx ( )
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To determine the thickness, the mass per unit width (eq. 2.14), as well as the local heat transfer
coefficient (eq. 2.20), are used. Together with equation 2.25 it becomes:

dr gp;6° (d& )
=t (= 2.26
dx V) dx ( )
Combining equation 2.26 and equation 2.25 give after integration:
5 |45k (T = Tsad) vi ' 2.27)
higpi g

For the wavy laminar and turbulent falling film, the thickness is an empirical equation. As can be
seen in figure 2.2b, the thickness varies along the tube. Therefore, a prediction is given by Gourdon
et al. for the wavy laminar thickness [28]:

2
v
5 = (0.599 El Re)l3 (2.28)

And the thickness of turbulent falling film is [19]:

l}2
5=10.288 (El) Re"53 (2.29)

2.3.3. Relation between the Nusselt number and Reynolds number
To obtain arelation between Nusselt number and the Reynolds number, the general Nusselt number
for a falling film is given first:

Convective heat transfer h (v3/ g)%
Nusselt number = - = (2.30)
Conductive heat transfer k;
This relation combines the energy equation 2.25 with equations 2.8, 2.20 and 2.30:
dx 1h
__ Hilre dRe 2.31)
(vzlg)§ 4 ky (Tsqr—Tw) Nu
Using Prandtl number and Jakob number:
p { Viscous diffusion rate } Cp,l M1 (2.32)
rp= = .
! Thermal diffusion rate k;
Cp(Tsar— Tw)
Ja; = Zprosat Tw (2.33)

hyg
The Jakob number is the ratio of sensible heat to latent heat absorbed (or released) during the phase
change process [29].

The equation becomes:

(2.34)

L Pr fReL dRe
(v2/g)% 4]a

Rey Nu
As already mentioned above, there are three regimes in falling films. The first regime is below a

Reynolds number of 30. The second regime is between 30 and Re;. The last regime is above the
Rey;:

Re;r = 5800 Pr, % (2.35)
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For the last two regimes, the relation between Nusselt and Reynolds is set in a correlation. These
correlations are obtained by experimental data from water [30].

1
3 3
Nu= (ZRe) Re<30 (laminar) (2.36)
Nu=0.822 Re™ %2 30 <Re < Reyr (wavy laminar) (2.37)
Nu=3.8-107° Re®* pr® Rey < Re (tubulent) (2.38)

Filling these relations (eq. 2.36 - eq. 2.38) into equation 2.34 will give the Reynolds number. Now
Reynolds number is known, the Nusselt number can be calculated by:

N (VZ/ )1/3
Nu=-—*L1-1t> 8
4]a L
From the Nusselt number, the heat transfer coefficient is calculated with equation 2.40.

(Re, — Re)) (2.39)

Nuk
Since the transition number depends on the Prandtl number, the following plot is made to visualize
the transition points. The dotted line gives the laminar regime, for extreme cases. The line with a
slope downwards, just above the dotted line, is the wavy laminar regime. The lines positively-sloped
represent the turbulent flow.

h= (2.40)

1.0 T T T T 7T 77T T T T T 17171 T T

e
o

Pr=10 57
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RO /)Y 1k
(=]
o

i
=0.4
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g 02k ]
3
g ~
—~—
0.1 1 1411_1ﬁ"-.; l 1 Lot 4.1 )il ] 1 1
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Reynolds number, Re=4I/y;

Figure 2.5: Correlation Reynolds number, Nusselt number in falling film [30]

2.3.4. Properties milk in falling film

The medium in the falling film is milk. While the film falls along the inside edge of the tube, the
outside is heated with steam. This causes a change in the properties of the milk, because of the
evaporation of water from the milk. The mass fraction is taken into account, to take care of the prop-
erties of the milk. For the thermal conductivity (kpyi), density ( pmii) and heat capacity (Cp,mii), the
following equations have been used [28]:

kpmitk = 0.5656—0.2692 S+0.9122-1073 T4, —0.2083 S +0.79-1073 S T4, —0.1417-107° T2, (2.41)

Pmilke = 98.02 S +236.3 S+978.9 (2.42)
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Cpymilk = —2655 S +4227 (2.43)

where Sis the dry solid mass fraction and Ty, is the saturation temperature of milk. There the fluid
becomes non-Newtonian at a solid dry mass fraction of 0.45, an exponential function is used to
cover the range of the dynamic viscosity at saturation temperature [28].

Hmitk = 0.0004804 ¢'0-9 (2.44)

2.4. Full flow water

The local overall heat transfer coefficient is determined for a full flow of water. The reason to start
with a full flow of water is that the experimental results are better to verify than the falling film,
where more parameters can influence the results. When the system is filled with water, there are
two different phenomena which should be taken into account. The first phenomena is the friction
which occur in the system. The second phenomena is the heating of certain part of the tube.

2.4.1. Pressure loss

The goal of the pressure loss calculation is to determine the characteristics of the pump which will
be installed. The assumption which are made to calculate the pressure loss are: fluid in the system
is a Newtonian fluid and incompressible. The pressure loss can be calculated by the friction loss.

The head loss is given by:

Lu?
d2g
where h¢is the head loss, f the non-dimensional friction factor, L the length, d the diameter, u the

velocity and g is the gravitational acceleration. Calculating the pressure losses in the system for
straight parts, the following equation 2.46 is used:

hy=f (2.45)

AP=hfpg (2.46)

From the Navier-Stokes equation 2.11, the energy equation can be obtained with the following as-
sumptions; namely steady state, incompressible and inviscid:

u2 2

p pu
p1+—21+pgz1=p2+72+pgz2+hf (2.47)
where z is the height. In a closed system the velocity does not change (u; = u,) and the height terms
cancel. The pressure loss is caused by the shear stress along the wall. A force balance with pressure
loss can be described as equation 2.48. Where the pressure loss times the area is equal to the shear
stress along the wall times the length. The sum of these forces is zero.

Ap (m RH -1, 2T R L=0 (2.48)

where Ris the radius of the circle, 7, is the shear stress and L is the length of the tube.
Combining equation 2.47 and equation 2.48 gives the head loss related to wall shear stress:
47, L
hp=—2= (2.49)
pg D
Equation 2.49 is applicable for laminar flow.
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For a laminar fully developed flow, the shear stress along the wall can be expressed by:

T = ‘ du (2.50)
w= M dr .
where p is the dynamic viscosity and the velocity profile is given by:
u=|-——| —|1-—= (2.51)
dx) 4u R?

For laminar flow, the friction factor can be determined from equation 2.45 and equation 2.49. The
friction factor is:
81, 64

f= " Re (2.52)
The laminar flow will be considered until a general accepted threshold of 2300 of the Reynolds num-
ber, but depends on the roughness and inlet of the tube. The flow regime becomes turbulent for
Reynolds number exceeding the general accepted threshold of 3000. The transition flow is in be-
tween. Because turbulent flow is not as straight forward as laminar flow, turbulent flow is based
on experimental data. For turbulent flow, the determination of the Darcy friction factor f is done
by the equation of Colebrook or Haaland. The equation is based on the Moody diagram which is
experimentally determined (figure 2.6). On the horizontal axis stands the Reynolds number and on
the vertical axis the friction factor.

Moody Diagram
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Figure 2.6: Moody diagram [31]
The Moody chart is accurate to + 15 percent for design calculations over the full range. The Moody

diagram is based on the relative roughness of the pipe and the Reynolds number. For the relative
roughness of the pipe, the inner wall roughness of the pipe itself has to be known.
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1 6.9 1 e\
Haaland: —— =-1.8log —+(— —) ] (2.53)
fl/2 ReD 3.7 D
. €\ 5
1 6.9 1 L1 251
Colebrook: —=-2log| —+|—= —= +— (2.54)
f1/2 Rep 3.7 D Rep f1/2

To calculate the pressure loss in obstacles, experimental values are considered [32]. They are ex-
pressed as K. To determine the pressure loss for K, the following equation is used:

2
u° (fL
Ah =—|—+) K 2.55
f.tot zg(D > ) (2.55)
Together with the pressure losses of the components, given by the manufactures, the total pressure
loss can be calculated.

2.4.2. Thermal phenomena in full flow tube

For a full flow tube, the heat transfer is calculated differently than the falling film. The laminar,
transition and turbulent regime can still be defined. A distinguish can be made between the entry
of the heated section and the section where the heat transfer is fully developed. A thermal entry
length means that the heat must penetrated to the centre of the tube [1]. The thermal heat can be
imposed in two different methods. The first method is to give the outside wall of the tube a constant
temperature. The second method is by imposing a constant heat flux on the outside of the tube.
The Prandtl number plays a part in the determination of the thermal entry length. Prandtl can be
described as follows [23]:

P
TR

(2.56)
In the research of Sparrow et al. [33] the Reynolds numbers and Prandtl number are varied. The
difference between a Prandtl number of 0.7, 10 and 100 is given and it can be seen that the entrance
region gets larger when the Prandtl number increases.

To determine the Nusselt number in the laminar entry length, equation 2.57 is mostly used to de-
scribe this region. Although it belongs to the constant surface temperature heating, it gives an in-
sight in the parameters influencing the thermal entry length.

0.065 2 Re Pr

Nu=3.66+ N
1+0.04[2 Re Pr1?/3

(2.57)

When L/D goes to infinity, which means further away from the entry, the constant value of 3.66
remains.

The length to came within reach of 5 percent of the fully developed heat profile flow can be deter-
mined by the approximation:

L=0.017 Re Pr D (2.58)

The value of 0.017 originates from the dimensionless Graetz number, which is shown in figure 2.7.
Given the length of the thermal entry, the correction on the Nusselt number can be made for the
entrance region.
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Figure 2.7: Graetz number over Nusselt number

The equation for the constant heat flux is built up from empirical measurements. The equation is
completely fitted, see equation 2.59 - 2.61. The correlation has an accuracy within + 1 percent [34].

x\—1/3 *
x 5 [x _3

1.302 ?) —-0.5 5.-107° < (7) <1.5-10 (2.59)
K| 0:506 . e

4.364+8.68-10° (7) e~41x7/2) (?) >1.5-1073 (2.60)

" X
D . — (2.61)
Dh ReDh Pr

Ndenguma et al. [35] studied the transitional flow experimentally. The medium used is water for
three different scenarios: isothermal, heating and cooling. The flow is hydrodynamic and thermally
developed where mixed and forced convection can take place. The inlet of the tube is changing.
The most useful case for this report is the long calming section. The measurement is done with 9
stations with each two thermocouples embedded in the wall. So, one thermocouple on the top, and
the other one at the bottom. The thermocouples are soldered in a groove so that the tube remains
in a smooth condition. In figure 2.8 the Reynolds number and the Nusselt number are plotted on
respectively the horizontal and vertical axis. The turbulent regime and laminar regime have been
investigated thoroughly, but the transitional regime is not supported by a well-known correlation
and is plotted using experimental data.
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Figure 2.8: Reynolds number over Nusselt number in different regimes [35].
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Hasan [36] compared the different correlation of heat transfer at a turbulent region with numerical
calculation using finite difference numerical technique. The paper stated that the simulation is suc-
cessfully compared with experimental work. In the paper of Mills [37], the thermal entry length of a
turbulent flow has been discussed. The given definition for the thermal entry length is: "the thermal
entrance length is determined by the distance required for Nuy / Nu, to reach unity". The paper
mostly consists of experimental work. The setup uses air as medium, fully developed conditions
and a uniform heat flux against the wall. The setup itself has a heated length of 133.5inch and a 1.5
inch inner diameter. The air has been sucked through the setup. The heating system is a winding of
nickel-chromium, with a resistance of 0.37 ohm/ft. The pitch for the wire is 3/8 inch, and the ther-
mocouple is placed in between the wires. Figure 2.9 shows the ratio of the Nusselt number is on the
vertical axis. Nuy is the place of measuring, and Nu, is the area where the Nusselt number becomes
constant, which is far away from the entry length. On the horizontal axis, the length is given in the
dimension of the distance divided by the diameter of the tube. This has been done so that is can be
applied by most tubes.
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Figure 2.9: Ratio of Nusselt number over the length by a long calming section [37].

The Nusselt number in the turbulence entry region is calculated by the equation of Nusselt [36]. The
flow is constrained in between 10 and 400 length over diameter.

1, ~0:055
) (2.62)

Nu=0.036 Re®® prl/3 (5

This empirical correlation for a thermal fully developed flow is given by McAdams in 1954 [38]. The
range of the experiment is between 10000 and 120000 Reynolds where the Prandtl number is in the
range of 0.7 and 120. The data have a deviation of 20 percent. The work has been performed with a
constant heat flux at the wall.

Nuint = 0.023 Re®8pr04 (2.63)

To improve the accuracy, Gnielinski recommended the following equation which is generally used
nowadays:
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(g) (Rep — 1000) Pr
Nup = (3000 < Rey, < 10°) 2.64)

The range for this equation is bounded by Reynolds. A Reynolds number of 3000 is set as value
where in general the flow is fully turbulent.

2.4.3. Heat transfer full flow water
To calculate the local overall heat transfer coefficient, the separated thermal resistances are dis-

cussed first. Starting with the water inside the tube. A total overview of the system is given in figure
2.10.

Heat blanket

Heat flux sensor

Figure 2.10: Schematic overview tube with components

At low flow rates, the water inside the tube is laminar. For the laminar flow, the Nusselt number is:

48

Nu=—
11

(2.65)
This constant value of the Nusselt number is based on the assumption of thermal fully developed
flow with a uniform wall heat flux. The next step is to apply the first law of thermodynamics with the
assumptions of constant fluid properties, low speed flow and negligible change in potential energy.
Two boundary conditions are applied. The first boundary condition is at the wall surface where the
temperature is equal to the wall surface. The second boundary condition is in the middle of the tube
where the derivative over the temperature is zero.

The equation of Gnielinski (eq. 2.64) is applied for turbulent flows. In this equation, Prandtl and
Reynolds number are used. Both heavily depend on the temperature due to the fluid properties
which are used. At higher power input, the difference between wall temperature and bulk tem-
perature is significant at low flow rates. Two methods are proposed to provide the correct Nusselt
number. The first method determines the reference temperature of the fluid.

T, =Ts— ¢ (Ts—Tp) (2.66)

where T; is the reference temperature, T the surface temperature of wall, T, the bulk temperature
and ¢ is a constant set a commonly used value of 0.5. For the entry length this correction is not taken
into account. The bulk temperature is chosen for the entry length, because the heated layer is still
thin and heat is penetrating into the water (fig. 2.11). The line with arrows presents the heat profile
of the tube.
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Surface condition

r T,> T (r,0) ‘féj

I \L |_,/ I
o | |
I =
—_—— -Q—;_T_;zh'__ + L -4 =
1 3, I (
I IA\ | i
L f |
1
| i
T(r,0) |
1
< Thermal entrance regioni Fully developed region >
L x

¥fd, ¢
Figure 2.11: Thermal developing flow
The second method takes a correction for the friction factor and the Nusselt number. This correc-

tion is based on the kinematic viscosity, due to the large change by a slight temperature difference.
The friction factor has influence along the wall. A lower viscosity means less friction.

0.25
-y
-0.11
5—;‘ = (%) (2.68)
b b

where f is the friction factor and f} is the friction factor at bulk temperature, y is the kinematic
viscosity of the surface and p, is the kinematic viscosity of the bulk. The same applies to the Nusselt
number relation.

The resistance of the tube, made out of stainless steel, thermal paste and heat flux sensor is con-
duction, so equation 2.1 is used. Depending on the source, heat blanket or heat flux sensor, the
resistance is respectively the full sensor or the half of the heat flux sensor because the temperature
and heat flux are measured in the middle of the heat flux sensor. For the heat blanket, the small gap
in between the tube and blanket must be included as well. In total, the electrical analogy is:

Convection (h)

Tube inside

Water O

Tube outside O Heat blanket

Convection {h) Conduction (k)

Conduction (k) Conduction ik}

Thermal paste outside
JHF sensoringide

Figure 2.12: Electrical analogy tube



Experimental setup

The method for measuring the heat transfer coefficient is discussed in this chapter. An experimental
setup is constructed to perform two different experiments. The first experiment is to investigate the
local overall heat transfer coefficient for a full flow of water in the tube. The second experiment is the
same experiment, only with a falling film instead of the full flow of water. The setup was designed

for both experiments. The falling film experiment has not been performed in this research due to
time restriction of the project.

3.1. Components in experimental setup
To have a complete overview of the setup, a P&ID is made (fig. 3.1). AP&ID is a schematic illustration
of a functional relationship between piping, instrumentation and system components. The P&ID is

based on the ISA (Instrumentation, Systems, and Automation Society) directives.

FM Flow meter
P1 Pump
\ v DV Drain valve
2 50 Future T Temperature sensor
@ Cv Control valve
@ 63.5 HEX Heat Exchanger
Insulation 4 T 1 EV Expansion valve
},f;{ NY Safety valve
Measuring tube: e \4 Vent
- insulation DN 25\1
- heat blankets TR
- heat flux sensors FM1 cv1 ‘}"f,)
- diameter 63.5 mm !
- length 1,500 mm rj,,
2 50 M2 |
=
Insulation F’j\j
@ 263 I 250 | L
D : i 1 ‘
Cooling
‘ HEX System
@ 63 @ 63
ok O—k 22y ok
- - X
DV1 DV1
=——TU Delft
= = Mechanical
7o oo o 7 e engineering

Figure 3.1: P&ID of the setup
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The components used in the setup are listed in the P&ID. In the measuring tube on the left side in
the P&ID, the measurements are performed concerning the local overall heat transfer coefficient.
The tube is made out of stainless steel 304, this is a requirement. From that point, the water can
either go into a storage tank or straight to the pump when the valve is closed. The storage tank has
a function when the falling film has to be created. It is preferred to have an open system which can
be realised with the storage tank. From the pump (P1) the water is transported to a heat exchanger
to release the heat. The amount of flow is small when the falling film has to be created. The dotted
line is suited for smaller flow rates as in the falling film experiment. For the system fully filled with
water, it goes through the flow meter, passes a couple of safety precautions and flows back into the
measurement tube.

3.1.1. Selection of cooling system

Before the system was designed, the method of cooling was taken into consideration. There are two
possibilities to cool the heated system. The first possibility is the use of a vessel filled with water.
This vessel can be used for the open system as well for the closed system. When the closed system
is used, the piping should be connected all the way but the water is still cooling the tubes running
through the water. Normally, in water which stands still, free or natural convection is directly taken
into account. This can also be checked by the following statements for Prandtl > 1:

Forced i Gr 1 3

orced convection W < 3.1)
Mixed i or__ o

ixed convection W =1 3.2)
N 1 . Gr

atural convection m >1 (3.3)

where the Grashof number is:
buoyanc AT g I3
Gr:{ _buoyancy }:ﬁ 8 (3.4)
viscous forces v

Filling in the numbers, with a water temperature at 20 °C, tube temperature of 25 °C and a velocity
around 0.1 m/s, results in a value around 35, so natural convection. The Rayleigh number deter-
mines if the natural convection is laminar or turbulent regime. The Rayleigh number is expressed
as:

Ra:{ buoyancy }_ BAT g I3 cp

= 3.5
viscous forces v2 k (8.5)

The Rayleigh number, Ra;, for the vertical tube is around 10'2. The tube dissipates heat into the
water.

Nuj =0.68+0.670(Ra; )" Ra; <10° (3.6)
Nuj; =0.68+0.670(Ra; W) /(1 +1.6-10 8 Ra; ¥) /12 10° < Ra; <102 (3.7)
where v is:

0.4929/16]71%"®
w=[1+( = ) ] 3.8)
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For the horizontal tube in the vessel:

0.518Ray,* N o

Nup =036+ o Sia a7 107° < Rap <10 (3.9)
Rap 1/6]2 .

Nuy = |0.60+0.387 [1+(0.559/Pr)9/16]16/9] ] Rap =10 (3.10)

where Rayleigh number is in the order of 108. The difference in the horizontal and vertical Rayleigh
number is defined in the length for vertical tube and diameter for the horizontal tube.

Taking the equations into account for the vertical and horizontal position of the tube, the losses in
the tubing will be around 1 kW. The amount of heat entering the system is more than 2 kW. Con-
cluding that this method is not suitable so that a heat exchanger has been chosen.

3.1.2. Selection of pump and flow meter

The pump has been selected for the range of flows which are needed to investigate the local overall
heat transfer coefficient. Choosing the inappropriate range may result in inaccurate results or a
range where the difference is too small to obtain clear results. Next to this fact, the pump also has to
overcome the height and the friction as calculated in section 2.4.1. The pressure drop for the piping
system is 14 kPa. The total pressure drop for the heat exchanger is around 30 kPa, this value is
provided by the manufacturer. At the flow meter, the pressure drop is negligible. The total pressure
drop in the system is around 44 kPa. When the system is open, the height of almost 10 meter, must
be taken into account as well. This means, 1 bar of pressure difference from the top to the bottom
of the system. At the top, the system is in contact with atmospheric pressure. The pump chosen for
this system is the Duijvelaar Pompen type PDLS18-20, centrifugal pump, based on the performance
curve. Around 40 Hz, the pressure exceeds 1 bar.

The flow meter has three criteria. The first criteria is the measurement range. For the flow meter,
the same range is chosen as the pump. The second criteria is the diameter passage. The pump
has an inlet of 50 mm and the tube which is used for the measurements is 63.5 mm. The last but
most important criteria is the accuracy of the flow meter. The flow meter chosen is the Altometer
K280/6, which is a magnetic-inductive flow meter, with an accuracy of 0.5 percent according to the
manufacturer.

3.1.3. Creating a falling film

For the second test, a falling film is created. In order to do so, a collection box (fig. 3.2) is made
on the top of the stainless steel tube. The collection box has an inlet on one side of the collection
box. Two baffles in between the inlet and outlet flow prevent a straight stream and slows the stream
down in the larger volume. To create a falling film, a water buffer is required to achieve a gradual
flow over the edge of the outlet tube. The dimensions are given in figure 3.2. For a falling film, the
tubes must be aligned perfectly and directed parallel to the gravity force.



26 3. Experimental setup

66,7‘ ‘ 667
EEES
wn un
~ ~| Hole M8
| o M
9P
outlet } ——=51 | Partition
T
@ MRE
[¥s)
o | N
3 4 o
ad [
—| 128

Welding socket 2" Inlet

2

206

SECTION A-A
200 SCALE 1:5

rown RCA Draw.no._:012

TU Delft

Mechanical
engineering

Figure 3.2: Collection box

3.1.4. Heat flux sensor

A heat flux sensor is a sensor which can measure the heat flux. The heat flux is the heat rate per
unit area going through the sensor. In the paper of Singh et al. [39], the mounting of the heat flux
sensor is discussed. First of all, a general heat flux sensor consists of different layers of substrates
and packages, made out of polyamide, Kapton, anodized aluminium or silicone. Furthermore, a
heat flux sensor consists of thermopiles, contacts and interconnection. Heat flux sensors are not
build for harsh environment such as furnaces, combustion chambers and fires. For a region where
condensation takes place, extra attention should be paid. The mounting on the tube’s outer sur-
faces effects the results of the sensor. Those results give a deviation on the expected results. When
the heat flux sensor is put into a slot, which has been cut in the tube, it appears that only steady
state process can be measured. The paper of Sabau and Wu [40] investigates the process of casting.
Although the process is different, the heat flux sensors are also able to measure the heat flux of the
process. The conclusion, after measuring the errors in the system, is that the heat flux sensors can
successfully be applied by investigation the effects of lubrication, even for different diluted ratios.

This research focus on the conductive heat flux sensors, which is schematically shown in figure 3.3a.
This sensor is made out of thermopiles. A thermopile consists of multiple thermocouples placed
in series. A thermocouple is made out of two materials and have contact on both their ends. By
a temperature difference, the two materials expend differently which causes a voltage difference,
presented in figure 3.3b. This principle is called the Seebeck effect.
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The Seebeck effect can be described physically as equation 3.11, which links the generated voltage
to the temperature:

AV =as AT (3.11)

The a; used in the equation is the Seebeck coefficient which is different for every material pair [41].
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(a) General working principle heat flux sensor (b) Seebeck effect thermocouple

Figure 3.3

To compare the heat flux sensors with each other, the following criteria are taken into account, see
table 3.1. To select the heat flux sensor, the heat flux range, the fitting on the tube and the water
resistance are important. The heat flux for the falling film evaporator is based on the theory (chapter
2) and the results (chapter 4). The heat flux range is between 2 and 30 kW m™2. The fitting on the
tube is not a problem for all of the sensors, they are small or can be bent. For the final application
the sensor should be water resistance. All other parameters are in the same order of magnitude.
The heat flux sensor of Fluxteq is chosen for the heat flux rate, the bending around the tube and
the water resistance. Water resistance is important due to the fact that the sensors are exposed to
steam. The ability to measure temperatures is an additional advantage of these sensors.

Table 3.1: Overview heat flux sensors

Fluxteq Captex Greenteg Hukseflux
(Cover band)
Price $60 €107 €250 €9375
Size [mm] 27x32 10x10 4.4x4.4 140x360
Amount of sensors | Single Single Single Multi
Maximum 120 200 150 100
temperature [°C]
Heat flux range | 150 500 150 2
(KW m?]
Thermal  resis- | 8.64-10* 1-103 7.94-10 6-1073
tance [K wl m'z]
Fit on tube Bendable Yes Yes Bendable
Measuring Yes Yes(+ €17) No Yes
temperature[°C]
Delivery time 1-3 days 1 week 2-4 days 4-6 weeks
Water resistance Water:Yes Water:No Water as long | Yes, Protection
Steam:Not tested | Using acrylic as the sensor is | class IP65 (low
but foreseeing no | coating not constantly | pressure water
problem under water and | jets)
dried from time
to time from the
moisture
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3.1.5. Thermal paste

Placing the heat flux sensor against the stainless steel tube will inevitable give a void between the
two surfaces due to the roughness of each material. To avoid that the area will be filled with air,
which is a well performing insulator, thermal paste is used. Next to the fact that the thermal paste
replaces the air, the conductivity of the thermal paste is known. Also, there is a possibility to re-
place the thermal paste to have a second option to validate the final model. Two thermal paste are
used: the Danfoss 'Koperpasta tube AT’ and the Arctic Silver 5. Both have a conduction resistance
of respectively 0.7 Wm™ K'! and 8.9 Wm™ K'!. During application of the thermal paste, it is taken
into consideration that it should be divided evenly over the heat flux sensor. By placing the heat
flux sensor against the tube, the thermal paste must come underneath the heat flux sensor on all
sides. Masking tape is used to keep the heat flux sensor at the desired place when mounting the
heat blanket. The masking tape is placed at the position on the heat flux sensor where there is no
measurement. The measurement is done in the inner region of the heat flux sensor. The following
figure shows the result.

Figure 3.4: Thermal paste Arctic Silver 5 between heat flux sensor and tube

3.2. Measurement area

The beginning of the measurement area is located at 4.3 meter from the inlet of the stainless steel
tube, so the velocity profile of the water will be developed. Furthermore, a heat blanket is used
which means that the surface receives an uniform heat flux. The heat blanket is a flexible silicon
blanket with a wire inside for the heating. The advantage of the flexibility is that it can be bound
around the tube. The disadvantage of the heat blanket is that it is built up from five vertical strokes.
In between the strokes, it is not heated. In the strokes it is assumed that the heating is homogeneous.
However, the wire inside the silicon blanket is placed horizontal so it makes a turn on the edges of
the stroke.

(a) Tube with heat flux sensors (b) Tube with heat blanket (c) Tube with insulation

Figure 3.5: Measurement area
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A schematic overview is given in the figure below with the position of the sensors at the outside of
the medium-carrying tube. The heat blanket has a total length of 1.500 mm and is placed over all
the heat flux sensors. The flow is fully developed in this area. The direction of flow is from top to
bottom. The distance of the heat flux sensors is measured from the bottom side of the heat blanket.
The numbers of the sensors are adopted from the number of the certificates of the manufacture.
Heat flux sensor 6 is placed at the bottom of the heat blanket and heat flux sensor 14 is placed at
the top of the heat blanket. Heat flux sensor 10 is placed around the middle of the heat blanket,
and heat flux sensor 7 is placed at 300 mm from the bottom side of the heat blanket. Insulation
is mounted around the heat blanket. Above and below the measurement area, the temperature is
measured with type K sensors. The data of the temperature sensors have been read out by a process
transmitter from Endress + Hauser using LabVIEW. The signals generated by the heat flux sensors
are processed by a FluxDAQ converter. This device converts the DC voltage signals of the heat flux
sensors into temperature and heat flux values.

] Temperaiure sensor

Heat blanket 1400 mm

07 700 mrm
300 mm
L ] s i: ] N EA

[] Temperature sensor

Figure 3.6: Overview measuring area

3.2.1. Insulation

Two types of insulation are used in the experimental setup. The mean reason for using two different
types is the temperature reached by the heat blanket. The first type is Armaflex AF and is used one
meter above and one meter below the measuring area. The thermal conductivity value is 0.033 W
m™! K'! and the maximum operation temperature is 110 °C [42].

The tube temperature is taken as 25 °C, the outside temperature as 15 °C and the velocity of the wind
as 1 m/s. Because air is the medium, the transition from natural convection to forced convection is
slightly different. So, for Prandtl around 1:

. Gr
Forced convection — <1 (3.12)
Re
. . Gr
Mixed convection — =1 (3.13)
Re
. Gr
Natural convection —>1 (3.14)
Re?

Therefore, mixed convection occurs as the value of 0.67 which is about 1.
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Mixed convection consists out of natural convection and forced convection, which is connected
with the following relation [23]:

(Nu—Nug)® = (Nuy — Nug)® + (Nu, — Nug)® (3.15)

where Nuy is zero for plates, which approaches the vertical tube the most. Nu,, is the natural con-
vection and both equation 3.6 and equation 3.7 are used. For N_uf, the tube can be seen as a cylin-
der. The airflow is assumed to be flowing horizontally through the lab to cool the tube. The Nusselt
number is based on the correlation proposed by Churchill and Bernstein [43].

0.62Re}}?Pr'/3

Nup=03+ Rep < 10* 3.16
b [1+ (0.4/ Pr)2/3]1/4 b (516
1/2 1/3 /
Nup=03+ 0.62Rep,"Pr 1+( Rep )12 2-10* < Rep <4-10° (3.17)
[1+(0.4/Pr)2/3]1/4 282000
Nup=03+ 0.62Rep,"Pr!® 1+( Rep )5/8 " 4-10° < Rep <5-10° (3.18)
D 15 (0.4/Pr 23174 282000 b ‘

The amount of heat lost without insulation has been calculated at 15 W. The heat loss with insula-
tion is around 6 W, when the thickness of the insulation is set at two centimetres. In this equation
the tube temperature is set at 25°C. The temperature difference is small so it will not be taken into
account.

For the heat blanket, Pumica is used for insulation. Pumica is made out of ceramically-bonded
Vermiculite dishes [44]. The maximum temperature which it can withstand is 900 °C. The thermal
conductivity is 0.125 Wm™ K'! and the density is 500 kg/m3. The thickness of the Pumica is 8 cm.

3.3. Construction of the setup

Using the P&ID from section 3.1, the ground part in figure 3.7 has the following components. The
tank (white), the pump on the ground floor (blue) and the heat exchanger on the left front of the
picture (grey). The blue flow meter can be seen on the top of the figure. Furthermore, it can be seen
that the stainless steel tube coming from the measurement section enters the picture in the middle.
For the top part (fig. 3.8), the collection box, the pressure safety valve and the air vent are visible.
On the ground, the other parts of the setup can be seen. The measurement area is roughly located
in the middle.
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Figure 3.8: Total experimental setup
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3.4. Heat transfer in measuring area

The input for calculating the local overall heat transfer coefficient are the temperature sensors and
the heat flux sensor with temperature sensors as well. The equation used for the experimental cal-
culation of the overall heat transfer coefficient is the following:

q

U=—
AT

3.19)
The equation is not divided into the principles of heat transfer as discussed in section 2.1, but shows
directly the overall heat transfer coefficient. To compare the overall heat transfer with theory, the
model in figure 2.10 is made from the heat flux sensor to the water in the tube. Figure 2.12 shows
the resistances for the overall heat transfer coefficient, which are calculated individually. Both ex-
perimental and theoretical overall heat transfer coefficients are known, so the comparison can be
made.

3.5. Signal noise

In the beginning of the experimental tests, the heat flux sensors had a small signal to noise ratio
in the signal. The cables of the heat flux sensors are not insulated, so the noise can be produced
outside the setup and influence the signal of the heat flux sensor. To analyse noise from external
factors, a Fast Fourier Transform (FFT) has been executed.

Performing an FFT on the measured data, the FFT provided no clear results. To find the source of the
noise, the sensor was detached from the setup. It appears that the heat blanket, using alternating
current, has influence on the cable of the heat flux sensor. Figure 3.9 shows the noise of the heat flux
sensor. The heat flux sensor itself is mounted below the heat blanket. The first 50 seconds have an
acceptable signal to noise ratio for the temperature of the heat flux sensor (fig. 3.9). After that time,
the heat blanket starts to produce heat.

q=0.6 Temp= 19.4
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Figure 3.9: Heat flux (red) and temperature (blue) of heat flux sensor plotted over time. At 50 seconds, wire of
heat flux sensor over heat blanket. Left of the vertical line is an acceptable signal to noise ratio. On the right
of the vertical line an unacceptable signal to noise ratio, the cable crosses the heat blanket using alternating
current.
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The sensor is far away from the heat blanket, so there is no temperature or heat flux increase. To
check the influence of the heat flux sensor itself, the heat flux sensor is attached to the heat blanket.
The noise was not as visible as the noise of the wire over the heat blanket. The noise can be explained
by the cable which is attached to the sensor (fig. 3.10a).

l! ‘1%1 N

(a) (b)

Figure 3.10: (a) Heat flux sensor attached to heat blanket and (b) heat flux sensor spacing to heat blanket

Having space between the heat flux sensor and the heat blanket was the first solution to reduce
noise of the heat blanket (fig. 3.10b). The sand coloured rings are used to keep a constant distance
between the sensor and the heat blanket. Furthermore, the rings are not placed too far from each
other to avoid circulation of air between the hot surface of the heat blanket and the cold surface of
the tube. The results of the sensors were not as good as expected. Because insulation was not used,
the environment had a large influence on the heat blanket and on the results.

The second solution is to use direct current (DC) instead of alternating current (AC). As shown in
figure 3.10a, the heat blanket is built up by wires close to each other. These wires can potential form
a coil which gives a flux by alternating current. At direct current, the fluctuations do not appear.
Direct current (DC) produced by a power supply of Delta Elektronika type SM 120- 25 D, is used in
further experiments.






Results

This chapter is divided in two sections. The first section describes the results of the theoretical ap-
proach of the falling film evaporator used by FrieslandCampina. These results of the falling film
evaporator are needed to determine the heat flux. With the heat flux range known, the heat flux
sensors can be selected, see section 3.1.4. In the second section, the heat flux sensor will be investi-
gated in an experimental setup and the results are described here.

4.1. Falling film evaporator: theoretical approach

In order to calculate the falling film in the evaporator, several restrictions are taken into account.
These restrictions preserve the quality of the milk powder. The evaporation temperature of the water
is 70 °C, due to an under pressure in the tube. The maximum temperature of the outer wall is 77 °C
to prevent nucleation boiling. The mass flow rate per unit width y is 900 kg m™! h'! and the total
length of the tube is 54 meter. The concentration varies with the position in the tube because the
water evaporates. The milk is assumed to consists of 80 percent water, from which only 60 percent
has to be evaporated to obtain a 60 percent dry concentration of milk.

Next, the falling film and the tube wall are included in the calculations. However, the vapour inside
the tube and the steam on the outside are not taken into account. These can vary and is specific to
the installation itself. The focus of this report is the falling film inside the tube.

With the theory for a falling film described in chapter 2, the results are presented for the given input
values. Starting with the relation between the Reynolds number and the position along the tube
(fig. 4.1a). It appears that the Reynolds number decreases for increasing position of the fluid into
the evaporator. The reason is that the water evaporates, so the density and the kinematic viscosity
are changing, diameter is constant and the change in velocity is small. The density differs for milk
to milk powder with respectively 978 kg/m? and 1315 kg/m3. The kinematic viscosity has the largest
influence of the four properties (tab.4.1). The horizontal axis represents the position in the tube,
while the vertical axis the Reynolds number is shown. Figure 4.1b shows the Reynolds number in
log scale. The small values become visible as well.

35
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Figure 4.1: (a) Reynolds number over the position in the tube and (b) Reynolds number on log scale over the

position in the tube

The importance of kinematic viscosity is shown in table 4.1. The range for solid dry mass is in the
range of 10 percent to 60 percent, while the kinematic viscosity changes in this range with a factor
of almost 1000.

Table 4.1: Property of the kinematic viscosity [28]

Solid dry mass [kg kg''] | Kinematic viscosity [mPa]
0.1 0.47
0.29 8.2
0.45 40
0.55 250
0.62 400

The solid dry mass along the position in the tube is plotted to indicate where the evaporation has
the most effect. Furthermore, the kinematic viscosity can be coupled to the position of the tube by
the use of table 4.1.
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Figure 4.2: Solid dry mass over the position in the tube
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The falling film evaporators should be able to produce 60 percent of dry concentration of milk.
With the given restrictions, the amount of mass flowing through the tubes is plotted (fig. 4.3). In
the beginning of the tube, no evaporation has taken place and so the mass is equal to the amount
flowing in from the top. When the milk is flowing through, the water is slowly evaporated from the
milk and the amount of mass decreases. As a result, the concentration of solid dry mass of milk is
increasing. The incoming mass is roughly 0.048 kg/s, the amount of mass leaving the falling film
evaporator is 0.024 kg/s. 60 percent of dry concentration is equal to a mass leaving the system of

0.023 kg/s. The small difference could be caused by the vapour flow inside the tube, which has not
been taken into account.
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Figure 4.3: Mass flow over the position in the tube

In the next diagram is the heat flux at each location of the tube (fig. 4.4a). The heat flux (horizontal
axis) and the vertical axis is similar as in the previous diagrams. However, interesting is the change in
the transition regime from wavy laminar to laminar. This is a general accepted threshold of Reynolds
number 30 given by water. Milk has different properties. The Reynolds number is shown in figure
4.1b. When going from a constant Reynolds number of 30 (fig 4.4a), to a constant of Reynolds num-
ber of 12 (fig. 4.4b), the jump disappears. Apparently, the milk has a different influence on the falling
film than water. The transition from wavy laminar to laminar shifts. The generally accepted thresh-

old of Reynolds number 30 has to be adjusted. From the heat flux, the range of the heat flux sensors
is selected.

4 4
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Heat flux [W/m2]
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Figure 4.4: Relation between the heat flux and the Reynolds number at (a) Reynolds number 30 and (b)
Reynolds number 12
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The last diagram (fig. 4.5) contains the overall heat transfer coefficient of three different mass flows
per unit width. Before selecting the heat flux sensors, the difference between the overall heat trans-
fer coefficient is investigated to determine if the difference is large enough to distinguish the mass
flow in the tube. Comparing the mass flows, the mass increases by 0.01 kg/s at every 200 kg m™! h-!
increase. The difference in mass flow is small, however, the overall heat transfer coefficient can be
distinguished. At a position of 10 meter along the tube, the overall heat transfer coefficient is at {700,
900, 1100} kg m™! h'! respectively, {790, 930, 1075} Wm™2 K. In general, the range of the overall heat
transfer coefficient is between the 200 Wm™ K'! and 3000 W m K'!. The overall heat transfer coef-
ficient decreases because of the thermal resistance of the falling film increases due to the solidifying
of milk. For the determination of the error margin, the selected heat flux sensor and temperature
sensor are taken into account. At the position of 10 meter and for a mass flow per unit width of {700,
900, 1100} kg m™! h™! is the error margin respectively + {40.5, 47.6, 54.9} Wm™? K'!. The error margin
is based on the selected heat flux sensor and temperature sensor in the experimental setup.
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Figure 4.5: Overall heat transfer coefficient over the position in the tube at mass flows per unit width of 700
kgmh'! 900kgm™ h'! and 1100 kgm™ h™!

4.2. Heat flux sensors: Experimental approach

To investigate the heat flux sensors, there are experiments performed with the full water flow in the
tube. The variations in this experimental setup are (i) the power input, (ii) the thermal paste, (iii)
the position of the heat flux sensors and (iv) the honeycomb structure at the inlet of the tube have
been changed during the tests. The experiments are compared with the theoretical prediction and
the reliability of the experiment is investigated as well.

4.2.1. Variable 1: Power input

Four heat flux sensors are used, each at different places on the tube (fig. 3.6). Figures 4.6a to 4.6d
give the results of the local overall heat transfer coefficients at the location of the four heat flux
sensors. The thermal paste used for these results is Danfoss 'Koperpasta tube AT’ with a conductivity
of 0.7 Wm'! K. For all the diagrams, the vertical axis is set at 100 to 400 W m™? K'! to have a
better comparison. The flow rate (horizontal axis) ranges from 0 to 3.5 1/s. The theoretical curve
is calculated from the electrical analogy of the system at 1500 W, while the points are experimental
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data. The power inputs are 200 W, 400 W, 800 W and 1500 W. The predicted theoretical curve ranges
from a Reynolds number of 10000 to a Reynolds number of 10° (3.5 1/s). Below Reynolds number
10000 the transition regime is present. The transition region is not well described by literature,

which makes it inaccurate to compare.
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Figure 4.6: Local overall heat transfer coefficient at the location of the heat flux sensors with thermal paste
Danfoss 'Koperpasta tube AT’ and power input 200 to 1500 W. (a) heat flux sensor 6, thermal paste thickness
of 0.03 mm (b) heat flux sensor 7, thermal paste thickness of 0.05 mm (c) heat flux sensor 10, thermal paste
thickness of 0.05 mm (d) heat flux sensor 14, thermal paste thickness of 0.11 mm

By studying the diagrams, four clear observations can be made concerning the:
- entry length

- power input

- difference between heat flux sensor 7 and 10

- 200 W power input

Heat flux sensor 14 is positioned at the entrance of the heat blanket. The results of heat flux sensor
14 (fig. 4.6d), has already the term Nuy/Nu;ys included for the entry length. Mills set this entry length
term to 1.8 in his theoretical analysis. To have a better fit with the experimental data, it is chosen
to use a term of 1.5. To compare this term with the normally used convection equation, both are
plotted in figure 4.7. It shows that the curve of this term is more step at lower flow rates. At higher
flow rates, the curve is more flatted out in comparison with the normal used convection equation.
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Figure 4.7: Local overall heat transfer coefficient at position heat flux sensor 14 with Danfoss 'Koperpasta
tube AT’, thickness 0.11mm. With and without correction entry length

Diagram 4.6a to 4.6¢c shows that at lower power input, the local overall heat transfer coefficient is
lower as well. To compare this result with literature, the theoretical curve is calculated for a power
input of 200 W and 1500 W (fig 4.8). As can be seen, the difference is not as large as the experimental
results. For the theoretical curve, only the resistance through the water changes due to the heating
of the water. It is visible that the line of 1500 W starts at 0.4 1/s and 200 W at 0.5 1/s due to the fact
that the theoretical curve starts at a Reynolds number of 10,000. For the experimental results, a
combination of the heat flux and temperature difference across the tube are relevant.
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Figure 4.8: Local overall heat transfer coefficient at position heat flux sensor 7 with Danfoss 'Koperpasta tube
AT’, thickness 0.05mm. Theoretical curve plotted at 200 W and 1500 W.
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The local overall heat transfer coefficient consists of the temperature difference and the heat flux. In
figure 4.9b, the temperature difference of heat flux sensor 7 and 10 are plotted. The temperature dif-
ference is measured over the temperature sensor of the heat flux sensor and the temperature sensor
on the bottom of the measurement area. The added heat from the heat blanket at the position of
the heat flux sensor to the end of the heat blanket is taken into account, as well as the difference in
the offset. Shortly, the temperature at the middle of the water is taken into account at same height
where the heat flux sensor is attached to the tube.

Figure 4.9a presents the heat flux at a power input of 1500 W. It is clearly visible that there is a gap
in the experimental heat flux data between heat flux sensor 7 and sensor 10. To calculate the local
overall heat transfer coefficient, the temperature difference is taken into account. It can be seen that
there is a temperature difference gap between heat flux sensor 7 and heat flux sensor 10, just as by
the heat flux. Therefore, there are only slight difference but no unexpected differences in the local
overall heat transfer coefficient.
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Figure 4.9: Temperature difference from heat flux sensor to inside water (a) and heat flux of heat flux sensor
and (b) at position of heat flux sensor 7 and 10 with thermal paste Danfoss 'Koperpasta tube AT’, thickness
respectively 0.05 mm and 0.05 mm, at 1500 W

Measuring the heat input can be done with a third method. Next to the source for the power input
of the heat blanket and the heat flux sensors themselves, the heat input can be measured by the
temperature increase of the water. As described in section 3.1, there are two temperature sensors.
The first temperature sensor is placed before the water flow passes the heat blanket, the second
temperature sensor is after the heat blanket. Figure 4.10 shows the calculated heat input from the
temperature sensors. It can be concluded that the measured data is too inaccurate to draw a proper
conclusion. The reason for the inaccuracy is the small temperature difference between both the
sensors. At 0.1 1/s, the difference is still 2.3 °C, and at 3.5 1/s, the difference is just 0.18 °C. In the
diagram, the temperature difference is fluctuating between 0.13 °C and 0.32 °C.
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Figure 4.10: Amount of heat at 1500 W measured by two temperature sensors at the top and bottom of the
measurement area

The fluctuation in the local overall heat transfer coefficient of 200 W is the last observation. It ap-
pears from figure 4.11a that the temperature difference becomes small, around 2.3 °C. The accuracy
of the sensors influence the results. The range for the heat flux is small (fig. 4.11b), except from the
first value at 0.11/s. A possibility for this range is the source of the power input. The power difference
isjust6 W.
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Figure 4.11: Position of heat flux sensor 6 with thermal paste Danfoss 'Koperpasta tube AT’, thickness 0.03
mm, at 200 W (a) temperature difference from heat flux sensor to inside water and (b) the heat flux of heat
flux sensor

4.2.2, Variable 2: Thermal paste

The second variation is the thermal paste. The thermal paste is changed from Danfoss 'Koperpasta
tube AT’ to Arctic Silver 5 with a thermal conductivity of 8.9 W m™! K. To investigate the influence
of the thermal paste (fig. 4.12a to fig. 4.12d), the local overall heat transfer coefficient is given at
the position of the heat flux sensors 6 to 14. For heat flux sensor 6, 7 and 10, the vertical axis is set
from 100 to 450 W m™2 K1, heat flux sensor 14 is set to 550 W m™2 K. The horizontal axis is similar
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as in the diagrams which are shown before. The heat input is from 400 W to 2000 W. The diagrams
already shown a fluctuation at 400 W, so it is decided to use 2000 W instead of the 200 W. The heat
blanket has a maximum power of 2300 W, so it is not possible to double from 1500 W.
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Figure 4.12: Local overall heat transfer coefficient at the location of the heat flux sensors with thermal paste
Arctic Silver 5 and power input 400 to 2000 W. (a) heat flux sensor 6, thermal paste thickness of 0.03 mm (b)
heat flux sensor 7, thermal paste thickness of 0.05 mm (c) heat flux sensor 10, thermal paste thickness of 0.05
mm (d) heat flux sensor 14, thermal paste thickness of 0.11 mm

The measured data with the Arctic Silver 5 is not as good in comparison as the thermal paste of Dan-
foss 'Koperpasta tube AT’. Furthermore, it can be seen that the local overall heat transfer coefficient
decreases from the position of heat flux sensor 6 to heat flux sensor 10. The entry length, positioned
at heat flux sensor 14, follows the same curve as the theoretical analysis, however the data points
are not in the range. A comparison between heat flux sensor 10 and 14 is made as well.
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Figure 4.13: Position of heat flux sensor 7 and 10 with thermal paste Arctic Silver 5, thickness respectively 0.05

mm and 0.05 mm, at 1500 W (a) temperature difference from heat flux sensor to inside water and (b) heat flux
of heat flux sensor

Analysing heat flux sensor 7 and 10, the temperature as well as the heat flux, the curves are not
overlapping. Comparing with figure 4.9b and figure 4.9a, the temperature difference increases. This
explains why the local overall heat transfer coefficient decreases from heat flux sensor 7 to heat flux
sensor 10. The temperature difference drop can be originated to the heat flux sensor.

A comparison is made between heat flux sensor 10 and 14 (fig. 4.14a - fig. 4.14b). The temperature
difference and heat flux are not overlapping, as what is expected. The heat flux of sensor 14 is lower
with 25 percent, however the temperature difference has the largest influence with 76 percent on
the local overall heat transfer coefficient.
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Figure 4.14: Position of heat flux sensor 10 and 14 with thermal paste Arctic Silver 5, thickness respectively

0.05 mm and 0.11 mm, at 1500 W (a) temperature difference from heat flux sensor to inside water and (b) heat
flux of heat flux sensor

Studying the temperature of the heat flux sensors, the difference in the temperature difference can
be clarified. In the table below, the temperatures of the heat flux sensors are listed at 2 1/s. Having
a good comparison, the heat flux sensor with thermal paste Danfoss '’Koperpasta tube AT’ are taken
in account as well. The power input is 1500 W.
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Table 4.2: Temperature of the heat flux sensors at 2 1/s with a power input of 1500 W with thermal paste of
Danfoss 'Koperpasta tube AT’ and Arctic Silver 5

Sensor Temperature heat flux sensor | Temperature heat flux sensor
with Arctic Silver [°C] with Danfoss [°C]
6 44.4 47.8
7 45.2 50.0
10 48.1 49.4
14 39.4 45.3

Having a closer look at the temperature difference at the position of heat flux sensor 10 from figure
4.14a, the bulk temperature and temperature of the heat flux sensors are shown in table 4.3. At
low flow rates, the temperature of the heat flux sensor decreases from 61 °C to 56 °C. This can be
explained by the fact that more heat can be transported to the water due to the fact that the velocity
is increasing. However, the bulk temperature is increasing as well and so the temperature difference
becomes smaller. This results in a temperature increase of the heat flux sensor after 11/s. As can be
seen at the previous figure, the total temperature difference becomes smaller.

Table 4.3: Temperature of the heat flux sensors and bulk temperature of the fluid at 2000 W at a flow rate
between 0.1 to 3.51/s

Flow | Temperature | Temperature | Flow | Temperature | Temperature || Flow | Temperature | Temperature

rate heat flux bulk water rate heat flux bulk water rate heat flux bulk water
(1/s] sensor [°C] [°C] [1/s] sensor [°C] [°C] [1/s] sensor [°C] [°C]
0.1 58.7 21.9 1.3 56.8 294 2.5 59.5 33.6
0.2 61.1 244 1.4 56.9 29.7 2.6 60.0 34.3
0.3 59.5 24.0 1.5 57.2 30.1 2.7 60.3 34.6
0.4 58.8 25.1 1.6 57.2 30.5 2.8 60.6 35.0
0.5 57.6 25.3 1.7 57.5 30.8 2.9 61.0 354
0.6 57.2 25.9 1.8 57.6 31.2 3.0 61.4 35.8
0.7 56.6 26.3 1.9 57.9 31.6 3.1 61.7 36.2
0.8 56.6 26.9 2.0 58.1 31.9 3.2 62.0 36.6
0.9 56.4 27.5 2.1 58.4 32.2 3.3 62.5 37.0
1.0 56.2 279 2.2 58.5 32.7 34 63.2 37.8
1.1 56.5 28.4 2.3 58.8 329 3.5 63.6 38.3
1.2 56.5 28.8 24 59.2 334

4.2.3. Variable 3: Change of position

In the previous diagrams of the local overall heat transfer coefficient, the trend could be notified
that the location of the heat flux sensor has an effect on the result. Therefore, heat flux sensor 7
and 10 have changed position to investigate this possible influence. The used thermal paste for
both setups is Arctic Silver 5. Figure 4.15 is the result of the change of position. Heat flux sensor 10
gives an expected result and shows the independence of position. Heat flux sensor 7 differs from the
theoretical value more than earlier measurements. A possible explanation is that the heat blanket
has been taken off and put back on again.
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Figure 4.15: Local overall heat transfer coefficient over the flow rate. Thermal paste is Arctic Silver 5 with a
power input of 400 W and 1500 W. (a) Position of heat flux sensor 7 and (b) position of heat flux sensor 10

Comparing the heat flux and temperature at 1500 W, the temperature difference has a difference of
28.1 percent and the heat flux has a difference of 5.3 percent (fig. 4.16a and fig. 4.16b). In total, heat
flux sensor 7 has a deviation of 26.3 percent on heat flux sensor 10. So, the position has no influence
on the result. Moreover, the placing of the heat blanket has a significant influence on the results.
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Figure 4.16: Position of heat flux sensor 7 and 10 with thermal paste Arctic Silver 5, thickness respectively 0.05
mm and 0.05 mm, at 1500 W (a) temperature difference from heat flux sensor to inside water and (b) heat flux
of heat flux sensor

4.2.4. Variable 4: Honeycomb structure

In the beginning of this section is discussed that the theoretical curve starts at a Reynolds number of
10000. A honeycomb structure is used in the experiments to provide a laminar flow at the lowest flow
rates. Figure 4.17 compares the result with and without the honeycomb structure. The influence of
the honeycomb structure is visible, but the difference is not as large as expected. Between 0.1 1/s
and 0.5 l/s, the experimental data without the honeycomb structure approaches to the theoretic
curve more. For this experiment, the heat blanket has not been removed.
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Figure 4.17: Local overall heat transfer coefficient at the position of heat flux sensor 10 with thermal paste
Arctic Silver 5, honeycomb structure

4.2.5. Theoretical curve

The theoretical curve for the overall heat transfer coefficient is mainly formed by the convection
through water. The other thermal resistance, heat flux sensor, thermal paste and the tube are con-
ductive and did not change for the heat transfer coefficient unless the temperature increases a lot.
The heat flux sensor has a maximum temperature of 120 °C and is assumed to be constant. So,
when the convection in the water is not taken into account, the maximum theoretical local overall
heat transfer coefficient is 380 W m™ K'!. Equation 2.64 of Gnielinski [45] is used to describe the
convection in water. The Reynolds and Nusselt number are correlated to each other and given in
figure 4.18a. In literature, Sparrow et al. found the same correlation while using a Prandtl number
of 2.5 [46]. Plotting the Reynolds number on a logarithmic scale against the Nusselt number on the
normal scale, the regime changes in figure 4.18b can be compared with figure 2.8, although the con-
ditions are unequal. Visible is that the Nusselt number from experimental data is not following the
equation of Gnielinski at Reynolds 10000 or smaller. The experimental data points are few, so it will
only give an indication that the regime becomes transitional.
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compared with Sparrow et al. [46] and (b) Gnielinski equation and experimental data on log scale and can be
compared with Ndenguma et al. [35]



48

4. Results

In table 4.4, the thermal resistances are given for the water to the heat flux sensor. The water varies
because the flow rate goes from 0.1 1/s to 3.5 1/s with an increase of temperature.

Table 4.4: Thermal resistance across tube at 1500 W. Resistance of water varies between 0.1 1/sand 3.51/s

Resistance [Wm™2 K}

Water at 0.11/s 7.8-1073
Water at 3.51/s 0.2-10*
Tube 0.7-10
Thermal paste 1.9-10*
Sensor 2.6-103

For each experimental setup, the tube, thermal paste and sensor can be different. However, the
convection of heat through the water is always similar. So, the theoretical convection and the found
experimental convection are plotted together. The experimental convection is the temperature dif-
ference between the bulk temperature of the water and the temperature at the inside of the wall.
The inside temperature of the wall is not measured. This temperature is calculated by deducting
the temperature of the heat flux sensor from the resistance to the inside wall of the tube. Knowing
the temperature difference and heat flux, the heat transfer has been calculated.

6000

5000

N
o
o
o

N
o
o
o

o
4

Heat transfer coefficient water (W/m2 K)
5 3
o o
o o

¢ Theoretical
4 Experimental

0 0.5 1 15

2

Flow Rate (I/s)

Figure 4.19: Heat transfer coefficient water at 1500 W at position of heat flux sensor 10

25

3 35

In theory, section 2.4.3, there are two methods discussed for calculating the temperature which can
be used to determine the correct Nusselt number. To investigate the difference, both are plotted
(fig. 4.20a and fig. 4.20b). The difference between both methods is negligible. Which means that
the more precise method, with a correction on friction and Nusselt number by the bulk temperature
and the surface temperature, is similar to the result of the reference temperature.
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Figure 4.20: Comparison between two methods for the correction of the water temperature in the tube. (a)
Method with reference temperature and (b) method with correction on friction factor and Nusselt number

4.2.6. Reliability of experiments

For the reliability of the results, the experimental data must be reproducible. All experiments for
the power input, as well as the thermal paste are performed three times. After one performance, the
complete installation was cooled and the pump has been shut down so that there is no influence
from the previous measurement. For the changing in position and the honeycomb structure, the
measurements are done twice. The three measurements with the same power input are given in
figure 4.21a with Danfoss 'Koperpasta tube AT’ thermal paste at the position of heat flux sensor
10 and figure 4.21b with Arctic Silver 5 thermal paste at the position of heat flux sensor 10. The
precision between the different measurements is respectively 0.14 percent and 0.8 percent at 2 1/s.
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Figure 4.21: Three measurement at position of heat flux sensor 10 with the same power input of 1500 W (a)
Thermal paste Danfoss 'Koperpasta tube AT’ and (b) Thermal paste Arctic Silver 5

Collecting one data point needs a measuring time of 30 seconds. The time-average is taken, which
is given as one point on the diagram. In between the measurements, the flow rate is increased with
0.11/s. After that, the time inbetween measurements is 30 seconds. To verify that the process is in
steady state again, a test has been done to check the outcome of the measurements. The procedure
is as follows: the test begins with a flow rate of 0.21/s and increase doubling. The maximum flow rate
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reached is 3.2 1/s. After that, the flow rate decreases back from 2.4 1/s to 0.3 1/s. Figure 4.22 shows
the results. The experimental data follows the theoretical line, so it can be concluded that the time
between the measurements is properly. The theoretical line is not as smooth as the previous shown
plots, the temperature and heat flux are used from the measurements to create the theoretical line.
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Figure 4.22: Time inbetween measurements is 30 seconds at position of heat flux sensor 10 with a power input
of 1500 W and with thermal paste Danfoss 'Koperpasta tube AT’

The precision between the different measurements is shown before in figure 4.21a and figure 4.21b.
The temperature sensor used is a type K thermocouple. The error in the thermocouple is generally
taken as + 0.75 percent or maximum = 2.2 °C [47]. The heat flux sensor has a thermocouple type T
for the temperature, with + 0.75 percent or maximum = 1 °C. The heat flux has an accuracy of + 5
percent. All errors are percentage errors because the error is not limited by the temperature limit.
For the calculation of the local overall heat transfer coefficient, both temperature and heat flux sen-
sors are used. Uncertainties are added up in quadrature to calculate the error [48]. Not taken into
account in the error analysis are the thickness of the tube, paste and sensor. Also, the thermal con-
ductivity of the material is used from the manufacturer. The error is set on measurement two in the
diagram (fig. 4.23). Measurement one and three have the same error, however, chosen is to show
only measurement two.

The grey area in the diagram is the theoretical error. The error only depends on the equation of
Gnielinski, where the error fits in a range of + 20 percent on most available experimental data. The
theoretical error becomes smaller at higher flow rates. This is caused by other resistances, which
become increasingly dominant.
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Figure 4.23: Error bar of the measurement at position of heat flux sensor 6, for measurement two. Power input
of 400 W and with thermal paste Danfoss 'Koperpasta tube AT’. The grey area in the diagram is the theoretical
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Conclusion

In this report, the falling film in an evaporator has been studied theoretically and the local overall
heat transfer coefficient of a tube with a full water flow has been determined experimentally for var-
ious configurations. The objective of this research was to determine theoretically the local overall
heat transfer coefficient of the falling film and to investigate experimentally the applicability of heat
flux sensors by determining the local overall heat transfer coefficient. The local overall heat transfer
coefficient contains information about the thickness of the falling film and will detect dry spots as
well.

In literature, the falling film evaporator has been extensively studied over the last decades. Multiple
aspects are already investigated, such as the efficiency, residence time, vapour flow inside the tube,
fouling factor, fluid dynamics of falling film and some estimations about the overall heat transfer
coefficient. In June 2017, the first analysis for the heat transfer coefficient of the falling film was
presented for a juice evaporator.

From the theoretical analysis of the falling film evaporator it appears that the Reynolds number
decreases rapidly in the first 10 meters inside the tube. The kinematic viscosity has the largest in-
fluence on the Reynolds number. Concluding from the solid dry mass diagram, the evaporation is
almost halfway at 10 meter inside the tube and the kinematic viscosity increased by a factor of 20.
The selection of the heat flux sensors depends on the heat flux, which for the falling film evaporator
is in the range of 1800 to 30000 W m™. Among the heat flux, it is important that the heat flux sen-
sors fit on the tube, can resist the maximum temperature and are resistance to water. The heat flux
sensor of Fluxteq has been selected.

The overall heat transfer coefficient of a tube filled with water is well-known in literature and there-
fore the heat flux sensors are investigated under these conditions. Only for flows in the transition
regime, there is no generally accepted equation or empirical relations. So, for Reynolds number >
10000, the theoretical curve is valid. Normally, the generally accepted threshold for the Reynolds
number by transitional flows is 3000. In this experimental setup, there is a honeycomb structure
used which influence the transition point upwards for the laminar flow. This results in a shift up-
wards for transitional regime as well. The honeycomb structure has been removed to study the
difference. No hard conclusion can be drawn, yet it is observed that the curve fits slightly better on
the theoretical curve.
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54 5. Conclusion

Comparing the results, the thermal paste of Danfoss 'Koperpasta tube AT’ gives better results than
the thermal paste of Arctic Silver 5. Both thermal pastes follow the experimental data curve but the
deviation of the Arctic Silver 5 is larger. The influence of the position of the heat flux sensor has been
measured as well. The conclusion is that the result is independent of the position of the heat flux
sensor. However, the place on that position is important due to the position of the heat blanket.

The heat flux sensor at the entry length with Danfoss 'Koperpasta tube AT’ is in good comparison
with the theoretical approach and is compared with the entry length described by Mills. The mean
difference is the factor used for the Nuy/Nuj,s. Mills uses 1.8, however, for this experimental setup,
1.5 shows a better fit with the experimental data. For the entry length with thermal paste of Arctic
Silver 5, the best explanation is that the heat blanket is slightly changed in position due to the fact
that the deviation is completely off.

In other experiments, the tube, thermal paste and heat flux sensor can be different. However, the
properties of water are constant at the same temperature and pressure. So, the experimental data
and the theoretical analysis are compared and both are following the same curve and trend. Only at
the lowest flow rate, below the Reynolds number of 10000, a difference appears. This is possibly to
the transition regime.

For reliable results, it is important that the experimental data is reproducible. As demonstrated in
chapter 4, the measurements have a fluctuation of only 0.14 percent for the Danfoss 'Koperpasta
tube AT’ and 0.8 percent for Arctic Silver 5 at 2 1/s. The measurement error margin of the local
overall heat transfer coefficient stays within the limit boundaries for the thermal paste of Danfoss
"Koperpasta tube AT".

The local overall heat transfer coefficient of the falling film has been studied and the mass flow per
unit width of {700, 900, 1100} kg m™! h*! are investigated. The error margin of the used sensors in
the experimental setup, over the overall heat transfer coefficient at 900 kg m™ h'!, 10 meter into the
tube, is 47.6 W m2 K'!. The difference of overall heat transfer coefficient between 700 kg m™ h!
and 900 kg m™ h! is 140 W m™ K'!. From the experimental setup with full flow of water can be
concluded that the thermal paste of Danfoss 'Koperpasta tube AT’ gives results within the predicted
error margin. So, the conclusion is that the heat flux sensors are applicable for the use of the falling
film evaporator.



Recommendations

In further research work, the theoretical analysis of the falling film evaporator as well as the experi-
mental results can be improved to gain better results.

For the theoretical analysis, the vapour flow inside the tube and the film of the condensation are not
taken into account in this research. The falling film inside the tube depends on the vapour flow in
the core of the tube. The velocity of this vapour flow is in contact with the surface of the falling film
which can result in a more turbulent falling film. However, relative high velocities of vapour flow
may cause surface instabilities which can break the falling film and cause dry spots or droplets. The
condensation of steam on the outside of the tube will lead to a falling film. The steam on the outside
of the tube, used for the heating of the tubes, has the same influence on the falling film, created from
the condensation of the steam on the tube, as the vapour flow inside the tube. The only difference
is that the steam evaporates the liquid of the film during the fall. All these factors have influence on
the local overall heat transfer coefficient. To analyse these factors, it is recommended to perform a
computational fluid dynamics simulation.

For the experimental result, the full water flow has been studied and compared with the theory.
However, the falling film with water can be implemented in this setup as well. By doing so, the
final use of the heat flux sensors can be investigated. Furthermore, more constant results will be
obtained when the heat blanket is replaced by a heat blanket which has a homogeneous distribution
of heat. So, the question if the heat blanket is positioned exactly as the previous measurement is not
relevant anymore. The second improvement to the setup is the temperature sensors above and
below the heat blanket. Since the temperature difference is small, it would be preferable to have
more sensitive temperature sensors. Furthermore, when the heat flux sensors in combination with
the falling film with water has been extensively investigated, the transition regime between wavy
laminar and turbulent can be investigated as well.
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Heat flux sensor specification

In table A.1, the specification of the heat flux sensor Fluxteq PHFS-01e is given. The heat flux sensor
measure the heat flux as well as the temperature.

Table A.1: Heat flux sensor Fluxteq [49]

Differential-Temperature Thermopile
Copper

Approx. 9.0 mV cm? W

Sensor Thickness Approx. 600 microns

Specific Thermal Resistivity Approx. 0.9 K m? kw!

Absolute PHFS Thermal Resistance | Approx. 1 KW!

Heat Flux Range + 150 kW m™

Temperature Range -50°Cto120°C

Response Time Approx. 0.9 seconds

Sensor Type
Encapsulation Material
Nominal Sensitivity

Sensor Surface Thermocouple Type-T
Sensing Area Dimensions 2.54x2.54 cm
Total Sensor Dimensions 3x3.2cm
Sensing Area 6.45 cm?
Total Sensor Area 9.6 cm?

The heat flux sensor is shown below:

Figure A.1: Heat flux sensor
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