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EXPERIMENTAL INVESTIGATION ON FREEZING

OF A FALLING FILM

By
Hani Hussain Sait

ABSTRACT

There are two methods to form ice on tubes. The first is to
use immersed tubes, while the second is to freeze a falling
film on horizontal tubes. Falling film heat exchangers have
a lot of uses in industries, refrigeration, desalination,
etc, because they provide high heat transfer ccefficient
and operate with small inventories than flooded or immersed
heat exchangers. The heat exchanger considered here, is a
horizontal-tube falling film one. When a falling liquid
film flows from one horizontal tube to another below it,
the flow may take the form of discrete droplets, jets or a

continuous sheet depending on the flow rate.

In this research, the cooled liquid falling film falls down
over a set of seven in-line tubes arranged in parallel or
series. The liquid falling film is then freezes ocutside the
test tubes, which is internally coocled by a ceontrolled

temperature cooling machine. Pure water and water with 2%
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aceton are used as a falling film liquid .A solution of 40%
ethylene glycel is used as a cooclant. The gquantity of ice

formed on the test tubes is measured at different run

times. The heat transfer coefficient is also calculated.

The coolant flow rate and the falling film flow rate are
the two main parameters, which are varied, in the present
study. As the coolant flow rate increases the formed ice
increases due to an increase in the inside heat transfer
coefficient. When the falling film flow rate gradually
increases, the flow changes from droplet to jet and finally
to sheet mode which produces the largest quantity of ice.
Series arrangement gives more ice than parallel one at the
same flow rate interring test section, due to an increase
of the coolant temperature difference and the coolant

velocity inside the test tubes.

It has been found that the ice formed outside the test
tubes dramatically affected the convective heat transfer
rate of the test tubes. This leads to the reduction of the
coolant temperature difference between the inlet and ocutlet
of the test section as the formation of ice increases. Ice
layers acts as insulation to the heat transfer from the
liquid falling film to the coclant. Adding 2% aceton to
water reduces the ice formed on the test tubes, but no

slurry ice is formed as expected.
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The outcome of the experimental setup is hopped to be a
practical technigque for the comparative studies of a cold

thermal storage system.
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CHAPTER-1

LITERATURE REVIEW

l.1 Introduction

The use of electric energy for air conditioning increases
drastically during summer time. Unlike other building
electric users, cooling incurs a peak demand for only a few
hours per day or months per year. The consumption of
electrical energy for air conditioning may reach to 75% of
total electrical energy production by the Saudi Electrical
Companies during summer season. The annual rate of this
increase was about 21% during the period 1975-1988[1]. The
use of electric energy causes an excessive load on electric
utilities demand. One of the solutions to meet this problem
is the use of cold thermal storgge. Cold storage technology
has improved significantly sinc; 1980 when electric utility
companies racognized the need to reduce the peak demand on

their generation and distribution systems [2].

The increasing demand for advanced building cooling systems
that ara both economical and environmentally friendly has
led to the development of various new types of thermal

energy storage devices. Some of them operate on the

.hi"'




principle of utilizing either sénsible heat or latent heat
of phase change materials. Chilled water, ice or eutectic
phase change materials are cold storage mediums. Chilled
water uses sensible heat while ice and eutectic phase
change use latent heat. System which function based upon
Phase change materials can generally be categorized into
three different hardware storage configurations: ice-on-
tuba design, ice har;esters, and encapsulated ice systems.
The ice storage method most widely utilized today is of the
first kind: it essentially consists of pipes, submersed in
a cross flow of cold water or exposed to a falling £ilm,
that are refrigerated sufficiently to cause ice formation

to be deposited upon the tubes’ exteriors [3].

The phenomenon of forced convective freezing of ice in a
tube bank gecmetry has only recently received the attention
of research workers, primarily due to the increased
interest in commercially viable phase change thermal
storage systems. Studies of fluid flow and heat transfer to
tube banks without phase change, and research into melting
and freezing heat transfer in general, have been reported
by the research community. The simultaneous occurrence of
both phenomena has recently been explored by a small group

of investigators.[4]




Horizontal-tube, falling film heat exchangers have the
advantages of providing higher heat transfer coefficient
and operate with small liquid inventories than flooded heat
exchanger. In this study a horizontal-tube falling film

heat exchanger is used to form ice on the tubes’ exteriors.

1.2 Types of cold storage mediums

Cold storage systems remove heat from a thermal storage
medium during periods of low cooling demand. The stored
cooling potential is later used to meet an air-
conditioning or process cooling locad. The cold storage
medium can be chilled water, ice or eutactic phase change .

material [2].

1.2.1 Chilled water storage systems

Chilled watar storage systems use the sensible heat
capacity of water to store cooling potential. Water is
cooled by chiller and stored in a tank for later use in
meeting cooling needs. The amount of stored cooling
potential depends on the temperature difference between the
chilled water stored in the tank and the warm return water
from the load. Chilled water system with multiple tanks can
also store warm and chilled water. Figure (1.1) shows basic

stratified chilled water configuration. Moreover, the tanks




can be used as water reservoir for fire protection. The
space requirements for chilled water storage systems are
very large. When space is available, chilled water storage
can be an economical way of storing large amount of cooling

capacity. [2]

1.2.2 Ice storage systems

Ice harvesting, external and internal melt ice -on-coil and
encapsulated ice are different ¢types of ice storage
systems. These systems store Jlatent heat of a phase
changing material. The latent heat storage system can scale
down the pipe size due to augment the transported heat [5].
TheAspace requirements for ice storage are one third to one
seventh that of chilled water storage systems [2]. It can
also increase the heat tranafer coefficient by the churning
effect and by the high thermal conductivity of the

dispersion material [5].

In ice harvesting, water is pumped out of the storage tank
and is distributed over the low temperature surfaces, where
it is chilled or frozen depending on: the temperature of
the water as it enters the evaporator and temperature of

the evaporator (Figure 1.2).
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This is denoted as charging cycle. The solidified layers
are periodically dropped into the storage tank below by
activating defrost cycle (discharging cycle) at a suitable
intervals. The formed ice is used for cooling in a
discharge cycle, in which, iced water is taken from the
bottom of the storage tank and circulated to the load. The
discharge temperature remains approximately constant during

discharge until the lasat ice has melted.

1.2.3 Typas of eutectic systems

There are two types of eutectic materials: salt and oil. An
eutectic salt is a chemical mixture which changes phase
from liquid to solid at a specific temperature. Just as
water, it stores a larga‘amount of cooling as it changes
from a liquid to solid. Eutectic salts are used in air-
conditioning application to store cooling at their phase
change temperatures. Conventional chilling equipment at
standard temperatures; can therefore be used with such
systems. This makes this medium attractive for retrofits of

exiating systems. [2]

Salt material is encapsulated in rectangular cross section
plastic containers, which are stacked within a storage

tank. Water circulates through the tank among the eutectic




~

salt containers carrying heat to or £from the storage
medium. The plastic containers decrease heat transfer

between the salt and circulated water [6].

Eutectic o0il is dispersed into water forming an emulsion
with the help of a special surfactant. Phase change
emulsion has the advantage of using the conventional
available water chillers. Only a storage tank (nearly of
the sama size as of ice storage tank) is needed. There are
various materials with different latent heat at different
freezing temperatures (4-13°) [7], e.g. tetradecan (Ci.Hzi)
as the phase change material with water as the continuous
phase emulsion. Tetradecan has the follow;ng properties[5]:
* Freezing point 278.9 K (5.75 °C) which is the same as

A/C chillers working temperature.
* Latent heat L=229 kJ/kg which is = 68.3% of latent heat

of water (L=335 kJ/kg [7]).

Inaba [5] studied tetradecan properties and found that, the
pressure loss of the emulsion in the coiled tube heat
exchanger increases with an increase in the concentration
of the dispersion phase change material. 1In addition,
Nusselt number increases with an increase in the

concentration of the phase change materials as it flows in




a coiled tube heat exchanger; On the other hand, some of

the phase change emulsion is expensive and toxic.

1.3 Types of ice formation on tubes

Two methods aré used to form ice on tubes. One is to use
flooded tubes, the second is to freeze a faliing film on
tubes. Intemann [4] has carried out an experiment on cold
tube banks subject to a cross flow of water. The tubes
were internally cooled below the freezing temperature to
form ice. In oxder to study and photograph the growth of
ice on the tubes, coolant entry into and exit out of the
tubes were located on one end of the tubes as shown in
figure (1.3). It was found that the ice formation
dramatically affected the convective heat transfer rate of
the tube banks (wvhen compared to nonicing tube banks at
the same Reynolds number). Ice layers acts as an
insulation between the tube surface and the cross flow of
water. The ice formation at the rear side of the tubes is
thic#er than that at the front side, with respect to the

flow direction.

Horizontal-tube falling film heat exchangers are used in
chemical, refrigeration, petroleum refining, desalination
and food industries because they provide higher heat

transfer coefficient and operate with smaller 1liquid
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Figure 1.3: Tube section in Intemann’s experiment [4]
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inventories than flooded heat exchangers. In addition,
they offer advantages in dealing with liquid distribution,

fouling and other problems. [8]

When a falling liquid film flows from one horizontal tube
to another below it, the flow may take the form of
discrete droplets, jets or a continuous sheet depending on
the flow rate .If the flow rate is low, the liquid leaves
the tube in the droplet mode .If the flow rate is
increased, the flow pattern changes to continuous circular
jets. With a further increase in the flow rate, the jets
merge and form a continuous liquid sheet. The opposite
will  happen when reducing the flow rate (see figure 1.4).
A regime map showing the boundaries of different flow
raegimes is given by Hu [8] as a function of Reynclds

number and Galilio number in figure (1.5).
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(a) (b) (e)

Figure 1l.4: The idealized intertube falling film modes:
(a) the droplete mode, (b) the jet mode, and (¢) the sheet

mode, Hul8]
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Figure 1.5: A simplified flow regime map for the falling -

film mode transitions,Hu[8]
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1.4 Theoretical background

Considering cooled fluid is used inside tube to cool and
freeze another fluid outside the tube, the thermal
resistance’s for the heat transfer consists mainly of:
inside convective heat transfer, freezing layer conductive

heat transfer and ocutside convective heat transfer.

Consider a hollow cylinder (figure 1.6), with inner and
ocouter surfaces are being exposed to fluids at different
temperatures. The heat transfer rate, in radial direction
and neglecting axial and peripheral conduction, using
Fourier’s low of heat conduction is:

27 Ik (Ty,1~ Ts,2)

o = | (1.1)
ln(x,/x,)

From this equation it is evident that for radial conduction
in hollow cylinders, the thermal resistance would be,

1n(xr,/r;}) :
Rtema = — (1.2)
2n '’k

1.4.1 Heat transfer through ice layer

In this case the heat transfer is carried out as that of
composita cylinder. The heat transfer rate may be expressed
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Figure 1.6:Rollow cylinder with convective surface

conditions.
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1.4.2 Inside heat transfer coefficient

The flow in a circular tube is either laminar or turbulent
depending on 'the value of Reynolds number. The Reynolds
number for flow in a circular tube is defined as

pus D
Re = —_— (1.8)

Where 1u, is the mean gluid valocity over the cross section
and D is the wetted perimeter. In a fully developed flow,
the critical Reynolds number corresponding to the onset of
turbulence [9] is

"Rep, = 2300 (1.9)
The mean fluid velocity is defined such that, when
multiplied by the fluid density and the cross sectional
area of the tube A., it provide the masﬁ flow through the
tube, m

m= pu, A (1.10)

For constant surface temperature condition, average
convection coefficient is given by many researchers, one is

given by Incorpora, [9]as:

For laminar flow, Re < 2300

Re Pr 1/3 l-l' 0.14
Nu = 1.86 _— — (1.11)
//D B
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Where this equation can be applied for the following

condition:
T, (surface temperature) = constant

0.48 < Pr < 16,700

0.0044 < ( p/ps) < 9.75
For turbulent flow,
Nu = 0.023 Re *® pr %3 (1.12)
Where the ranges are
0.7 < Pr £ 160
Re 2 10,000

//D 2 10

All properties except j, should be evaluated at the average
value of the inlet and outlet temperature , T
T = (T, +T, )}/ 2 (1.13)

Then,
Nu k
h = —_— (1.14)
D
Noting that equation (1.12) can be used as a f:i.rst

approximation at a smaller Reynolds number than 10,000.

1.4.3 Outside heat transfer coefficient

Due to lack of information in the literature, equations of

Hu[l0)] ,for sensible heat transfer in a falling film are
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used to approximate the Outs:'.de‘ heat transfer coefficient.
These equations are:
For sheet mode:

Nu=2.194 Res °'2° pr °-14 pp(-0.200 (g/4)0.07 (1.15)
For jet mode:

Nu=1.378 Re %% pr 026 pr(0-20 (g/q)0-08 (1.16)
For droplet mode:

Nu=0.113 Re;, o.a:-. Pr 095 pAp(-0-210 (g4/q)0.04 (1.17)

The liquid properties were evaluated at film temperature

Te.
Where

Nu modified Nusselt number = (v¥/g)¥? h/k (1.18)
Ras film Reynolds number = 2[/pn (1.19)
Pr Prandtle number = C, p/k (1.20)

Ax Archimedes number based on tube diameter = d’g/v?

(1.21)
d diameter m
8 tube spacing,m
g gravitational acceleration,m/s?
m dynamic viscosity, N.s/m®
v kinematics viscosity, m?/s
r liquid mass flow rate per unit length of tube, kg/s.m
h heat transfer coefficient, W/m’.K

k thermal conductivity,W/m.K
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C specific heat of liquid falling film = 4.180 kJ/kg.K

1.5 Summary of literature review

From the previous review, one may conclude that:

1) The cold storage system is important for energy saving
specially at the peak time.

2) Chilled water system needs a huge tank compared with
other systems[2].

3) Eutectic phase change system needs special material and
sometimes special surfactant [7].

4) Ice system uses only water, high latent heat and direct
contact with circulated load water. Ice formation on
immersed tubes is studied by Inteman [4]. Falling film
sensible heat transfer of heating process is carried
out by Hu.[8,10]

5) Falling film ice formation and heat transfer study is

needed.

The main objective of the present work is to study the ice
formation and the heat transfer coefficient of the freezing
falling film. Test rig model is designed and constructed.
In this model, water or solution of 2% aceton in water is
used as phase change material. They fall down from an upper

tube to the colder underneath tubes. Liquid freezes outside
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these tubes. Ice formation is cbserved and photographed for
droplet, 9jet and sheet modes of the falling film at
different coolant flow rate. Heat transfer coefficient is
calculated. The results can be used for cold thermal

storage designs.



CHAPTER~II
EXPERIMENTAL TEST RIG AND MEASURING

TECHNIQUES

2.1 Introduction

The test rig is designed and fabricated to form ice ocutside
cooled tubes. Three fluid loops are used: falling £film,
cooling and defrosting 1loops. A constant head precoocler
tank with pipe connectiona and wvalves are used to
distribute the falling £film on the test tubes. A re-
circulating pump is used to lift the remained water to the
tank. A cocled antifreeze (ethylene glycol 40% solution) is
passed though the test tubes during the cooling mode, while
warm glycol is used, to defrost ice to measure its
quantity. The temperature and flowrates required are

measured and recorded.

The main part of the test rig is the internally cooled
pipes on which the falling film is freezing. The internal
cooling of the test section is carried out through a
controlled temperature-cooling machine TD30 “manufactured

by Tecquipment Company and available in thermal engineering

21
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laboratories, see appendix A”., The capacity of this machine
is wvariable according to the condonsihg and the required
cooling températures. For example, at condensing
temperature of 30°C and cooling temperature of -10°C, the

expected capacity is 6.74 kW.[11]

2.2 Test rig description

The test rig (figure 2.l1) consists of three loops, the
falling f£film locop, the cooling loop including TDP30 and the
defrosting loop. Details of different parts of the test rig

are explained below.

2.2.1 The falling film loop

The falling f£film loop cénsists of a constant head and
precooler tank with an overflow, a drain, a ball
valve, a flow meter and a recirculation water
pump (figure 2.1). From the precooler tank, the
chilled water flows through the ball valve and the
flow meter to the upper feed tube in the test
saction. Then, it is distributed on the set of the
test tubes forming a falling film. The remained
collected chilled water in the bottom of the test
section is pumped to the constant head precooler

tank.
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CONSTANT EEAD PRECOOLER TANK «—
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Figure 2.1:A schematic of the experimental apparatus
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2.2.2 The coolant ligpidl circulation loop

The coolant liquid circulation loop consists of a
refrigeration hachine (TD 30) which pumps the coolant
through the flow meter to the test section tubes or
the <constant head precooler tank, then back to the

refrigeration machine.

2.2.3 The defrost loop

To release ice from the test section and to determine the
quantity of the formed ice, a defrost loop is activated.
The 1liquid is pumped from a heated reservoir to the test
section, back to the same point. Ice will fall down into
the bottom of the supporting box. The quantity of ice is

calculated by measuring the change of the water level.

2.3 Test section

The test section (figure 2.1) consists of a

supporting box and test tubes arrangement.

2.3.1 The supporting box

The supporting box is made of clear Perspex sheets
(for falling film flow and ice ocbservation and
photographing) of 8-mm thickness with inside

dimensions 273x235x550 mm (figure2.2). Every sheet is
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machined caraefully to minimize misalignment. Nine
holes with sama. diameter of the ¢test <tubes and the
feeding tubes are drilled carefully on two counter
sheets. At the bottom of the drilled sheets 6 cm is
left under the last hole to act as a water pool for
collecting the remained falling liquid and the
quantity of ice that drops in the pool. The chilled
water goes to the pump through 22 mm hole drilled at
the bottom of the box. The supporting box is well

insulated and covered t¢ minimize thermal loasses.

2.3.2 The tubes arrangements

To guarantee an adequate falling film, the arrangement used
by Hu [8] is followed. This comprises a top feed tube,
which has inside and outside diameters of 19 and 22 mm
respectively. The tube is perforated with diameter of 2 mm
at a pitch of 2.5 mm along 229 mm length. A second feed
tube with diameter of 28.5 mm is placed 1.4 mm edge to edge
from the distributing tube. Seven in-line test tubes bank
configuration with diameter of 28.5 mm are placed at a
pitch of 57 mm under the feed tube as shown in figure
(2.3). This is to get a large contact surface area in order

to hold the high latent heat of water (335 kJ/kg). The test
tubes are mada of copper, which has high thermal

conductivity.




27

Feed Tubes

Figure 2.3: A schematic of the tubes within the tast

saction.
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Parallel and series arrangements of the test tubes are
exported. Parallel connection allows the flow to enter each
test tube at the same temperature. However, It reduces the
mass flow rate of the flow. On the other hand the series
arrangement allows higher mass flow rate but different

inlet temperatures to each test tube.

In parallel arrangement (figure 2.4) two manifolds of
diameter of 50.8 mm and length of 410 mm are used. The flow
enters from the bottom of the first manifold to the test
tubes through seven 15.8 mm diameter inner tubes fixed at
the center of the test tubes as Intemen’s apparatus [4].
The test tubes have a pitch of 57 mm and they are connected
to the T-reducer of 28.5x15.8x15.8 mm with unions from one
side and caps to close the other side. The coolant then

flows to the second manifold and exits from the top of it.

On the other hand, in series arrangement the éoolant
enters the test tubes directly through the inner tube
starting with the last tube .The coolant is then
flows to the next upper ¢tube through a 15.8 mm elbow

figure (2.5).
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STIRRER OF 25 W

Figure 2.6: A schamatic of the constant bead precooler tank
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2.5 Measuring techniques

Specimen surface temperatures are measured using calibrated
36-gage, coppot -Constantan thermocouples. On each test
tube 6 thermocouples are embedded in axial grooves at 60-
degree circumferential increments as shown in figure (2.7).
Using  thermally conductive epoxy, each thermocouple
junction is fixed to the specimen surface at the end of the
groove such that the bead is barely visible at the surface.
The thermocouple wires are placed in the axial grooves, and
the grooves are filled with thermally conductive and
electrically resistive epoxy. About 50% of the groove
volume is occupied by the thermocouples and the rest is
epoxy. Approximately 16.7% of the test surface area are
occupied by the grooves. After the epoxy is dried, the
tubes are polished with fine emery cloth to remove any
excess epoxy at the exposed porticns of thermocouple
junctions. On the other hand, the temperature of the
coclant and the cold water is measured using T-type

immersed thermocouple. They are fixed in a well welded

through tubes (figure 2.8 ). Calibrations of thermocouples

are shown in figures 2.9 to 2.11. The flow rate of the
coclant and the cold water is measured by using calibrated
rotameters (1-15 gpm, for a Specific gravity =1), and (0.5-

5 gpm, for a Specific gravity = 1) for the coolant and for
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Figure 2.7: Thermocouples placement on the test specimen
tube, all dimensions in mm: (a) Grooves on the tube

surface and (b) location in the groove wall.
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thermocouple

epoxy

tube

Figure 2.8: The mounting of the immersed thermocouples in

the tubes.
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the cold water raspectively. Calibrations of rotametars

are shown in figures 2.12 and 2.13.
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Figure 2.12: Calibration of the coolant rotameter.
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Figure 2.13: Calibration of the falling film rotameter.




CHAPTER-III

RESULTS AND DISCUSSION

3.1 Introduction

The experimental apparatus (figure 3.1) is comprised, as
explained in chapter 2, of three loops, namely, the cooling
loop including TD30, the falling film loop, and the defrost
loop. The quantity of ice formed on the test section tubes
is estimated at different run times. The coolant flow rate
inside the test tubes and liquid falling film flow rate are
changed. Different ¢tube arrangements (parallel & series)
are used. Employing socme additive (acetone) to the water is
tried. The effect of each of the previous parameters on the
quantity of the formed ice, and the heat transfer rate are

investigated.

The coolant £flow rate m; (kg/s), and its inlet and outlet
temperature T.&T.. (°C) are measured. The rate of heat
transfer from the test <tubes to the coolant, 6c (W), is
estimated by using the following equation

Qc = Mmc Cpo{Too = Tos ) (3.1)

40
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Then, the average rate of heat transfer from the test tubes
to the coolant at a specific tima,émmn, is calculated by

the following equation:

t= n
I Q: dt
L] t.o
Qc,ave = (3.2)
tinme

where:
t : is the interval times in minutes

n : is the indicated time

t= n
I Q. dt = Area under the curve of Q. vs.time
=0

This integration can be cbtained by the trapezoidal rule of
integration:
b b-a

I £f(x) dx =—— [ £(xp) + 2f(x;)+ 2£(xx)+..+ 2F£(x,-1)+ £(xp) ]

a 2n
(3.3)

The rate of heat transfer from the test tubes to the
coolant, éc, is compared with the calculated rate of heat
transfer to the coolant, 6m=u,Considaring figure 3.2 and

section 1.4.1:

Qccr= U A (T) -Tc) (3.4)
Where:
1 1 +1n(Do,o / Di,o )+1n(D1m / Do,o) . 1
UAR hifDio/! 2mko! 2 Tkica /  ho ® Dice !
(3.5)

Or,
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UA =
Ry + Rz + Ra + R,

Where:

Ry = 1/(h; n Dy, /)

Rz =1ln(Do,o / Di,e)/ (2 mkc /)

Ry =1n(Dyce / Do,0)/ (2 Tkice )

Ri¢=1/(h, ® Dice /)

In the falling film loop, liquid falls from the constant
head precooler tank (refer to figure 3.1) which is kept at
a -temperature of about 0.2°C. The falling film freezes
outside the tubes in which the coolant is passed at a
temperature of about ~10°C and the falling film loses heat
to the cocolant. This heat includes: sensible cooling rate
of the falling film, rate of latent heat transfer, which
contributes to freezing, and sensible average cooling rate

of ice.

Sensible cooling rate of the falling film,é.,| ,is evaluated
by measuring the flow rate of the falling film m; and the
falling f£ilm inlet and outlet temperatures T, &T,,.Then ﬁ.,|

is evaluated as follows:

'Q-,I = m Gl Tiu- To ) (3.6)




45

The rate of heat transfer, which contributes to
freezing,'Qgr, is evaluated by measuring the quantity of the
frozen ice at a certain time. The discharge cycle is
activated to remove ice from the test tubes. Part of ice
melts and the rest falls below. Water pocl height due to
ice defrosting is measured by a fixed ruler on the edge of
the supporting box and Qs is calculated as:

- Mool
Qe = (3.7
Time

On the other hand, the formed ice loses sensible heat to
the coclant, from the freezing point of ice “0°C for water”
te half of the average coclant temperature. The average
cooling rate of ice,é.J ,is calculated as:

N Mice cpim (Tt"To/Z)
Qo,s = : (3.8)
Time

Loss from the test tubes is mainly due to convection from
the outside layer (falling f£film ) to the air inside the
supporting box:
Qa0 = hiA(To ~T1) (3.9)
Then , the absorbed heat from the falling film,b.; ,is
Que= Qup + Qec + Qe (3.10)
The ratio (¢) between the absorbed heat from the falling

film,éhg ,and the average rate of heat transfer from the
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test tubes to the coolant at a specific time,éc,.“, is
defined as:
' Ql,f
£ =—t—— (3.11)

éc,nvo

The exparimental overall heat transfer coefficient,

hev,is:
Qu.t
hoy = " (3.12)
[Aice (T=Te) ]
Loasas from the test section 61. are calculated by

measuring T.;&T.,, without introducing the falling film of

liquid. Then, él. is calculated as:

Qs = Mg Cpol Too — Tes ) | (3.13)

3.2 Experimental Procedure

In these experiments commercial ethylene glycol solution
(40% Dby weight) is used as a coolant. The concentration is
cbtained by measuring its specific gravity experimentally,
then using its value to get the concentration from the
specific gravity graph of the ethylene glycol from Perry
[7]. The following values were obtained, for the coolant at
-10°C:
p= 0.008 N:.s/m2

p= 1060 kg/m’
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k = 0.4671 W/m.K

Cp = 3.3488 kJ/kg.K

Physical properties of water at 0.25°C were as follows [9]:
w= 1750x10"° N.s/m?
p = 1000 kg/m?
k = 569.6x10"% W/m.K
C.= 4200 J/kg.K
v= 1.79x10"° m?/s
Also, the physical properties of ice at 0°C [9] were as
follows:
p = 920 kg/m’
k =1.88 W/m.K

Cp = 2040 J/kg.K

The experiment is started by running the TD30 to reduce
liquid cooclant temperature to about -10°C. The pressure
regulator valve is adjusted carefully until the desired
temperature remains approximately constant. The coolant is
first admitted to the constant head precoocler tank by
opening valves 3 and 4,refer to Figure (3.1), and the
stirrer is activated to accelerate the heat transfer. It
takes about two hours(depending on the initial temperature)
to bring the water temperature to about 0.2°C. During this

time, some ice is accumulated around the coil, which helps
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to keep the temperature of the precoocler tank at the
prescribed temperature (0.2°C). On-Off cooling of the
precooler tank may be used if necessary to keep its
teamperature approximately constant. The coolant flows to
the test section by opening valves 1 and 2, which are used
to control the required coolant flow rate. When the
temperature of the coolant in the test tubes reaches -10°C

valves 7 and 8 are opéned to start the falling film.

The falling film can be droplet, jet or sheet mode. The
mode is selected by adjusting valve 7 to obtain the desired
mode and the flow rate is recorded. Part of the liquid
falling film freezes and accumulates around the test tubes.
The ice formation is cbserved and photographed and the rest
falls down to the bottom of the test section. Then it is

pumpaed back to the constant head precooler tank.

The flow rate of the coolant and the 1iquid falling film is
recorded every run. The inlet and outlet temperatures of
the coolant, inlet and outlet temperatures of the liquid
falling £film and surface temperature are recorded using
selector switch and read out temperature. The temperature
of the constant head precoocler tank is checked periodically

to insure that it remains nearly constant.
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In order to measure the quantity of the formed ice, the
defrost loop is activated. The defrost loop is activated by
opening valves 5 and 6 and closing valves 1,2,3,4,7 and 8.
The warm liquid is of the same type and concentration as
the coolant, since the remaining liquid inside the test
tubes will pumped to TD30 during the coolant loop. Defrost
loop is activated for some times depending on the quantity
of the formed ice. It is activated about ten times during
each run, to measure the formed ice at different periods.
The ice falls down to the bottom of the test section and
floats on the remaining water. Difference in height of
water pool before and after the defrost loop activates is

racorded.

3.3 Observations

More than ninety experimental runs are made to observe and
measure the quantity of ice formation around the test
tubes. The following are the main observations from these

experiments:

1-When the liquid falling film falls on the horizontal test
tubeﬁ, the flow is observed to be one of the main three
modes: discrete droplets, jets or a continuos sheet,
depending on the flow rate. When the valve is fully opened

sheet mode is observed with high velocity hitting the first
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tast tube. The flow velocity decreases as the flow reaches
the last test tube. The sheet mode is observed clearly on
the top tubes and sheet-jet mode or jet takes place on the
bottom ones. In this mode a small quantity (it may reach
up to 10% of the liquid falling film) is observed to fall
outside of the test tubes. This is due to hard hitting of

the liquid with the tube.

As the falling film flow rate is reduced gradually, sheet-
jet or jet mode takes place. The flow rate can be adjusted
to get a steady jet mode as shown in figure (3.3). The flow
covers the whole test tubes and the surface is wetted. A
negligible quantity of the liquid splashes out of the test
tubes. As the falling film flow rate decreases further, a
jet-droplet or droplet is observed. Droplet mode is steady

in flow and all the tubes are wetted.

The Jjet mode prevailed most of the experiments, and some

experiments are carried out for droplets and sheet modes.

2-Ice formation starts to form at the bottom side of the
tube. This is due to the fact that the falling film losses
heat through the test tubes as it falls down until it
reaches its freezing point. The ice formation reduces heat

transfer at the bottom tubes rather than at the top
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Figure 3.3: A steady jet mode is shown clearly at falling

£film flow, m=0.025 kg/s.
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especially in series arrangement. This increases the
temperature difference between the falling film and the
coclant at the upper tubes.

3- It has been noticed that the ice formation is more
accumulated at the entrance of the cooclant to the tube than
the outlet (figure3.4) and gradually decreases as it gets
further away from the entrance. This is due to the
raeduction of thq coolant temperature a long -the tuba

bacause of the heat transfer.

In addition, the formation of ice is more accumulated on
the bottom tubes than in the upper tubes (figure3.5). This
is because the falling film temperature is reduced as it
flows down to the bottum'toat tubas. Moreover, in series
arrangements the temperature at the bottom test tubes is

much lower than in the upper tubes.

4-More ice accumulation is noticed at the bottom of the
tube than its top, due to drag force of the water falling

stream.

5-Ice formation on the first test tube is not regular in
jet mode because it acts as an impact on the ice in the
first test tube. Regularity is notified in the rest of the

tubes, due to drag force. However, regularity is notified
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Figure 3.4: Distribution of ice accumulation on the test

tube surface.

Figure 3.5: Ice accumulation for different tubes.
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on the first test tube in sheet mode because the sheet
covers the whole tube. Less regularity is notified in the

droplet mode due to an increase in drag force.

6-Ice accumulates circumferentially on the test tubes
surface until the tube spacing is filled by ice. The ice

then increases by sides as shown in figure (3.5).

7-It is obvious that the formation of ice increases with
time (see figures 3.6-3.9). However, the rate of formation
is decreased with time due to an increase in the insulation
of ice (increased thickness of ice causes an increase in
thermal resistance and consequently reduction of heat

transfer through ice layer).

8-It has been observed that as the ice accumulates on the
test tubes, it takes longer time to remove it from the test
tubes by the discharge cycle and relatively large quantity

of ice is melted.
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(a) front view (b) side view
Figure 3.6,Ice formation on the test tubes after 15
minutes, zrun 6(S) for m.=0.162 kg/s & wm=0.025 kg/s

“"Series arrangement, jet mode”
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(a) front view (b) side view
Figure 3.7,Ice formation on the test tubes after 30
minutes, run 6(S) for m,~0.162 kg/s & m=0.025 kg/s

“Series arrangement, jet mode’”
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(a) front view (b) side view
Figure 3.8,Ice formation on the test <tubes after 45
minutes, run 6(S) for m.=0.162 kg/s & m=0.025 kg/s

“Series arrangament, jet mode”
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{a) front view {b) side vieaw

Figure 3.9,Ice formation on the test <tubes after 60
minutes, run 6(S) for m=0.162 kg/s & m=0.025 kg/s

“Series arrangement, jet mode”
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3.4 RESULTS

This section includes a sample calculation for a case study
of 1(P). Also the rest of all results are given with

discusaion.

3.4-1 Experimental run 1(P):

This experimental zrun is carried out under the following
conditions:

l1-Parallel arrangement, jet mcde

2-Falling film liquid: water

3-Room temperature: 23°C

4-Mass flow rate of coolant: 0.38 kg/s

5-Mass flow rate of the falling liquid: 0.025 kg/s

The results and calculations for this run are shown in
Table (3.1). Such calculations are carried out using the
equations outlined in section (3.1) and employing MS Excel
Software. The following is an example for how the values in

Table (3.1) were calculated.
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For the 15 minutes run under the condition of Experimental
run 1(P), the height of water level before and after the
discharge cyclel activated is recorded to get ice weight.
Ah = 18 mm
The voluma of this quantity,
V = Ah W / where
W : inside width of the supporting box
/ : inside length of the supporting box
V = 18x235x273 = 1154.8 x10° n®
The mass of the formed ice:
M=Vxp
Where pis the density of the collected water [9],
p= 1000 kg/m’
M= (1154.8 x10"%) x1000 = 1.155 kg

Average ice thickness,c is:

v

A
A, = total outside area of the test tubes:

= 7(W-Do,o ,)
= T(n0.0285x0.235)

= 0.147 m?

1154.8 x10°°¢
c = = 7.86x10°m = 7.86 mm

0.147
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3.4-1.1 Energy balance:

The average rate of heat transfer from the test tubes to
the coolant,émun, with losses is compared with the
absorbed heat from the falling film,é.; ,a8 follows:
From equation 3.1,
Qc = McCpe( Too = Ta )

= 0.38x3348.8x(-7.8-(-8.1))

= 381.76 W
where, T., and T. are taken from the recorded data from
table B.l(Appendix B).

From equation (3.2),

t= n .
Qo.ave =l .|- Q. x dt )/time

£m=0

whaere n is 15 minutas for this run and the valuas of émn
are taken from table B.l1l.Then, applying trapezoidal rule:

Qc.ave = 547.19 W

The sensible c¢ooling rate of the falling film,é.J .18

evaluated from equation 3.5:

63J = ﬁlchﬂ Tis- Tio )
= 0,025x4200x(0.3-0)
= 31.5 W

From equation 3.6 the rate of heat transfer which

contributes to freezing, Qs ,is:
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Mol

Time

étr =

Where L = 335 kJ/kg

. 1.155x335x10°
Qe = = 429.91 W
(15x60)

The average subcooling rate of ice, éh. ,i8 calculated as

follows:

é Mice Cpice (Te-Tco/2)
o ' Time

1.155x 2040x(0-(-7.9)/2)

15x60

10.34 W

Loss from the falling film due to convaction,éh, is:
Qia,c =he A (Tw ~T1)
h. :the heat transfer coefficient due free convection is
approximated to be = 10 W/m?.K [12]
A : area which is covered by the falling film is:
AaA=17/nh
h = height of the falling film which covers the test tubes
and the spaces betwaen-thcm:
= 0.3705 m
A = 0.235x0.3705x2 =0.174 m’

Qiac = 10x0.175x(15-0.15)
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= 26.12 W
Then , the absorbed heat from the falling .f:i.lm,é.,g ,is
6n,t= 6-,| + .Qt: + 6-,-
= 31.5 +429.91 +10.34

= 471.75 W

The prcentage ratio,e, of the absorbed heat from the

falling :E:i.lm,é.,g to the average rate of heat transfer from

the test tubas to 'tha coolant ,6c,.,,. ;and,is given by

equation 3.9: .
Qa,z

€E & pr—r

QG,&V.

471.75
£ B —_—
547.19

= 0.86

The experimental overall heat transfer coefficient:

The experimental overall heat transfer coefficient, h,,,. is

obtained from ecuation 3.10 as:

.Ql,!
hov =

Aice (TI'TG)

Ai.o = total surface area of the ice is:
Aico ™ T0(Do,0 +2 )/
= 7m(0.0285+2x7.86x107%) x0.235

= 0.228 m?




To= (Tau + Teo ) /2 = (-8.1+(-7.7))/2 = -7.9 °C
Ty = (0.3+0)/2=0.15 °C

T - T.= 8.05

471.75
hey =
0.228 (8.05)

= 257.03 W/m?.K

The calculated heat transfer rat from the test tubes to the

coolant:

To verify the experimental work, the rate of heat transfer
from the test tubes to the coclant at a specific ice
thickness,éb, is compared with the calculated one,ébﬁal,at
that thickness.

From equation, 3.4

Qc,oor = U A (Ty -To)

Whera:
1l 1l 1n(Do,o/D1,o’ 1n(D1e-/Do,o’ 1l
= + + +
UA hi T Di,o / 2 ﬂko / 2 N Kice / ho T Dica /

Heat transfer coefficient inside the tube:

Using egquation 1.15 the inside heat transfer coefficient
is:

Nu k
hig

Dn

Where:
Dp = Equivalent Diameter = 4 A; / 7n(Dy,o + Do i)

A; = Inside cross sectional area, figure 3.2, is
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1 (Dy,0° = Do,s?)

Ay =
4

n(0.0265% -0.0158%)

4
= 3.55x107% m?

Dn = 4x3.55x10°%/ = (0.0265+0.0158) = 0.0107 m

In order to get Nu, Re must be calculated to select the
suitable equation,

P ug Dy
u
Velocity of the coolant at the test tube, u, is:

Ra =

Un = m /pAs
hc = mass flow rate of the ccolant which enters to the test
secfion = 0.38 kg/s
The average mass flow rate in each test tube = 0.38/7
= 0.0543 kg/s
Then,

u, = 0.0543/(1060x0.000355) = 0.144 m/s

From equation 1.14

1060 (0.144) (0.0107)
Re, = — = 204.52
0.008
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From equation 1.9, it is indicated that the flow is laminar

and its Nusselt number is determined from equation 1.12:

. Re Pr 1/3 I-l 0.14
Mu = 1.86 —— —_
{/Dy He

Where u=0.008 N.s/m at a coolant temperature -8°C and
Re=0.0065 N.s/m at surface temperature -5.5°C
(1 /pe )%= 1.03

Pr = Cppu/k = 3348.8x0.008/0.4671 = 57.35

204.52x57.35 /3 ~0.008 O
= 10 )" (22
0.235/0.0107 0.0065

= 15.53

from equation 1.15

15.53x0.4671
h; = = 678.39 W/m*.K
0.0107

Heat transfer Coefficient outside the tube

The outside heat transfer coefficient is calculated using

equation (1.18)

Nu k
(VZ/g) 1/3

Since the falling film shows a jet mode on most test tubes

equation (1.16) is used to calculate Nusselt number:




"N
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Nu = 1.378Res %2 pr 026 ppt-0-23) (g4/3)0-98
Where s/d = 1 in the existed setup
Reg, Pr and Ar values are computed using equations

1.19,1.120 and 1.21 respectively.

Res = 2I/p

m = The flow rate of the falling film = 0.025 kg/s
'= 0.025/0.235 = 0.1064 kg/s.m

Res = 2x0.106/(1750x10°°) = 121.58

Pr = Cpu/k = 4216x1750x10°%/0.569 =12.96

Ax

dic’g/v: = (0.04416°) (9.81)/(1.79x10°%) % = 26.36x10’
Then,

Nu = 1.378(121.6) °*%(12.96) °-2¢(26.36x107) ~°-23

= 0.233
Nu k 0.215x0.569

h, = = =1922.2 W/m?.K
(v/q)t/? (1.79x10°%)2/9.81)1/3

The overall heat transfer coefficient can be cbtained from

equation 3.3,

1l

UA = :
Ry + R+ Ry + Rs

Ry = 1/(hy m Dy,of) = 1/(678.39x3.14x0.0265x0.235)=0.075 R/W

The thermal resistance of the copper tube(k.=~405 W/m.K, [9])

is calculated using equation (1.2)
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1n(D,,o /Di,0) 1n[28.5/26.5]
R; = - — = 1.21x10"* K/W
2 wk, / 2x3.14x405x0.235

The thermal resistance of the iced layer is calculated
using equation (1.2)

1n (Dice/Do,o) In[2(14.25+7.83)/28.5]
Rz = = : = 0.158 K/W
2 Tkice ! 2x3.14x1,88x0.235

Re = 1/(ho T Dige /) = 1/(1922.2x3.14x.0.04416x0.235)
= 0.016 K/W
It is clear that R; is smaller than all the other
resistances and can be neglectaed. In this current study R:
has been taken to be zero.
1 1

UA = =
0.075 + 0.158 + 0.016 0.249

= 4.016 W/K

Then, the calculated rate of heat transfer to the coolant
for the seven test tubes,éc,m :

Qo.co1 =7x4.016x8.05 =226.3 W

From equation 3.13, losses in test section are calculated

to overcome the error that may exist in measuring

temperature especially for small AT..

Qs = mCpa( Too — Toy )

= 0.38x3348.8x(-8-(-8.1)) = 127.25 W
where T.., and T, for no falling film are -8 and-8.1°C

raspeactively.
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Qc.act = Qc — Q1 = 381.76-127.25 =254.51 W

The percentage difference is then calculated as follows:

-Qc,lot = .Qc, cal
Percentage difference, P.D = x100
Qc,lct

254.51 -226.3
X100 = 11.08%
254.51

3.4-1.2 Error analysis:

Relative error in the overall heat transfer coefficient,

hey i8:

=— + +
hev Qa,t Aice (T\-Tc) {T1-T.)

Where subscript ; and ¢ refer to error in reading and

Ahw A én,f Miu [(AT|+ATQ) T (ATI+AT¢:) fﬂ
+

fluctuation respactively

For the 15 minutes run in experimental run 1P:

The error in the absorbed heat from the falling film, é.,,—_
is:

A Quewd Qui+A Qe +A Qus

The ralative error in é.,; is:

A Q. Am Ac (ATi+ AT}z (ATy+ ATio)e
- + + +
Qa,t m| G Tii=Tio Tii—Tio
0.006 0.140.1 0.1 +0.1
= + 0+ +

0.025 0.5-0 0.5-0
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= 1.04
AQ,,) = 1.04(31.5)
= 32.76 W

The relative error in ég,is:

A Qe AMie At AL

_ - + +
sz M ice t L
AM jcq A (Ah) Aw Al
= + +
M l1ca Ah w ,
1+1 i 1l
= + +
18 273 235
= 0.1188
At 1l
- = 0.0011
t 15x60

A Qs = 429.8(0.1188+0.0011+0)= 51.53 W

The relative error in Q, , is:

A Qus AMie At (ATy +AT./2).

- + +
Ql,l Mice t Te - Tc/2
(AToy + ATco)r (ATes + AToo)sz  0.140.1 0.1 +40.1
AT, = + = + = 0.2
2 2 2 2
A Qs 0+ 0.2/2

] - 0.1188+
Os,4 0 - (~-7.9)/2

A é.ﬂ..10.34(0.1188+0.0253) = 1.489 W

So, the error in the absorbed heat from the falling film
is:

A Quc-32.76 +51.53 + 1.489 = 85.78 W
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and the relative error is:

A él,f 85.78
= 0.18

Qu.r 471.68

The relative error in total surface area of ice, Ai.. is:

M:Lco (A-Do . o"’ 2AC) A,
— = +
Aic. D°’°+2c ,
Ae A(Ah) Aw ADo,o
= + +
c Ah w Dao
1+1 1 0.1
= + +
is 273 28.5
Ac = 7.84 (0.1182) = 0.93 mm
AR o 0.1+ 2(0.93) 1
: = +
Aice 28.5+2(7.84) 235
= 0.0486
Error in temperature difference between falling film and

the coolant:

rm-r.m-.rc) . (ATWATS) £
+ =

L T-T T-T.
(AT + ATio)r (AT + AT) 1 0.1+0.1 0.1 +40.1
ATy = + = + = 0.2
2 2 2 2
(ATci + ATco) r (ATci + A'-'II-.c:t:v) £l 0. 1+0.1 0.1 +0.1
AT, = + = + = 0.2
2 2 2 2

0.2 + 0.2
= 0.049
0.25 -(-7.9)

T-T. T+E1
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So, the relative error in the experimental overall heat

transfer coefficient is:

oV

hOV

= 0.18 +0.0486 +0.049 = 0.278 = 27.8%




73

Table (3.1): Energy balance analysis, at m.=0.38 kg/s &
m=0.025 kg/s “Parallel arrangement, jet mode”

Run# 1 [Run#2 | Run#3 | Run#4 | Run#5 | Run#6 | Run#7 | Run#8 | Rur#9 | Run#10
t(mnin) 0.25 5 10 15 20 25 30 45 60 80
Ah{cm) 0.7 13 1.8 24 3 35 4.8 59 6.4
Vx10™(m®) 27 449 | 834 | 1155 | 1540 | 1925 | 2245 | 3079 | 3785 | 4106
M(Kg) 0.03 | 0.45 | 0.83 |[1.155| 1.54 | 1.92 | 2.25 | 3.08 | 3.78 | 4.41
¢ (mm) 018 | 3.05 | 567 | 7.86 | 1046 | 13.07 | 1525 | 2092 | 25.71 | 27.89
AT(°C) 060 | 040 | 040 | 0.30 | 0.30 | 0.30 | 0.30 | 020 | 0.20 | 0.20
QW) 763.53(509.02|509.02|361.76(381.76|381.76|381.76(254.51 254.51 254 .51
Qe ave(W) 763.53 |636.27(598.09|547.19|531.29(514.00)|494.17 (463.77|422.06| 391.31
QW) 31.50 | 31.50 | 31.50 | 31.50 | 31.50 | 31.50 | 31.50 | 31,50 | 31.50 | 31.50
Qx(W) 603.00 |501.48)465.66(429.91(429.84|429.84|417.90)382.08(352.23| 286.56
Qs (W) 14.50 | 12.06 | 11.20 | 10.34 | 10.34 | 10.34 | 10.05| 9.19 | 847 | 6.89
Q. (W) 2612 [ 26.12 |1 26.12 | 26.12 | 26.12 | 26.12 | 26.12 | 26.12 | 26.12 | 26.12
Qa1 (W) 649.00 |545.04|508.36(471.75|471.68(471.68(459.45|422.77(392.20| 324.95
€= Qur /Qe.ave 085 | 086 | 085|086 | 089 | 0982|093 | 081|093 | 083
T,-T. (°C) 815 | 815 | 815 | 805 | 815 | 818 | 8.30 | 8.15 | 8156 | 8.15
he{W/mA2.K) | 534.07 [374.18]303.18|257.03|226.73)|204.28|181.62(142.78|116.57| 91.59
Reg 204.53 |204.53|204.53 204.5-3 204.53|204.53(204.53(204.53(204.53| 204.53
(W 1.070 | 1.03811.032 | 1.030 | 1.025 | 1.022 | 1.020 | 1.017 [ 1.016 | 1.010
hi{(Wim*.K) 704.89 |1683.81|679.86|678.39/675.25(673.27|671.95(669.98)/660.32| 665.37
Re; 121.58 [121.58(121.58(121.58(121.58(121.58(121.58(121.58(121.58| 121.58
ho(W/m“.K) |[2578.6|2275.6|2065.0|1922.2|1779.4|1660.1|1574.5|1394.8|1277.1| 1231.1
Ry{KW) 0.073 | 0.075] 0.075 [ 0.075 | 0.076 | 0.076 | 0.076 | 0.076 | 0.076 | 0.077
Rafice) (K'W) | 0.005 | 0.070 1 0.121 | 0.158 | 0.198 | 0.235 { 0.262 | 0.326 | 0.372 | 0.391
R4(KW) 0.018 [ 0.017 | 0.016 [ 0.016 | 0.015 | 0.015 | 0.015 | 0.014 [ 0.013 | 0.013
UAW/K) 1049 | 618 | 4.71 |4.016 | 3.45 | 3.07 | 283 | 241 | 217 2.08
Qeeal (W) §08.23 (352.35(268.67| 226.3 [197.04(175.25/161.62|137.22|123.66| 118.68
Qe et (W) 636.27 |381.76(381.76(|254.51|254.51|254.51(254.51|127.25|127.25| 127.25
P.D= 5.979 | 7.706 [29.625| 11.08 |22.579(31.142)|36.497|-7.833 | 2.825 | 6.741
{ Qo o Qe cy)x 100
[ Qoo
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The results of such experimental zrun are alsc shown in
figures (3.10 to 3;15). Figure (3.10) shows that the
coolant temperature difference AT.=(T.~Toi) is small as
expaected, due to the high flow rate and the low coolant
velocity in the test tubes. The temperature difference
decreases with time as ice accumulates on the test tubes.
It decreases rapidly from 0.6 to 0.4°C and gradually from
0.4 to 0.2°C. Further accumulation of ice on the test tubes
increases its thermal resistance, and causes the rate of
heat transfer from the test tubes to the coolant éc to
decrease as shown in figure (3.11). The ice formation
increases gradually up to 2.2 kg in 30 minutes, and
slightly in the following period up to 4.1 kg in 80 minutes
as shown in figure (3.12). The rate of ice formation also
decreases with time. The experimental overall heat transfer
coefficient,h,,, decreases as ice thickness increases as
shown in figure(3.13). Figure (3.14) shows the energy
balance of this case of study. It indicates that the
average rate of heat transfer from the test tubes to the
coolant,émmn is approximately close to the absorbed heat
from the falling £ilm,Q,.. The ratio €, of Qu.r £t0 Qcave i8
about 0.86 which is considered reasonable.The remaining is
due to losses,which is limited by careful insulation of the

test section. Figure (3.15) indicates that the actual heat
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transfer from the test tubes to the coclant, écmﬂ:shows the
same treand as the calculated one,émcn, The average
percentage difference between ém.ﬂ;and émcu_is about 16%.
This is may be due to an accuracy in the measurement of T.
& T.,, the assumptions used in the theoretical equations
(inside and outside heat transfer coefficient, hi and h,)
and the assumption of the ice formation increases

circularly.

This case of study, yields a reasonable amount of ice
(3.8kg/hr), however, AT. is between 0.6 and 0.2°C due to
high flow rate (0.38 kg/s) and low velocity inside the test
tubes (0.144 m/s). As a result, an error in reading
thermocouples may cause a relatively high error in the
results as it has been appeared in this case of study. So,

the flow rate is reduced in the following run to increase

the temperature difference AT..

3.4-2 Experimental run 2(P):

This experimental run is carried out under the following
conditions:
1-Parallel arrangement, jet mode

2-Falling film liquid: water
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Figure 3.10: Change of AT, with time for m, = 0.38 kg/s &

m=0.025 kg/s “parallel arrangement, jet mode”
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Figure 3.11: Variation of the rate of heat transfer from

the test tubes to the coolant with time for m; =0.38kg/s &
m=0.025 kg/s “parallel arrangement, jet mode”
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Figure 3.l12:Variation of the formed ice on the test tubes
with time for m~0.38 kg/s & m=0.025 kg/s “parallel

arrangement, jet mode”
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Figure 3.13: Variation of the experimental overall heat
transfer coefficient with ice thickness for m, =0.38 kg/s &

m=0.025 kg/s “parallel arrangement,jet mode”
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Figuré 3.14:Energy balance for m=0.38 kg/s & m=0.025 kg/s

“parallel arrangement, jet mode”
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Figure 3.15:Comparison between actual and calculated rate

of heat transfer from the test tubes to the coolant for
m.=0.38 kg/s& m=0.025 kg/s “parallel arrangement, jet mode”
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3-Room temperature: 23°C
4-Mass flow rate of coolant :0.162 kg/s

5-Mass flow rate of the falling liquid:0.025 kg/s

Calculations and energy balance for this run are shown in
table (3.2). The results of such experimental run are also
shown in figures (3.16 to 3.20). In this experimental run,
the change of AT, starts from 1.1°C down to 0.4°C.In
comparison with run 1(P), in which the temperature
difference varies in the range (0.6°C to 0.2°C), errors in
temperature measurements may be less effective on the
results (Figure 3.16). However, the quantity of the ice
formed is reduced due to reduction of the inside heat
transfer coefficient (figure 3.17). The experimental
overall heat transfer coefficient is less than that of run
1(P) as shown in figure (3.18). A reasonable energy balance
is shown in figure (3.19). Comparison bhetween actual éemct
and calculated émcu. rate of heat transfer from the test
tubes to the cooclant is shown in figure (3.20). Although,
curve of ngu_is above curve of éoJﬂ:tha two curves show

the same trend with small percentage error.
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Table (3.2): Energy balance analysis, at m~=0.162kg/s &

m=0.025kg/s “Parallel arrangement, jet mode”

Run#1 | Run#2 | Run#3 | Run#4 | Run#5 | Run#6 | Run#7 | RunitB | Run#9 | Run#10

t(min) 026 | 5 10 [ 15 | 20 | 25 | 30 | 45 | €0 80
Ah{cm) 028 | 06 | 09 | 14 | 16 | 2 2.2 |3.1588|3.7906| 4.5
vx10°(m°) | 22 | 383 | 575 | 884 | 1022 | 1278 | 1405 | 2000 | 2400 | 2875
M(Kg) 002 | 038 | 057 | 0.89 | 1.02 | 1.28 | 1.41 | 2.00 | 240 | 2.87
¢ (mm) 015 | 264 [ 3.96 | 6.16 | 7.04 | 8.80 | 9.68 | 13.78 | 16.54 | 19.81
AT°C) 11 (08 | 07 | 06 | 06 | 08 (06 | 05 | 05 | 04
QW) 596.76|434.00|379.75)325.50|325.50|325.50(325.50(271.25(271.25| 217.00
cave(VW) 506.76| 494 | 420 | 401 | 368 | 346 | 340 | 333 | 320 | 302
QW) 31.50 | 31.50 | 31.50 | 31.50 | 31.50 | 31.50 | 31.50 | 31.50 | 31.50 | 31.50
(W) 488.40|427.27|320.45/332.32|284.85/284.85|261.11|246.67|222.00| 200.28
s, (W) 14.96 | 13.08 | 9.82 [10.18| 8.73 | 8.73 | 8.00 | 7.56 | 6.80 | 6.13

ln.e(W) 26.12 | 26.12 | 26.12 (26.12 | 26.12 | 26.12 | 26.12 | 26.12 | 26.12 | 26.12
Que (W) 534.86|471.86(361.77|374.00 |325.07 |325.07|300.61|285.72|260.30| 237.92
€= Qus/Qcave | 090 | 0.96 | 0.86 | 093 | 0.88 | 0.94 | 0.88 | 0.86 | 0.81 | 0.79
Ti-Te(°C) | 10.00 | 10.00 | 10.00 | 10.00 | 10.00 | 10.00 | 10.00 | 10.00 | 10.00 | 10.00
he(W/m*2.K) | 359,50|269.35(191.55(176.67147.22|135.98(121.12| 98.67 | 81.85 | 67.38
Re. 876 | 876 | 876 | 876 | 876 | 876 | 876 | B76 | 876 | 87.6
(W)t 1.070 | 1.040 | 1.035 | 1.030 | 1.028 | 1.026 | 1.025 | 1.022 | 1.018 | 1.010
n(WIm“K)  |531.38(516.48|513.99|511.51(510.52(509.53|509.03 |507.54|505.55| 501.58
Rey 121.60(121.80|121.60|121.60(121.60|121.60|121.60(121.60|121.60| 121.60
ho(WIm“K)  [2582.7(2312.6(2195.2(2028.5/1970.1(1864.7(1817.0|1625.5(1520.2| 1423.7
R«(KW) 0.096 | 0.099 | 0.099 | 0.100 | 0.100 | 0.100 | 0.100 | 0.101 | 0.101 | 0.102
R(ice) (KW) | 0.004 | 0.062 | 0.089 | 0.130 | 0.145 | 0.174 | 0.187 | 0.246 | 0.281 | 0.315
R{(KW) 0.018 | 0.017 | 0.017 | 0.016 | 0.016 | 0.016 | 0.016 | 0.015 | 0.014 | 0.014
UAW/K) 846 | 562 | 487 | 406 | 3.82 | 345 | 320 | 277 | 252 | 2.32
c.cal (W) 502 | 304 | 341 | 284 | 268 | 241 | 231 | 194 | 177 | 162

Qe 0t (W) 488.26(325.50|271.25|217.00|217.00(217.00(217.00/162.75|162.75| 108.50

P.D=
@“E_ﬁdxmo 17.505]17.291|20.497|23.644(18.919/10.080| 5.91 | 16.01 | 7.89 | 33.224
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Figure 3.16: Comparison of AT. changing with time between
m.=0.162 kg/s & m, =0.38 kg/s for m=0.025 kg/s “parallel

arrangement, jet mode”
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Figure 3.17: Comparison of the formed ice between m; =

0.162 kg/s & m, =0.38 kg/s for m=0.025 kg/s “Parallel

arrangemeant, jet mode”

"~
00 L
1
"0 ll o mc=0.32kg/s » me=0.162 kg/s
»l
200 £ 4
< \\
400 LY
L RN
AN
m L 9 y ——
B .
o0 ~— h »
1 - —t
w L2
’ ] s 10 "% ") -] »
c{mm)

Figure 3.18:Comparison of the experimental overall heat
transfer coefficient between m; =0.162 kg/s & m. = 0.38

kg/s for m=0.025 kg/s “parallel arrangement, jet mode”
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Figure 3.19:Energy balance for m. =0.162 kg/s & m=0.025

kg/s “parallel arrangement, jet mode”
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Figure 3.20:Comparison between actual and calculated rate
of heat transfer from the test tubes to the coolant for mc
=0.162 kg/s & m =0.025 kg/s “parallel arrangement, jet
mode”




From the previous run, it has been seen that, the ice

formation rate and the heat transfer coefficient are
reduced and AT, is still 1low. To improve these items,

series arrangement is utilized (refer to figure 2.5). In
the series arrangement, the coolant velocity inside the

tube increases and the flow rate is reduced to increase

AT.. Four different flow rates are tested as follows.

3.4-3 Experimental run 3(S):

This experimental run is carried out under the following
conditions:

l-Series arrangement, jet mode

2-Falling film liquid: water

3-Room temperature: 23°C

4-Mags flow rate of coolant: 0.023 kg/s

5-Mass flow rate of the falling liquid:0.025kg/s
Calculations and enaergy balance for this run are shown in
table (3.3). The results of such experimental run are also
shown in figures (3.21 to 3.26). Figure (3.21) shows that
the coolant temperature difference AT, for series
arrangement decreases rapidly from 6.1 to 4°C and then
smoothly to about 2.1°C with time as ice accumulates on the

test tubes. The change of AT, starts from 6.1°C down to
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2.1°C,which is higher than run 2(P) in which AT. ranges
from 1.1°C to 0.4°C,in which the errors in temperatures
measurements are less effective on the experimental
rasults. The rate of heat transfer from the test tubes to
the coolant, the rate of the formed ice and the
experimental overall heat transfer coefficient figure
(3.22,23,24), show the same trend as those in parallel
arrangement figure (3.11,12,13) . Comparison between Q. act
and Q:. c.i,and the energy balance are shown in figures
(3.25) and (3.26)respectively, which give a reasonable
balance. The equations used to calculate the outside heat
transfer coefficient,h, ,and the thermal resistance of the
ice,Rij.a ,are valid until the tube spacing is filled with
ice, since the ice increases in radial direction. After
that the problem is no longer falling film on horizontal
tubes and the flow forms like a falling film on a vertical
corrugated plate in which the ice accumulates by sides.
The flow rate of the coolant is increased to study the

affact of increasing the heat transfer coefficient inside

the tubes, in the two following runs.
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Table (3.3): Energy balance analysis at m.=0.023 kg/s &

m=0.025kg/s “series arrangement, jet mode”

Rund#1 | Rund#2 | Run#3 | Run#4 | Run#s | Run#s | Run#7 | Run#8 | Run#9 | Run#10
t(min) 3 5 10 [ 15 [ 20 [ 25 [ 30 [ 60 | ¢0 120
Ah(cm) 025 | 05 [ 085 | 13 | 17 | 19 | 22 | 37 | 46 | &5
Vx107(m°) 160 | 320.1 | 608.2 | 832.2 | 1088 | 1216 | 1408 | 2400 | 3000 | 3521
M(Kg) 0.154 | 0.32 | 0.608 | 0.832 | 1.088 | 1.216 | 1.408 | 2.4 3 | 3521
c (mm) 1.103 [ 2205 [ 4.19 [ 5734 [ 7.498 | 8.38 | 9.703 | 16.54 | 20.67 | 24.26
AT(°C) 63 [ 57 5 44 4 39 | 35 | 34 | 26 | 24
QW) 4852 | 439 | 385.1 | 338.9 | 306.1 | 300.4 | 269.6 | 261.5 | 200.3 [ 184.9
Qe.ave(W) 3749 | 422 | 409 [389.8 [417.6 [ 356.6 | 347.9 | 340.4 | 200.6 | 264.2
Qg (W) 315 | 315 | 315 | 315 | 315 | 315 [ 315 | 315 | 315 | 315
(W) 2842 [ 355.3 | 337.5 [ 300.8 | 302 | 270 [2606| 222 | 185 | 162.8
Q. (W) 8.707 | 10.88 | 10.34 | 9.432 [ 9251 | 8271 | 7.881 | 6.8 | 5667 | 4.988
QW) 26.12 [ 2612 | 26.12 [ 26.12 | 26.12 [ 26.12 | 26.12 [ 26.12 [ 26.12 | 26.12
Qas (W) 324.4 [ 397.7 [ 379.4 | 350.7 [ 342.8 [ 309.8 [ 300 [260.3 [222.2 | 199.3
€= Qay /Qcae | 0-865 [0842[0.928| 09 [ 0.82 [0.869 [ 0.862 [ 0.765 | 0.765 | 0.754
T, -T (°C) 8 95 (995 | 985 | 98 | 982 | 10 | 1065|1135 1255
hoW/mA2.K) | 255.7 | 246.3 | 200.2 | 172.5 | 155.7 | 134.9 [ 121.2 | 76.85 | 54.26 | 39.93
Reo B86.65 | 86.65 | 86.65 | 86.65 | 86.65 | 86.65 | 86.65 | 86.65 | 86.65 | 86.65
(e 1.068 | 1.046 | 1.038 [ 1.036 [ 1.034 [ 1.032 [ 1.029 [ 1.023 [ 1.018 | 1
hW/MZK) | 528.4 | 517.5 | 513.6 | 512.6 [ 511.6 | 510.6 | 509.1 | 508.2 | 503.7 | 494.8
Re; 1216 | 121.6 | 1216 | 121.6 | 1216 | 121.6 | 1216 | 1216 | 1216 | 1216
ho(WImZK)  |2471.2|2356.7|2177.7|2060.2 | 1843.4[1690.8 [1818.1{1529.1[1401.7 | 1310.2
Ri(KW) 0097 (0099 01 | 01 | 01 | 01 | 0.1 [0101[0.102| 0.103
Rslice) (K'W) | 0.027 | 0.052 | 0.093 | 0.122 [ 0.152 | 0.167 | 0.187 | 0.278 | 0.323 | 0.358
Ry(KIW) 0.018 | 0.017 [ 0.017 [ 0.016 [ 0.016 [ 0.016 [ 0.016 | 0.014 [ 0.044 | 0.013
UAWI/K) 7.067 |5.947 | 4777 | 42 |3.726 | 3.537 | 3.208 [ 2.544 [ 2.281 [ 2.105
Qc.cal (W) 395.8 | 395.5 | 332.7 | 289.6 | 255.6 | 243.2 | 230.0 | 189.7 [ 181.2 [ 184.9
ot (W) 418.3 | 372.1 | 318.1 | 271.9 | 241.1 | 240.1 [ 200.3 [ 208.3 | 146.7 | 1313
P.D= | 57 | 50 | 44 | 61 | 567 | 13 | 93 | 98 [ 181 | 290
ﬁ::gmmoo
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Figure 3-21: Comparison of AT. changing with time between
m.=0.023 kg/s “series arrangement, jet mode” & m.=0.162
kg/s “parallel arrangement, jet mode” for m=0.025 Kg/s
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Figure 3.22: Variation of the rate of heat transfer from

the test tubes to the coolant for m.=0.023kg/s & m=0.025

Kg/s “series arrangement, jet mode”
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Figure 3.23: Variation of the formed ice on the test tubes
with time for m. =0.023 kg/s & m=0.025 Kg/s, “series

arrangement, jet mode”
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Figure 3.24: Variation of the experimental overall heat
transfer coefficient with thickness for m=0.023 kg/s &

m=0.025 Kg/s, “series arrangement, jet mode”
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Figure 3-25: Energy Balance for m; =0.023 kg/s & m=0.025

Kg/s “series arrangement, jet mode”
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Figure 3-26: Comparison between actual and calculated rate
of heat transfer from the test tubes to the cooclant for

m.=0.023 kg/s & m=0.025 Kg/s “series arrangement, jet mode”
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3.4-4 Experimental run 4(S):

This experimental run is carried out under the following
conditions:

l-Series arrangement, jet mode

2-Falling film liquid: water

3-Room temperature: 23°C

4-Mags flow rate of coolant: 0.06 kg/s

5-Mass flow rate of the falling liquid: 0.025 kg/s

Calculations and energy balance for this run are shown in
table (3.4). Energy balance and comparison between écﬁct
and éman the are shown in figures (3.27) and
(3.28) respectively, which give a raasénable balance. In

this experimental run, the change of AT. reduces to (3.3°C

to 1.2°C) as shown in figure (3.29). It is clear that AT,
decreases as m. increase due to higher velocity. The
quantity of ice increases as planned due to the increase
in the inside heat transfer coefficient (figure 3.30 and

figure 3.31).
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Table (3.4): Energy balance analysis at m~=0.06 kg/s &

m=0.025kg/s “series arrangement, jet mode”

Run#1 | Run#2 | Run#3 | Run#4 [ Runi#5 [ Run#6 | Run#7 | Run#8 | Run#9 [ Run#10

t(min) 0217 | 5 | 10 | 15 | 20 | 25 | 30 | 45 | 60 70
Ah(cm) — [ 07 | 11 | 186 | 2 | 23 [ 27 | 38 | 47 | 54
Vx105(m°) 20 | 448.1 | 704.2 | 1024 | 1280 | 1472 | 1728 | 2433 | 3009 | 3307
M(Kg) 0.02 | 0.448 | 0.704 | 1.024 | 1.28 | 1.472 | 1.728 | 2.433 | 3.008 | 3.307
¢ (mm) 0.137 | 3.077 | 4.835 | 7.032 | 8.79 | 10.19 | 11.87 | 16.7 | 20.66 | 22.7
AT°C) 37 | 27 | 21 | 18 | 16 | 14 | 14 | 14 | 12 | 12
QW) 743.3 | 542.5 | 421.9 | 361.7 | 321.5 | 281.3 | 281.3 | 281.3 | 241.1 | 241.1
Qc.ave(W) 639 | 626.0 | 541.5 | 502.3 | 446.1 | 410.2 | 391 | 356.2 | 333.5 | 314.7
Q. W) 315 | 315 | 315 | 315 | 315 | 315 | 315 | 315 | 315 | 315
(W) 512.3 | 497.4 | 390.8 | 379 | 355.3 | 326.9 | 319.8 | 300 | 278.3 | 262.2
os (W) 28.33 | 13.94 | 10.88 | 11.33 | 10.97 | 10.4 | 9.973 | 6.649 | 4.987 | 4.778
ac V) 261 | 261 | 261 | 261 | 261 | 261 | 261 | 261 | 261 | 26.1
o (W) 572.1 | 542.0 | 433.2 | 421.8 | 397.8 | 366.8 | 361.2 | 338.2 | 314.8 | 2985

o= Quy/Oume | 090 | 087 | 080 | 0.84 | 069 | 0.90 | 0.02 | 0.94 | 0.94 | 085
T-T,(C) | 1205 115 | 11.3 | 1145 | 11.45 | 19.55 | 11.65 | 11.75 | 12 | 12.85
ha(W/M*2.K) | 319.5 | 263.7 | 194.5 | 167.6 | 146 | 126.9 | 114.9 | 80.01 | 72.75 | 60.85

Rec 199.7 | 199.7 | 199.7 | 199.7 | 198.7 | 199.7 | 199.7 | 199.7 | 199.7 | 199.7
(W) 1.07 | 1.04 (1.035| 1.03 | 1.028 | 1.025 | 1.023 | 1.021 | 1.018 | 1.1

h{W/m*.K) 699.3 | 679.7 | 676.4 | 673.1 | 671.8 | 660.9 | 668.6 | 667.3 | 665.3 | 660.1
Rey 1216 [ 1216 | 121.6 | 1216 | 1216 | 121.6 | 1216 [ 121.6 | 121.6 | 1216
Ho(W/m*“.K) 2584 | 2273 | 2127 | 1873 | 1868 | 1797 | 1713 | 1523 | 1414 | 1311
R{K/W) 0.073 | 0.075 | 0.076 | 0.076 | 0.076 | 0.076 | 0.076 | 0.077 | 0.077 | 0.077
Ra(ice) (KW) | 0.003 | 0.071 | 0.106 | 0.146 | 0.175 | 0.195 | 0.22 | 0.282 | 0.321 | 0.337
R4(KW) 0.018 | 0.017 | 0.017 | 0.016 | 0.016 | 0.015 | 0.015 | 0.014 | 0.014 | 0.014
UAWIK) 10.54 ( 6.113 | 5.036 | 4.203 | 3.752 | 3.489 | 3.208 | 2.684 | 2.431 [ 2.335
Qe cal (W} 889.3 | 492.1 ( 398.4 336.8 | 300.7 | 262.1 | 261.6 [ 220.7 | 204.2 | 210

Qe (W) 663.1 [ 482.2 | 361.7 | 3014 | 261.2 | 221 | 221 | 221 | 180.8 | 180.8
P.D= 25.44 1 2.009 | 9.214 | 10.52 | 13.15 | 21.64 | 1551 | 0.135 | 11.44 | 13.9

oghon
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Figure 3-27: Energy Balance for m, =0.06 kg/s & m=0.025

kg/s “series arrangement, jet mode”
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Figure 3-28: Comparison between actual and calculated rate
of heat transfer from the test tubes to the ccolant for

m.=0.06 kg/s & m=0.025 kg/s “series arrangement, jet mode”
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3.4-5 Experimental run 5(S):

The coolant flow rate is further increased in the present
series mode to improve the heat tranasfer coefficient
inside the annulus.
This experimental run is carried out under the following
conditions:

l-Series arrangement, jet mode

2-Falling film liquid: water

3~-Room temperature: 23°C

4-Mass flow rate of coolant: 0.128 kg/s

5-Mass flow rate of the falling liquid: 0.025 kg/s

Calculations and energy balance for this run are shown in
table (3.5) and in figures (3.29 to 3.33).AT; is further
decreased as shown in figure (3.29). Figures (3.30) and
(3.31) show that the ice formation and h,, increases as the
flow rate of the coolant is increased. Comparison between
écﬂme and émmﬂr and the energy balance are shown in figures
(3.32) and (3.33) respectively, which give a reasonable

balance.
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Table (3.5): Energy balance analysis at m.=0.128 kg/s &

m=0.025kg/s “saries arrangement, jet mode”

Ruri#1 | Run#2 | Run#3 | Run#4 | Run#5 | Run#6 | Run#7 | Run#8 | Run#8 | Run#10

t(min) 0.2 5 10 15 20 25 30 40 50 60
Ah(cm) | 08 | 12 [175 | 22 | 27 | 31 | 37 | 43 | 49
Vx10'°(m3) 25 |512.11768.2 | 1120 | 1408 | 1728 | 1985 | 2369 | 2753 | 3137
M(Kg) 0.025 | 0512 (0.768 | 1.12 | 1.408 | 1.728 | 1.985 ( 2.369 ( 2.753 | 3.137
¢ {mm) 0172 |1 3.516 | 5.274 | 7691 | 9.669 | 11.87 | 1362 ( 16.26 | 189 | 21.54
AT(°C) 2 | 14 | 1 1 08 | 09 | 08 | 0.7 | 06 | 06

(W) 857.3 [ 600.1 | 428.6 | 428.6 | 385.8 | 385.8 | 342.9 | 300.1 | 257.2 | 257.2
Qe ave(W) 857.3 [ 685.8 | 623.5| 623 | 498 |478.1 (4958 (4464|4169 | 393.5

.1 (W) M5 (315|315 | 315 | 315 | 315 | 315 | 315 | 315 315
Qr(W) 693.8 | 568.5 | 426.4 | 414.5 | 390.8 | 383.7 | 367.1 | 328.7 | 305.6 | 290.2
Qy4 (W) 21.25]117.41 | 13.06 | 1270 | 11.97 | 11.75 | 11.25 | 10.07 | 9.35 8.89
Quc (W) 26.10 ( 26.10 | 26.10 | 26.10 | 26.10 | 26.10 | 26.10 | 26.10 | 26.10 | 26.10

at (W) 746.5 | 617.4 | 470.9 | 458.7 | 434.3 | 427 |(409.9 | 370.2 | 346.4 | 330.6
g= é.,f ,:éc_ we 087 | 090 | 0.76 | 0.74 | 087 | 089 | 0.83 | 0.83 | 0.83 | 0.84
T,-T.(°C) 10 | 10.05| 9.85 | 1055 | 104 | 11.8 | 12.05| 124 | 126 129
he{W/m*.K) 4758|3149 | 219.3 | 177.1 | 155.4 | 123.2 | 108.1 | 85.91 | 72.36 | 62.17
Re, 485 | 485 | 485 | 485 | 485 | 485 | 485 | 485 | 485 485
(Wia)" 1.07 | 1.038(1.035| 1.03 | 1.026 | 1.025 | 1.023 | 1.022 | 1.02 1.01
h{W/m*.K) 940.0 | 911.9 [ 909.2 | 904.8 | 501.3 | 900.4 | 898.7 | 897.8 | 896.0 | 887.3
Re; 1216 | 1216 | 1216 | 1216 | 1216 [ 121.6 | 121.6 | 1216 | 121.6 | 121.6
he(W/m*.K} 2580 | 2234 | 2094 | 1932 | 1820 | 1713 | 1638 | 1539 | 1453 | 1378
Ry{(K/W) 0.054 | 0.056 | 0.056 | 0.057 | 0.057 | 0.057 | 0.057 | 0.057 | 0.057 | 0.058
Ra(ice) (KW) | 0.004 | 0.08 | 0.115 | 0.157 | 0.188 | 0.22 | 0.244 | 0.276 | 0.306 | 0.334
R4(KW) 0.018 | 0.017 | 0.017 | 0.016 | 0.016 | 0.015 | 0.015 | 0.015 | 0.014 | 0.014
UAW/K) 12.96 | 6.513 | 5.334 | 4.357 | 3.837 | 3.423 | 3.169 | 2.874 | 2,648 | 2.465
Qccal (W) 1089 | 547.1 | 448.1 | 366 | 322.3 | 287.6 | 266.2 ( 241.4 | 222.4 | 207.1
Qc gt (W) 793 | 535.8 | 364.3 [ 364.3 | 321.5 | 278.6 | 235.8 | 192.9 | 182.9 | 1928
P.D= 00 2715| 2.06 [ 1868 | 044 | 0.26 | 3.11 | 1144 { 20.11 | 13.27 | 6.88
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Figure 3.29: Comparison of AT, changing with time for
different coolant flow rate, at same falling film flow rate

of m=0.025 kg/s “series arrangement, jet mode”
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Figure 3.30: Comparison of the formed ice on the test tubes
for different coolant flow rate, with same falling film

flow rate of m=0.025 kg/s “series arrangement, jet mode”
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Figure 3.31: Comparison of the experimental overall heat
transfer coefficient changing with thickness for different

coolant flow rate, with same falling film flow rate of

m=0.025 kg/s “series arrangement, jet mode”
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Figure 3.32: Energy Balance for m. =0.128 kg/s s m=0.025

kg/s “series arrangement, jet mode”
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Figure 3.33: Comparison between actual and calculated rate
of heat transfer from the test tubes to the coolant for
m.=0.128 kg/s & m=0.025 kg/s “series arrangement, jet mode”
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3.4-6 Experimental run 6(S):

The coolant flow rate is further increased to m=0.162 kg/s
in the present run, to compara the performance of the
series arrangement with the parallel ona.
This experimental run is carried out under the following
conditions:

l1-Series arrangement, jet mode

2-Falling film liquid: water

3~-Room temperature: 23°C

4-Mass flow rate of coolant: 0.162 kg/s

5-Mass flow rate of the falling liquid: 0.025 kg/s
Calculations and energy balance for this run are shown in
table (3.5) and in figures (3.34 to 3.37). Figure (3.34)
shows <that the series arrangement gives more ice than in
parallel one. This is due to an increase of both inside

heat transfer coefficient h; and the difference in coolant
temperature AT,. In addition, the experimental overall heat

transfer coefficient of the series arrangement is higher

than that of parallel one as shown in figure (3.35).
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Table (3.6): Energy balance analysis at m.=0.162 kg/s &

m=0,025kg/s “series arrangement, jet mode”

Run#1 | Run#2 | Run#3 |Run#4 | Run#S | Run#6 | Run#7 |Run#8| Run#9 | Run#10

{min) 022 | 5 | 10 | 16 | 20 | 25 | 30 | 40 | &0 60
Ah{cm) —_ [ 080 | 130 | 1.80 | 2.30 | 280 | 310 | 3.70 | 435 | 5.00
Vx10°(m®) | 28.0 | 512.1 | 832.2 |1152.3|1472.4|1792.6| 1984.6 [2368.7| 2784.8 | 3200.9
M(Kg) 004 | 051 | 083 | 1.15 | 147 | 1.79 | 198 | 237 | 2.78 | 3.20
c (mm) 019 | 352 | 6571 | 7.91 | 1011 | 12.31 | 1362 | 16.26 | 19.12 | 21.98
AT°C) 21 | 12 | 1 | 08 | 07 |07 | 06 | 06 | 05 0.5
QW) 1130.3|651.01(542.51|434.00|379.75|379.75| 325.50 |325.50| 271.25 | 271.25
-ealW) _ |1139.3|797.50|680.80]604.00|550.00|500.00 434.00 |393.30] 385.20 | 366.20
(W) 31,50 | 31.50 | 31.50 | 31.50 | 31.50 | 31.50 | 31.50 | 31.50 | 31.50 | 31.50
(W) 901.82|571.80|464.67|428.92|411.05|400.33| 369.35 |330.63| 310.97 | 297.86
o (W) 2746 | 17.41 | 14.15 | 13.06 | 12.52 [ 12.19 | 11.25 |10.07 | 9.47 | 9.07
ot (W) 960.88620.81|510.32|473.48|455.07 |444.02| 412.10 |372.20| 351.04 | 338.43

g= Q“ IQcee | 084 [ 078 [ 075 | 0.78 | 0.83 083 | 085 | 095 | 091 0.92
T-T.(C) 98 | 985 |1015( 102 | 103 | 103 | 104 | 104 | 104 104
ho(W/m“.K) |657.18(|343.41(243.79(202.76|175.57|157.14| 137.6 |113.54| 98.169 | 86.957

Ree 613.81|613.81|613.81|613.81(613.81(613.81| 613.81 |613.81| 613.81 | 613.81
(Wpe) ™ 1.07 | 1.038 | 1.037 | 1.03 | 1.028 | 1.025| 1.022 | 1.02 | 1.09 1.01
h(W/m*K) |1016.8( 986.3 | 985.4 | 978.7 | 976.8 | 974.0 | 971.1 | 969.2 | 10358 | 950.7
Rey 1216|1216 | 1216|1216 [ 1218 | 1218 | 121.6 | 1216 | 1216 | 1216
ho(W/m*.K) 2578 | 2234 | 2062 | 1918 | 1797 | 1693 | 1638 | 1539 | 1446 1367
Ri(KW) 0.050 | 0.052 | 0.052 | 0.052 | 0.052 | 0.053 | 0.053 | 0.053 | 0.049 | 0.053
Rs{ice) {KW) | 0.005 | 0.080 | 0.123 | 0.161 | 0.195 | 0.226 | 0.244 | 0.276 | 0.309 | 0.339
R(KW) 0.018 [ 0.017 | 0.017 | 0.016 | 0.016 | 0.016 | 0.015 | 0.015 | 0.014 | 0.014

UA(W/K) 1359 6.70 | 523 | 437 | 381 | 340 | 321 | 291 | 269 2.47

c.cal (W) 1027.6|506.35 (395.61|330.39|287.73|257.32| 242.87 |219.95| 203.04 | 186.38
Qg 0t (W) 1057.9|569.63(461.13)|352.63|258.38|298.38| 244.13 (244.13| 189.88 | 189.88
P.D= -2.95 | 12.50 [-16.56) 6.73 | 3.70 | 1586 | 052 | 1099 | -6548 1.88

(Qsﬁul!‘l 00
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Figure 3.34: Comparison of the ice formed between series
and parallel arrangements for m.=0.162 kg/s & m=0.025 kg/s
“jet mode”.
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Figure 3.35: Comparison of the experimental overall heat

transfer coefficient between series and parallel

arrangements for m.s=0.162 kg/s & m=0.025 kg/s “jet mode”.
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Figure 3.36: Energy balance for m.=0.162 & m=0.025 kg/=

“series arrangement, jet mode”
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Figure 3.37: Comparison between calculated rate of heat
transfer from the test tubes to the coolant and actual one,
for m=0.162 kg/s & m=0.025 kg/s “series arrangement, jet
mode”
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To study the effect of the falling film various modes on
the ice formation, two runs were made. In the first run
the falling film flow rate increased to get sheet mode. In
the second run the flow rate is decreased to get droplet

mode .

3.4-7 Experimental run 7(S):

The falling film flow rate is increased to m=0.075 kg/s in
the present run, to get sheet mode.This experimental zrun
is carried out under the following conditions:

l-Series arrangement, sheet mode

2-Falling film liquid: water

3-Room temperature: 23°C

4-Mass flow rate of coolant: 0.162 kg/s

5-Mass flow rate of the falling liquid: 0.075 kg/s
Calculations and energy balance for this run are shown in
table (3.7) and in figures (3.38 to 3.41).
Sheet mode increases the amount of the formed ice and the
experimental overall heat transfer coefficient h,, for the
systeam. Tubes surfaces are highly wetted by the falling
film, but some water falls outside thaem, due to an
increase in drag force. Sheet mode is cbserved clearly in

the two upper test tubes. The rest of the test tubes are
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coveraed by sheet-jet mode, which leads uas to use equation
(1.15) of Hu [B8] ¢to approximate h, since there is no

equation for such mixing mode.
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Table

(3.7):

Energy balance

104

analysis at m.=0.162 kg/s &

m=0.075kg/s “series arrangement, sheet mode”

(Qntgud’“ 00
-1

Run#1 | Run#2 | Run#3 | Run#4 [Run#5] Run#6 [ Run#7 | Run#8 [ Run#9 | Run#10
t{min) 0.2 5 10 15 | 20 | 25 | 30 | 40 | 50 60
Ah(cm) — | 085 | 145 | 21 | 25 | 28 | 32 | 385 | 44 5.2
Vx1G7(m") 30 |544.16[928.27 [1344.4 | 1600 [1856.5| 2049 |2464.7 2816.8| 3329
M(Kg) 0.035 [0.5442(0.9283 (1.3444| 1.6 |1.8565| 2.049 [2.4647 (28168 3.329
¢ (mm) 0.2059| 3.7358 [ 6.3728 [ 9.2295 [ 10.99 [12.746 | 14.06 [16.921(19.338] 22.854
AT°C) 22 | 12 | 09 | 08 |07 | 07 | 06 | 06 | 05 0.5
(W) 1193.5[651.01|468.26| 434 [379.8(379.75| 325.5 | 325.5 [271.25| 271.25
) 1139.2[754.08 |640.16 | 625.7 | 562 | 534.4 | 450.1 |450.13 [423.41| 414.56
o (W) 756 | 756 | 756 | 756 | 756 | 756 | 756 | 756 | 756 | 756
(W) 971.25(604.01|515.19[497.42[444.1 41215 379 |341.98(312.67| 307.93
Qs (W) 29.75 | 1850 | 15.78 | 15.24 [13.60 | 12.62 | 11.61 | 1048 | 658 | 90.43
ot (W) 1076.6 [698.12 | 606.57 | 568.26 | 533.3 [ 500.38 | 466.2 [428.05[397.84 | 392.96
€= Qus /Quave | 0-94 | 093 [ 095 [ 094 [ 0985 094 | 0.95 [ 0.5 [ 0.4 | 0.5
Ti-T.(C) 890 | 935 | 995 | 102 | 955 | 8.95 [10.15 | 9.85 | 0.9 9.9
hol(W/mZ.K) |810.01|401.85 [286.14[237.77 | 214.2 [180.32| 157 |134.95[115.82| 103.55
Re 613.81|613.81|613.81|613.81|613.8 |613.81| 613.8 [613.81(613.81| 613.81
(Wpa) 107 | 1.037 | 1.03 [ 1.028 [1.025[ 1.022 [ 1.021 | 1.02 | 1.08 | 1.01
n(W/m-.K) |1016.8| 985.4 | 978.7 | 976.8 |974.0 | 971.1 | 970.2 | 969.2 [1026.3| 950.7
Req 364.7 | 364.7 | 364.7 | 364.7 | 364.7 | 364.7 | 364.7 | 364.7 | 364.7 | 364.7
ho(W/m2.K) | 3600 | 3165 | 2916 | 2698 | 2583 | 2481 | 2411 | 2276 | 2176 | 2050
Ry{(KIW) 0.0503 [ 0.0519 | 0.0522 [ 0.0524 | 0.053 | 0.0527 | 0.053 |0.0528 [0.0498 | 0.0533
Ralice) (KIW) |0.0052[0.0847 [ 0.1344 [0.1815| 0.208 | 0.2321| 0.249 | 0.2842]0.3112] 0.3473
Re(KW) 0.0:331 0.012 [0.0114[0.0108[ 0.01 [0.0102] 0.01 [0.00960.0093| 0.0089
UAW/K) 14.567 | 6.729 | 5.0502 [4.0882 3.695 [3.3008 | 3.205 |2.8856[2.6999 | 2.442
ccal (W) 1040.0 | 480.45 | 360.59 | 291.89 | 263.8 | 242.1 | 228.8 |206.03 [ 192.78| 174.36
ot (W) 1112.1| 569.63 | 406.88 | 352.63 | 298.4 | 298.38 | 244.1 |244.13| 160.88 | 189.88
P.D= 6.93 [-18.56 | -12.84 | -20.81 [-13.10[-23.25 | -6.70 |-18.49 | 1.60 | -8.80
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Figure 3.38: Energy balance for m.=0.162 kg/s and m =0.075

kg/s “series arrangement, sheet mode”

¢ 1200
: k a QcsctiW)  + Qc.caliW)
1000 \
800 1
SIRAN
400 &F\
Ry
},bb
200 .‘_h—-ﬁ-' s y—y
0 .
0 10 20 30 40 50 60 70
t(min)

Figure 3.39: Comparison between actual and calculated rate
of heat transfer from the test tubes to the coolant, for
m=0.162 kg/s & m=0.075 kg/s “series arrangement, sheet
mode”
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3.4-8 Experimental run B(S):

The falling film flow rate is decreased to m=0.0125 kg/s
in the present series, to get droplet mode, to study the
effect of such mode on the performance of the heat
exchanger.
This experimental run is carried out under the following
conditions:

l-Series arrangement, droplet mode

2-Falling f£film liquid: water

3-Room temperature: 23°C

4-Mass flow rate of coolant: 0.162 kg/s

S-Mass flow rate of the falling liquid: 0.0125 kg/s
Calculations and energy balance for this run are shown in
table (3.7) and in figures (3.40 to 3.43).
Droplat mode shows a steady flow in which the droplets
cover the whole test tubes and no flow falls outside the
test tubes. Equation (1.17) are used to calculate h, for
this moda. However, less ice accumulates on the test
tubes, (figure 3.40) due to 1less h,. The experimeantal
overall heat transfer coefficient increases as the falling

film flow rate increases as shown in figure (3.41).
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Table (3.8): Energy balance analysis at m.=0.162 kg/s &

m=0.0125kg/s “series arrangement, droplet mode”
Rurd#1 | Run#2 | Run#3 | Run#4 | Run#5 | Run#s | Run#7 | Run#8 | Run#9 | Rur#10

t{min) 025 | & | 10 | 15 | 20 | 25 | 30 | 40 | 50 | 60

Ah{cm) 0.8 1.2 1.6 2 24 2.7 3.2 3.8 42

Vx10¥(m”) 30 |512.15|768.22(1024.3|1280.4|1536.4|1728.5(2048.6|2432.7 | 2688.8

M(Kg) 0.035 |0.5121]0.76821.0243|1.2804 | 1.5364 | 1.7285|2.0486 | 2.4327 | 2.6868
¢ (mm) 0.206 | 3.516 | 5.274 | 7.032 | 8.79 |10.548|11.867|14.064|16.701| 18.459
AT(°C) 186 | 11 | 08 | 08 | 07 | 07 | 06 | 06 | 05 | 05
QW) 976.51|596.76|488.26| 434 |379.75|379.75| 325.5 | 325.5 |271.25| 271.25

. ave(VV) 976.51|678.13| 596.7 | 587.7 |535.12(485.22|461.13(434.15|405.32| 366.64

51 (W) 26.25 | 26.25 | 26.25 | 26.25 | 26.25 | 26.25 | 26.25 | 26.25 | 26.25 | 26.25
Qu{W) 777 |568.48(426.36|378.99( 355.3 |341.09|319.77|284.24|270.03| 248.71
Q4 (W) 2380 | 17.41 | 13.06 | 11.61 | 10.88 | 1045 | 8.79 | 871 | 8.27 | 7.62

2t (W) 827.05(612.15)|465.67 |416.85|392.44|377.79|355.82| 319.2 |304.55| 282.58

€= Qur/Qome | 085 | 0.90 | 0.78 | 0.71 | 0.73 | 0.76 | 0.77 | 0.74 | 0.75 [ 0.77

T -T.{'C) 9.05 | 9.30 | .95 | 1020 | 855 | 995 (10.15| 9.85 | ©.890 | 9.90

ho(W/m*.K) [611.94|358.64(232.04|185.88(172.65]148.21(129.93(110.79(96.211 | 84.472

Re. 613.81(613.81/613.81(613.81)|613.81(613.81/613.81/613.81(613.81| 613.81

(i)™ ™ 1.071 | 1.038 | 1.035 | 1.03 | 1.028 [ 1.026 | 1.025 | 1.022 | 1.021 | 1.02
h(W/m?.K)  |1017.7| 986.3 | 083.5 | 978.7 | 976.8 | 674.9 | 974.0 | 971.1 | 970.2 | 969.2

Rey 608 | 60.8 | 60.8 | 60.8 | 60.8 | 608 | 60.8 | 60.8 | 608 | 608

ho(W/m°K) | 2023 | 1712 | 1586 | 1479 | 1387 | 1307 | 1253 | 1174 | 1092 | 1044

Ri(K/W) 0.0502|0.0518| 0.052 |0.0522|0.0524|0.0525(0.05265|0.0527|0.0527 | 0.0528

Rs(ice) (K'W) [0.0052|0.0802(0.1145)0.1458|0.17460.2013(0.2201(0.2494)0.2816 | 0.3016

Re(KW) 0.0232|0.0223|0.0219(0.0215|0.0212|0.0209|0.0207 (0.0204| 0.02 | 0.0198

UAW/K) 12.7166.4782(5.3077|4.5536 |4.0292 | 3.64083.4095|3.1016 [ 2.8218| 2.6721
Qecal (W) 907.92|462.54|378.97|325.13|287.68 [ 259.95|243.44|221.45/201.48| 180.70

Qe 0 (W) £95.13|515.38|406.88(352.63|298.38(298.38|244.13|244.13|189.88| 189.88
P.D= 141 |-11.42| -7.36 | -8.46 | -3.72 | -14.78] -0.28 |-10.24| 576 | 0.48

x100
Qcon
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Figure 3.40: Comparison of the formed ice between droplet,

jet and sheet mode for ﬁh=0.162 kg/s “series arrangement’”.
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Figure 3.41: Comparison of the experimental overall heat
transfer coefficient between droplet, jet and sheet modes

for m.=0.162 kg/s “series arrangement”.
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Figure 3.42: Energy balance for m.~=0.162 &m=0.0125 kg/s

“"'series arrangement, droplet mode”
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Figure 3.43: Comparison between actual and calculated rate
of heat transfer from the test tubes to the cooclant, for
m=0.162 kg/s & m=0.0125 kg/s “series arrangement, droplet

mode’”
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From the previous runs, one may note that: the ice
formation rate, the heat transfer rate and the heat
transfer coefficient <decreases as ice agcumulatea on the
tubes. One solution to meet this prcblem is to yield soft
ice, which is then carried out with water as slurry.
Consequently less ice will accumulate on the test tubes.
This leads to better heat transfer process. This can be
achieved by adding an additive like (acetone) to the
water. [13]

Results are shown in the following xun.

3.4-9 Experimental run 9(S, 2%acetone in water):

This experimental run is carried out under the following
conditions:

l-Series arrangement, jet mode

2-Falling film liquid: 2% acetone in water

3-Room temperature: 23°C

4-Mass flow rate of coolant: 0.023 kg/s

5-Mass flow rate of the falling liquid: 0.025 kg/s
Calculations and energy balance for this run are
shown in  table (3.6) and figures (3.44 to 3.49).
Figure (3.44) shows that the change of AT, stops at

3.3°% which 4is higher than run 3(S), in which the

change of AT, stops at 2.3 °C for the same period.
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Although, the experimental overall heat transfer
coaefficient h,, increases, the accumulataed ice on the
test tubes is slightly reduced than that in zrun
3(8S) (figure 3.45). This is due the reduction of the
freezing ©point of the solution (water, with 2%
acetone) to =5.6 °C [13]. The solution leaves the
last test tube at a temperature, Ti, of -4 °C.For such
casa, the temperature potential for freezing reduces
to {=10-(-5.6)=-4.4 °C). The test tubes surface
temperature of the 2% acetone is a little higher than
that of a pure water, due to less accumulation of ice
on the tubes surfaces figure (3.49). Energy balance
and comparison between ému& and éc@udare shown in
figures (3.47) and (3.48) respectively ,which give a

reasonable balance.
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Table (3.9): Energy balance analysis for 2% acetone
in water at mm=0.023 kg/s & m=0.025kg/s “series
arrangement, Jjet mode”

Run#1 | Run#2 | Run#3 | Run#4 | Run#5 | Run#6 | Run#7 | Run#8 | Run#9 | Run#10

t(min) 3 5 10 [15 [20 |25 30 [0 90 120
Ah(cm) 035 [0.75 [1.4 [1.35 [1.6 18 [32 |42 |5

Vx10™(m®) 140 [224.1 |480.1 [704.2 [864.2 [1024 [1152 [|2049 (2689 [3201
M(Kg) 0.14 [0.224 [0.48 [0.704 [0.864 [1.024 [1.152 [2.049 [2.689 [3.201
c (mm) 0.965 [1.522 [3.308 [4.852 |5.954 [7.057 [7.939 [14.11 [18.52 [22.05
AT(°C) 6 49 |48 |44 (|42 (43 4.1 38 32 [32

Q:(W) 4621 [377.4 [354.3 [338.9 [323.5 [331.2 [3158 [269.6 [246.5 [246.5
c.ave(W) 360.7 [349.7 [359.3 [373.1 [344.1 [331.2 [333.4 [315.3 [205.3 [286.1
(W) 525 [525 [525 [525 (525 [525 [525 |[525 |[525 (525
Qu(W) 259 [248.7 [266.5 [260.6 [239.8 [227.4 (2132 [189.5 [165.8 (148
Q,. (W) 7.933 [7.618 [8.162 [7.981 [7.346 [6.965 [6.53 |[5.804 [5.079 [4.535
Qiec (W) 26.12 [26.12 [26.12 [26.12 [26.12 [26.12 [26.12 [26.12 [26.12 [26.12
Qqs (W) 319.4 [308.8 [327.1 [321 [290.7 [286.9 (2722 [247.8 [223.4 |205.1

&= Qus/Qupy |0686 [0.883 (091 [0.86 0871 |0.866 [0.817 [0.786 [0.756 [0.718
TT.(C) [8556 |93 [6.76 [102 [10.1 [102 [102 [11.35 [115 [117
hoWITK)  |227.2 [225.6 [227.9 [213.8 |201.6 |[191  [181.3 [148.3 [132 [119.1

Rec 86.85( 86.65| 86.65| 86.65 86.65| 86.65| 86.65| B86.65| 86.65 86.65
(W)™ 1.068| 1.046| 1.038| 1.036 1.034] 1.032| 1.029| 1.023| 1.018 1
h(W/m*.K) 5284 | 517.5| 513.6 | 5126 | 511.6 | 510.6 | 508.1 | 506.2 | 503.7 | 494.8
Re, 12161216 | 1216 | 1216 | 1216 | 1216 | 1216|1216 | 1216 | 1216
he(W/m*.K) 2487 | 2426 | 2253 | 2125 | 2045 | 1971 | 1917 | 1618 | 1464 | 1365
R{(KW) 0.098 0.1] 0.101| 0.101] 0.101| 0.102| 0.102| 0.103| ©.103| 0.105
Rs(ice) (KW) | 0.024 | 0.037 | 0.076 | 0.107 | 0.127 | 0.146 | 0.161 | 0.25 | 0.302 | 0.339
R4(KW) 0.018( 0.018| 0.017| 0.017| 0.017| 0.016| 0.016| 0.015| 0.014| 0.014
UAWI/K) 7.133 | 6.445| 5146 | 445 | 4.082 | 3.785 | 3.584 | 2.722 | 2.383 | 2.183
Qe.cal (W) 476.8 | 419.6 | 351.2 | 317.8 | 288.6 | 270.3 | 255.9 | 216.2 | 191.8 | 178.8
Qe 00t (W) 4‘00.5 3158 | 2927 | 277.3 [ 261.9 | 254.2 | 238.8| 208 | 184.9| 1694
P.D= 16 | 24.74 | 1666 | 12.74 (9257 | 595 |6.697 |3.8256( 3.64 | 5.231

(Qaﬁuﬂx‘ 00
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Figure 3.44:.Comparison of AT. changing with time between 2%

aceton in water and pure water for m=0.023 kg/s & fn;_=0.025

kg/s “series arrangement, jet mode”
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Figure 3.45,Comparison of the formed ice on the test tubes
between 2%aceton in water & pure water, for m.=0.023 kg/s &

m=0.025 kg/s “series arrangement, jet mode”
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Figure 3.46: comparison of the experimental overall heat

transfer coefficient between 2%aceton in water & pure
water, for m,=0.023 kg/s & m=0.025 kg/s ‘“series

arrangement, jet mode”
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Figure 3.47: Energy balance for 2% aceton in water m=0.023
kg/s & m=0.025 kg/s “series arrangement, jet mode”
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Figure 3.48: Comparison between actual and calculated rate
of heat transfer from the test tubes to the coolant, for 2%
aceton in water, m=0.023 kg/s & m=0.025 kg/s “series

arrangement, jet mode”
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Figure 3-49: Comparison of test tubes surface temperature
between pure water and 2% aceton in water with at I;I==0.023

kg/s & m=0.025 kg/s “series arrangement, jet mode”
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3.5 Summary of results and discussion

The previous rasults can be summarized as follows:

1-The <quantity of ice is highly affected by the flow rate
of both the c¢coolant and the falling film. Increasing
either of them or Dboth will increase the amount of ice
formed. This is due to an increase in either or both of

the inside or the outside heat transfer coefficient.

2-Within the experimental range tested, the series
arrangement produces a larger quantity of ice (for coolant
flow rate m~=0.162 kg/s, per tube) than the parallel one
(for m=0.162/7 xg/s per tube), due to an increase of the
inside heat transfer coefficient and the coolant

temperature difference.

3-The equations used to calculate the outside heat
tr;nsfer coefficient,h, ,and the thermal resistance of the
ice,Ri.e ,are valid until the tube spacing is filiad with
ice, 8since the ice increases in radial direction. Afterxr
that the problem is no longer a falling film on horizontal
tubes and the flow forms like a falling film on a vertical
corrugated plate in which the ice accumulates normal to

the central plane.
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4-The experimental overall heat transfer coefficient,lh,,,is
highly affected by the coolant and falling film flow
rate, the ragistance of the ice layer and the used

arrangement.

5-Different modes of the falling film were investigated.
When the valve of the feeding tubes is fully ogened, the
flow shows a sheet mode. This mode is shown clearly in the
upper two test tubes, the rest shows sheet-jet mode. Jet
mode is achieved by reducing the flow rate and it is
observed clearly on the upper five tubes and the rest is a
jet-droplet mode. With further decrease in the flow rate,
a steady droplet mode on all over the test tubes was

noticed.

6-Adding 2% acetone to water causes less accumulation of
ice on the test tubes. However, no slurry of ice has been
notified. Further studies are needed to study this

phenocmenon.




CHAPTER 1V

CONCLUSIONS AND RECOMENDATIONS

4.1 Conclusions:

This experimental research will help in the analyzing and
the constructing of cold thermal storage systems which are
necessary for areas having hot climate such as Saudi
Arabia. Electric utilities companies are recommended to
encourage the use of such technique in order to reduce the
peak demand on their generation and distribution systems.
Manufacturers | of air conditioning and refrigeration
machines can also utilize such technique as an additional
unite to save energy by their A/C chillers. Large projects
that construct a central air conditioning system are also
recommended to consider utilizing a similar technique.

The following are the conclusions derived from this

experimental research:

1-Droplet, jet and sheet modes were shown clearly in the
experimental runs. As the falling film flow increases, the
mode changes from droplet to jet and finally to sheet

mode. The droplet mode is the only steady falling flow on

119
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the all test tubes. The jet mode is nearly steady for the
upper five tubes, while the remained two tubes flow is a
jet-droplet transition mode. The sheet mode shows a steady
flow on the upper two test tubes only, while the rest of

the tubes show sheet-jet transition mode.

2~-The overall heat transfer coefficient is highly affected
by the thermal resistance of the ice layer (x/kic). The
heat transfer coefficient decreases with time as ice
accumulates on the tube surfaces. As the thickness of ice
increases, it acts as an insulating material. The heat
transfer coefficient is also affected by the coolant flow
rate, which affect the inside heat transfer coefficients
the cooclant flow rate is increased, the overall heat
transfer coefficient increased. The same is true for the
falling £film flow rate. The overall heat transfer
coefficient is also affected by the type of arrangement of

the tubes used (parallel or series).

3-the rate of the ice formation is also dependable on: the
coolant flow rate, the falling f£film flow rate and the

arrangement of the tubes, due to the previous reasons.

4-It has been noticed that as the flow rate of the coolant

or the falling £ilm flow rate increases the ice
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accumulation increases. Although, at high flow rate the

temperature difference between the inlet and the ocutlet

coolant temperatures AT; is low and more accuracy in

temparature measurements is required.

5-Series arrangement shows better performance in producing
ice than parallel one for the same coolant flow rate to
the test section, in the range of experimental runs
tested. The series arrangement increases temperature
difference and improves the inside heat transfer
coefficient but reduces the inlet temperature to the test

tube.

6-Adding 2% acetone to water was carriﬁd out in order to
produce some ice as a slurry form in the water to reduce
its accumulation over the tubes. It was found that less
accumulation of ice on the test tubes is appeared.

However, no slurry of ice has been notified.
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4.2 Recommendation for future studies:

l1-Further study is needed to obtain the optimum quantity
of ice and the best method for discharging to minimize the
melted ice and to compare between the falling £film

freezing on horizontal tubes and the immersed one.

2-Elaborate study of additives such as acetone is
recommended to explore the possibility of producing ice in
a slurry form. Refrigerant such as R-l134a or similar is
recommended to be used as a coolant in the experiments to
allow study of ice formation as a slurry, since
refrigerant could be allowed to evaporate at say (-2 °C to

-3°c).

3-Emulsion with freezing point of higher than 0 °C (say 6 °C
to 13 °C) 4is highly recommended to le studied, these
freezing points are about the same as chilier operating
temperature. In this case the same traditional chiller can

be used for thermal storage sources.
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A.l1 PURPOSE

The purpose of the controlled temperature cooling machine
TD30 is that of a liquid-chilling unit, employing R.12
refrigerant to cool a solution of ethylene glycol. The
unite is provided with instrumentation for the measurement
of temperatures, pressures, flow-:ates, and enerby inputs
so that a wide range of heat balance studies can be made
while a group of additional experiments can be “plugged-in”
to the bench, using either R.1l2 or glycol solution as a

source of cooling.

A.2 DESCRIPTION OF CHIEF CYCLES

Controlled temperature cooling machine TD30, consists of
three cycles namely: Rl2 cycle, glycoi cycle and

condensing water cycle.

A.2.1 R12 Cycle

Rl2 cycle is shown in figure (aA.1l). The ngn type-
raciprocating compressor Qucka R12 vapor and delivers it
to the water-cooled condenser. The refrigerant is
condensed and goes to the heat exchanger to be subcooled.
Then it goes through the rotameter to the filter drier.

The thermostatic expansion valve throtfles R12 to the
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chiller pressure and temperature. The refrigerant absorbs
glycol thermal load and evaporates. R1l2 vapor goes back
through pressure regulator and he§t exchanger to
compressor suction. Pressure regulator is adjusted to get

nearly constant suction pressure (i,e constant

temperature).

A.2.2 Ethylene glycol solution cycle

Glycol cycle is shown in figure (A.2).The pump delivers
glycol <through the chiller to loose its thermal heat
there. Glycol goes through rotameter and bypass valve to
glycol storage tank, back to the pump suction. After
precooling glycol in the storage tank, the by pass valve
is openad to use the glycol in the experiment .The glycol
returns back to the storage tank. An electric heater is

immersed to heat the glycol if required.

A.2.3 Water coolant cycle

Water comes down frqm cooling tower to watér pump and then
through flowmeter valve to the condenserx as shown in
figure A.3, ¢to absoxb its thermal locad. Then, water is
returned back to the cooling tower through rotameter.

Waterx flow rate is adjusted by flowmeter valve to get the
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required condensing water, to keep nearly constant

condenser pressure.
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Table B-1:Intet and outlet temperature of the coolant and the falling water for m.=0.38kg/s
Paraliel arrangement, jet mode™RUN 1(P),

5 minutes run
Time(min)|  Tu(C} Tw(C) | THC) Tw(C) ATe AT QW)
0 -8.8 8.2 0.5 0.2 0.6 0.3 763.53
1 -8.6 -8 0.5 0.1 0.6 0.4 763.53
2 | 45 ] 0.4 0.1 0.5 0.3 838.27
3 -8.5 -8 0.4 0.1 0.5 0.3 836.27
4 8.5 -8.1 0.3 0 04 0.3 509.02
5 -8.5 -8.1 0.3 0 0.4 0.3 509.02 |
10 minutes run Qe, 636.27
[+] -8 -8.4 0.5 0.1 0.6 0.4 763.53
1 -8.7 -8.1 0.5 0.2 0.6 0.3 763.53
4 -8.5 -8 0.5 0.1 0.5 . 0.4 638.27 |
3 8.4 -7.9 0.8 0.1 0.8 0.4 836.27
4 .4 -7.9 0.5 0.2 0.5 0.3 636.27 |
5 -8.4 -7.9 0.3 0 0.5 D.: 636.27
[] -83 -7.9 0.3 0 0.4 Tk 509.02 |
7 -8.3 -1.9 0.3 [1] 0.4 0.3 509.02
8 -§.3 -7.9 0.3 1] 0.4 . 0.3 509.02
9 -8.15 -7.78 D, 0 0.4 0.3 " 509.02
10 -8.15 -7.75 D.3 ] 0.4 0.3 508.02
15 minutes run Qe 598.10
0 -9 -8.4 0.5 0.2 0.6 0.3 763.53
1 -8.9 8.3 0.5 0.2 0.6 0.3 763.5!
2 | 87 -8.1 0.5 0.2 0.6 0.3 763.53
3 -8.5 ] 04 0.1 0.5 Wk 636.27 |
4 -8.4 -7.9 0.5 D, 1 0.5 D.4 835.27
5 -8.3 -7.9 0.3 0 0.4 0.3 5 2
8 -§.2 -7.8 0.3 0 0.4 0.3 509.02
7 -B.2 -7.8 0.3 1] 0.4 .3 509.02
8 8.2 -7.8 0.3 0 0.4 .3 509.02
9 -8.2 -7.B 0.3 [] 0.4 3 509.02
10 -8.18 -1.75 .3 0 0.4 0.3 509.02
11 -8.1 «7.7 .3 0 0.4 0. 509.02
12 8.1 -7.8 0.3 0 D.3 0. 381.76
13 -8.1 -7.8 0.3 0 0.3 D.: 381.76
14 -8.1 7.7 0.3 0 0.4 0. 509.02
15 8.1 -7.8 0.3 0 0.3 0.3 381.78
20 minutes run 547.19
0 -9.2 -8.8 0.5 0.1 . 0.8 0.4 763.53
1 -9.1 - 8.4 0. 0.2 0.7 0.3 890.78
F 4.7 X 0.5 0.1 0.8 0.4 783.53
3 8.5 -8 0.5 0.1 0.5 0.4 83627 |
4 8.4 «7.9 0.5 0.2 0.5 0.3 638.27
82 -7.8 0.4 0 0.4 0.4 £09.02
[ 42 | -78 0.4 - 0.4 04 - 0.3 509.02
7 82 | -7.8 0.4 0.1 0.4 0. 509.02_|
8 5.2 -7.8 0.4 0 0.4 0.4 509,02
9 -8.2 ~7.8 0.3 0 0.4 .3 509.02
- 10 -8.15 -1.75 0.3 0 0.4 .3 509.02 |
11 -8.14 1.7 .3 ['] 0.4 .3 00.02 |
12 8.1 -7.7 .3 [] 0.4 0.3 509.02 |
13 -8.1 7.7 0.3 ] 0.4 0.3 508.02
14 EX -7.7 0.4 0 0.4 0.4 §09.02 |
15 -8.1 -7.7 0.3 0.1 0.4 .2 509.02
18 -8.1 -7.8 0.3 0 0.3 0.3 381.78 |
17 8.1 -7.8 0.3 0 0. 0.3 381.76
8 -8.1 -7.8 0.3 [ K 0. 381.76
18 -8.1 -7.8 .3 0 0.3 0.3 381.78
20 -8, -7.8 0.3 0 0.3 0.3 381.76

Qe,ave(W) 531.29
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Time(min)| TalC) | TelC) | THC) | TwC) | ATC | AW | QW)
25 minutes run
0 9 8.4 0.4 0.2 0.8 02 | 763.583
1 8.7 8.1 0.5 0.1 0.8 0.4 763.53
2 8.6 8.1 0.3 0 0.5 0.3 636.27
3 -8.5 -8 0.5 0.1 0.5 0.4 - 638.27 |
4 8.4 -1.9 0.4 0.1 0.5 0.3 636.27 |
§ -8.2 -1.8 o4 0.1 0.4 0.3 500.02
6 -8.2 -7.8 0.4 0.1 0.4 0.3 509.02
7 8.2 -7.8 04 0.1 0.4 0.3 509.02
8 -8.2 -7.8 0.4 0.1 0.4 0.3 509.02 |
) 8.2 -7.8 0.4 0.1 0.4 0.3 509.02
10 -8.15 -1.75 0.4 0.1 0.4 3 508.02
11 8.1 -1.7 0.4 0.1 0.4 0.5 08.02
12 -8.1 -1.7 0.1 0 0.4 0.3 509.02
13 -8.1 -1.7 0. 0 0.4 0.3 508.02
14 8.1 7.7 0.3 [+ 0.4 0.3 509.02
15 -8.1 -1.7 0.3 0.1 0.4 0.4 509.02 |
18 -B.1 -7.8 0.3 0 0.3 0.3 381.78
17 8.1 -7.8 0.3 0 0.3 0.3 381.78
18 -8.2 -7.8 0.3 0 0.4 0.3 509.02 |
18 82 | -7.8 0.3 0 0.4 0.3 509.02
20 8.2 -7.8 0.3 0 Ca 0.3 509.02
21 8.2 -7.8 0.3 0 04 0. 509.02 |
22 -8.2 -1.9 0.3 0 2.3 0.3 381.76 |
23 -8.2 7.9 0.3 ) 0.3 .3 381.76 |
24 -8.2 -1.8 0.3 0 0.3 0.3 381.76
25 8.2 -1.9 0.3 0 0.3 0.3 381.76
30 minutes run Qc.ave 511.56
0 9.1 -8.5 K 0.1 0.8 04 763.53
1 -8.8 8.2 X 0.2 0.6 0.3 783.53 |
2 -8.6 -8.1 0.4 0.1 0. 0.3 636.27
3 -8.5 -8 04 0.1 0.5 0.3 836.27
4 -8.4 -7.9 04 0.1 0.5 0.3 638.27
5 -8.2 7.8 0.5 0.1 0.4 04 509.02
8 -B.2 -7.8 0.5 0.1 04 0.4 509.02
7 £.2 -7.8 0.4 4] 0.4 0.4 509.02 |
8 8.2 7.8 0.4 0 0.4 0.4 508.02
9 82 | -78 0.4 0 0.4 0.4 508.02 |
10 -8.15 -7.75 0.4 0 0.4 0.4 500.02
11 -8.1 1.7 04 0 0.4 0.4 509.02
12 -B.1 -7.7 0.4 0 0.4 0.4 509.02 |
13 -8.1 7.7 0.3 0 0.4 0.3 5098.02
14 -8.1 -7.8 0.3 0 0.3 0.3 381.76
15 -8.1 7.8 0.3 [ 0.3 0. 381.76 |
18 -8.1 -7.8 0. 0 0.3 0.2 381.76
17 .2 -7.8 0.1 0 0.4 0.3 509.02 |
18 82 | -78 . 0.3 [1] 0.4 _ 03 509.02 |
19 42 | -78 0.3 0 0.4 - 0. 509.02_|
20 -8.2 -7.9 .3 1] .3 0.1 381.78
21 -8.2 -7.8 .3 0 0.4 k 509.02 |
22 . 8.2 -7.8 0.3 0 0.4 k 509.02
23 -8.2 -1.8 .3 0 - 04 0.3 509.02
24 -8.2 -1.8 0.3 0 04 0.3 509.02 |
25 -8.2 7.9 0.3 0 .3 03 | 381.78 |
28 8.2 -7.9 0.3 0 .3 .3 381.76 |
27 8.2 -7.9 .3 0 .3 .3~ | 381.78 |
28 -8.2 -7.9 0.3 0 0.3 0.3 381.76
29 8.2 -7.9 .3 0 0.3 0.3 381.78
30 8.2 -7.9 0.3 0 0.3 0.3 381.76
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Time(min)| T«(C) |

Tel©) | TC) | TelC) | A7¢ | AT | Qc(W)

45minutes run
0 -8.8 -8.2 0.4 0 0.8 0.4 783.53
1 8.6 -8.1 0.4 0 05 0.4 638.27
2 8.5 -8 0.4 0 0.5 0.4 638.27
3 -8.4 -7.9 0.5 0.1 0.5 04 636.27
4 8.2 -7.8 0.5 0.1 0.4 0.4 509.02
5 -8.2 7.8 0.5 - 0.2 0.4 0.3 508.02
] -8.2 -7.8 03 0 D.4 .. §09.02 |
7 -8.2 -7.8 0.3 [1] 0.4 0.3 509.02
[] .2 -7.8 0.3 [1] 0.4 0.3 509.02
g -B.15 «7.76 0.3 0 0.4 0.3 500.02
10 -8.1 1.7 0.3 0 0.4 0.3 509.02
1 8.1 1.7 .3 1] 0.4 .3 509.02 |
12 -8.1 -7.7 0.3 0 0.4 0.3 509.02
3 8.1 -1.7 .3 0 0.4 03 509.02
4 ~8.1 -7.8 0.2 0 0.3 0.3 381.78
15 -8.1 -7.8 0.3 [+] .3 0.3 381.78
16 8.1 -7.8 3 0 0.3 0.3 381.76
17 -8.2 -7.8 0.3 0 0.4 0.3 509.02
8 8.4 -7.8 .3 0 0.4 0.3 509.0
19 E-¥ -7.8 0.3 [4] 0.4 0.3 509.0%
20 92 | -78 0.3 0 0.4 0.3 500.02
21 -8.1 -7.8 0.3 0 0.3 0.3 381.76
22 8.2 -7.8 .3 0 0.4 0.3 508.02
23 E¥ -7.8 3 1] 0.4 03 509.02
24 8.2 -7.9 .3 0 0.3 0.3 381.76
25 8.2 -7.9 0.3 0 0.2 0.3 381.76
26 -8.3 -7.9 .3 1] 0.4 0.3 2
27 -8 -7.9 0.2 0 0.4 K] 509.02
28 -8.3 -7.9 0.3 ] 0.4 0.3 509.02
29 -8.3 -7.9 03 0 0.4 3 509.02
30 8.4 -8.1 0.3 0 k 0.3 381.76
3 -8.4 8.1 0.2 0 0.3 0.3 8178
2 -84 -8.1 0.3 0 0.3 0.3 381.76
33 -8.5 ¥ 0.3 0 0.3 .3 381.76
34 8.5 -B8.2 0.3 0 0.3 0.3 381.76
s -8.5 -8.2 .3 1) .3 0.3 381.78
38 -8.8 ¥ D.3 0 0.4 0.3 . 509.02°
37 -8.8 2 0.3 1] 04 - 0.3 508.02
38 -8.8 8.4 03 [ 0.4 0.3 509.02
39 -B.4 -8, 0.3 0 0.2 0.3 3B81.78
40 -8.3 -8 0.3 0 0.3 0.3 381.78 |
41 8.2 -1.9 0.3 0 0.3 03 381.76 |
42 -8.2 ~7.9 0.3 4] 0.3 .3 381.76
43 8.2 -7.9 0.3 0 .3 0.2 381.76
44 8.2 -8 .3 0 0.2 3 254.51
45 8.2 E-] 0.3 0 0.2 .3 254.51
. S0minutes run ave 483.77
0 5.8 -8.2 0.5 0.1 08 0.4 763.53
1 -8.6 8.1 0.5 0.1 0.5 0.4 836.27
2 3 -8 D.5 0.1 0.5 0.4 636.27 |
3 -5.4 -7.9 0.5 0.1 0.8 0.4 6368.27 |
4 .2 -7.8 0.5 . 0.1 0.4 0.4 509.02
[] -8.2 -7.8 0.5 0.1 0.4 0.4 5£09.02
8 -8.2 ~7.8 0.4 0. 0.4 ] 509.02
7 82 1| -78 0.4 0. 0.4 D.3 505.02
8 -8.2 -7.8 0.4 0.1 0.4 0.3 509.02
-] -8.15 -1.75 0.4 0 0.4 0.4 509.02
10 -8.1 1.7 0.4 0 0.4 0.4 509.02
11 -8.1 -1.7 .3 0 0.4 0.3 509.02
12 -8.1 -7.7 0.3 0 0.4 0.3 508.02
13 -8, -7.7 0.3 D 0.4 0.3 509.02
14 -8.1 -7.8 0.3 D 0.3 3 381.76
15 -8.1 -7.8 0.3 D 0.3 0.3 381.76 |
16 -8.1 -7.8 0.3 0 0.3 0.3 381.76 |
17 8.2 -7.8 0.3 [} 0.4 Q.3 508.02
18 -8.2 -7.8 0.3 [1] 0.4 0.3 509.02
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T&(C) TeolC) TWC) Twl(C) ATec ATl Qc(W)
8.1 7.8 0.3 [ 0.3 0.3 381.76 |
8.2 7.8 0.3 0 0.4 0.3 500.02
82 | -7.8 0.3 0 0.4 0.3 £09.02
8.2 7.9 0.3 0 D.2 0.3 381.76
8.2 7.9 0.3 0 0.3 0.3 381.76
8.3 7.9 0.3 0 0.4 0.3 £09.02
8.3 7.9 0.3 G 0.4 0. 509,02
8.3 7.9 D.: 0 0.4 0.: 509:02
8.3 -7.9 0.3 0 0.4 0.3 509.02_|
5.4 8.1 0.3 0 D.3 0.3 381.76_|
8.4 3.1 0.3 a 0.3 0.3 381.76_|
8.4 X 0.3 0 3 0.3 381.76_|
£5 8.2 0.3 0 .3 0.3 381.76
8.5 8.2 0.3 0 3 0.3 381.76 |
85 82 0.: 0 0.3 0.3 381.76
3.6 8.2 0.- 0 0.4 0.3 509.
EX 8.2 0.: 0 D.4 0.3 500.02
8.8 8.4 0. 0 0.4 0.3 509.02_|
3.4 8.1 K 0 0.3 0.3 381.78
E K] 0.3 0 0.3 0.3 381.76
2_|_ 18 3 0 0.3 0.3 384.76
8.2 7.9 0.3 0 0.3 3 381.76
8.2 -7.9 0.3 0 0.3 3 381.76
8.2 ] 0.3 0 0.2 3 254,51
8.2 8 0.3 0 0.2 0.3 254,51
8.3 8 0.3 0 0.3 0.3 381.76
8.3 8 0.3 0 0.2 0.3 381.76
8.3 8.1 0.3 0 02 0.3 54.51 |
8.4 8.1 0.3 0 0.3 D. 381.76
8.4 £.9 0.3 0 0.3 0.: 381,76
5.4 8.2 0.3 0 0.2 0.3 254 51
8.4 8.2 0.3 0 0.2 0.} 254,51
53 8.4 8.2 0.3 0 0.2 0. 254,51
54 8.4 8.2 0. D 0.2 D, 254,51
55 5.4 8.2 E 0 0.2 D.: 25451
56 8.4 8.2 0.3 D 02 .3 54.51
57 3.4 2 0.3 0 0.2 )3 | 254.51
58 8.5 8.2 0.3 0 0.3 0.3 381.76
59 8.5 8.3 0.3 0 iF 0.3 254,51
60 8.5 8.2 0.: 0 0. 0. 381.76_|
61 5 8.2 0.3 0 D.: 0.3 381.76 |
62_ 8.8 8.3 0.3 0 3 0.3 381.76
63 - 8.6 8.4 0.3 0 02 | 03 254.51
64 87 | -84 0.3 0 0.3 0.3 381.76
65 8.7 8.4 0.3 0 0.3 0.% 381,78
) -8. 85 0.3 0 ¥ 0.3 254,51
67 8.8 8.6 0.3 0 ¥] 0.3 254.51
68 8.8 5 0.: 0 0.3 0.: 381.76 |
60 8.8 8.6 0.3 0 02 | 03 254.51
70 8.8 £.6 0.3 0 0.2 0.: 25451
71 8.3 8.8 0.3 0 0.2 0.: 254.51
72 8.9 8.8 0.3 _ [ 0.3 0.3 381.76
i) 3.0 8.7 0.3 0 0.2 0.3 25451 |
74 -9 — 3.8 0.3 0 02 | 03 254,51
75 e a8 0.3 0 0.2 03 254.51.
76 9.1 239 0.3 0 0.2 0.3 254.51
77 9.1 8.9 5.3 - 0 0.2 D. 284,51
78 2 -9 D.3 D 0.2 0. 254.51
79 9.3 9,1 0.3 0 0.2 0.3 254.51
80 9.3 9.1 0.3 0 D.2 0.3 254.51
LecaveW) 391.31
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Table B-2:Inlet and outiet temparature of the coclant and the falling water for m,=0.162kg/s

"Paraliel arrangement,jet mode"RUN 2(P)
nme(min)l Tu(C) i TolC) | TwiC) | TwlC) | ATe | ATw | Qew)
B0 minutes run
0 -11 -10.3 0.9 0.3 0.7 0.8 as0
1 -1 9.9 0.7 0.1 1.1 08 597
2 -10.8 -9.9 0.8 0.2 0.9 0.4 488
3 -10.4 9.6 0.5 0.1 0.8 0.4 434
4 -10.5 9.7 0.5 0.1 0.8 04 434
L -10. 9.3 0.4 0 0.8 0.4 434
8 0.8 5.3 0.4 0.1 0.5 0.3 271
7 9.8 9.2 0.3 0 0.8 0.3
8 9.7 9.1 0.3 0.1 0.6 0.2 328
] 9.6 -9 0.3 0 0.6 0.3 326
10 0.5 8.9 0.3 02 0.6 D. 326
11 -5.4 8.8 0.3 0 0.6 X 328
12 K 8.8 0.3 D 0.5 K 271
13 9.3 8.7 0. ] 0.6 0.3 326
4 9.2 56 0.3 0 0.8 0.3 326
15 9.2 8.6 D.3 0.1 0.8 0.2 326
16 9.2 -8.6 0.3 0.1 0.6 0.2 326
17 9.2 88 0.3 0.1 0.8 0.2 326
18 9.2 -8.6 0.3 0 0.6 .3 326
19 8.2 -8.6 0.3 0 0.6 0.3 328
20 -0.3 -8.7 0.3 0 08 | 03 326
21 9.4 -8.8 0.3 i 0.6 0.3 326
22 0.4 -8.8 0.3 0 0.6 3 326
23 8.4 8.8 0.3 0.2 0.6 0.1 326
24 -9.5 -8.9 0.3 0.1 0.6 0.2 326
25 9.5 -8.9 0.3 0 0.6 D.3 326
26 9.5 8.0 0.3 0 0.6 0.3 328
27 -9.6 -9 0.3 0 0.6 0.3 326
28 -9.6 -9 3 0 0.6 0.3 326
29 9.8 -8.1 0.3 0 0.5 .3 271
30 -9.6 9.1 0.3 0 0.5 0. 271
31 -5.6 9.1 0.3 0.1 0.5 0.2 271
32 5.6 9.1 0.3 0.2 0.5 0.1 271
33 9.8 -9.1 0.3 0.1 05 .2 271
M4 9.6 X 0.3 0 0.5 3 271
35 9.8 -9.2 0.3 0 0.8 3 328
36 0.8 9.2 0.3 [ 0.8 0.3 326
a7 9.8 -9.2 X 0.1 0.8 0.2 326
38 0.8 -9.2 .3 0.1 0.6 0.2 326
39 5.8 -8.2 0.3 0 0.8 0.3 326 .
40 -0.8 9.2 .3 0 0.0 0.3 328 |
41 -5.8 0. D.3 0 06 | 03 326
42 -9.8 9.2 0.3 0.2 0.8 0.1 328
43 9.8 9.2 0.3 0.1 D.8 - 0.2 328
44 10 0.4 0.3 1] 0.6 . 0.3 320
45 9.9 9.4 0.3 0 0.5. 0.3 271
48 .-9.9 5.4 0.3 0.1 0.5 0.2 271
47 9.0 =X 0.3 0.1 0.5 0.2 71
48 -8.9 0.4 0.3 . -0 - 0.8 D.3 274
49 -5.9 9.4 0.3 0 0.5 0.3 271
50 9.9 0.4 0.3 0 D.5 0.3 271
L'_51_ 9.9 0.4 03 0 0.5 0.3 271
52 -9.9 -9 4 0.3 0 0.5 03 | 271
53 0.9 9.4 D.3 0.1 0.5 02 | 2T
;__ 54 5.9 0.4 0.3 0.1 035 0.2 271
55 -9.9 0.4 0.3 0.1 0.5 0.2 274
58 9.9 -8.4 0.3 0 0.5 0.3 271
57 0.4 -8.8 0.3 D 0.6 3 328
53 -0.4 -8.8 0.3 D 0.8 0.3 328
59 -9.5 8.9 0.3 0 0.6 0.3 326
60 5.6 -8.1 D.3 0 0.5 D.3 271
61 -8.7 9.2 0.3 0.1 0.5 0.2 271
52 -9.8 -9.2 0.3 0 0.6 0.3 326
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63 9.8 9.3 0.3 0 0.5 0.3 271
64 9.8 -8.3 0.3 0.1 0.5 0.2 21t
65 5.9 0.4 0.3 0 0.5 D.3 271
66 5.9 94 D.% 0 0.5 0.2 271
7 9.9 04 0.5 0.2 0.5 0.1 271
68 9.9 84 0.3 0 0.5 0.3 271
T 99 04 0.3 ] 05 03 _| 2n
70 9.9 94 D 0.1 0.5 0.2 271
[T X 9.5 D3 0 04 0.3 217
[ 72 08 0.4 0.3 0 04 0.3 217
73 9. 04 0.3 0.1 0.4 0.2 217
[ 74 B 04 03 0 0.4 03 | 217 |
75 5.8 04 03 0 0.4 0.3 217
76 0.8 0.4 03 0.1 0.4 02 | 217
77 6.8 0.4 0.3 0 04 03 | 217
78 98 9.4 03 g 04 03 | 217 |
79 98 04 0.3 ] 0.4 0.3 217 |
80 9.8 0.4 03 0.1 0.4 0.2 217 -
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Tabile B-3:Inlet and outlet temporhtura of the coolant and the falling water for 1;1610.0230:9}!
"Series arrangement, jst mode™ RUN 3(S)

. 120 minutes run

Time(min)| Ta(C) Te{C) T(C} TwelC) ATe ATw QewW)
0 -12.7 -10.6 0.5 0.2 2.1 0.3 161.76
1 -12.7 -8.5 0.4 0.1 42 0. 323.51
2 -12.8 8.7 0.5 0.2 6.1 0.: 489.86
3 -12.8 8.5 0.4 0 6.3 0.4 485.27
4 -12.7 8.7 0.4 0.1 8 0.3 462.16
5 -12.7 -7 0.4 0.2 57 0.2 439.05
8 -12.8 -7 0.5 0.1 5.8 0.4 431.35
7 -12.5 7.1 0.5 0.1 5.4 0.4 415.95
8 -12.5 -7.2 0.4 0.1 5.3 0.3 408.24
9 -12.4 -7.4 0.3 0.1 5 0.2 385.14
10 -12.5 -7.5 0.4 0.1 5 0.3 385.14
11 -12.3 -7.6 0.4 0.1 4.7 0.3 362.03
12 -12.3 -7.6 0.4 0.1 4.7 0.3 362.03
13 -12.2 7.7 .3 0 4.5 0.3 346.62
4 -12.2 -7.7 0.3 [1] 4.5 0.3 348.62
5 -12.2 -7.8 0.3 0 4.4 0. 338.92
16 -12.1 -7.8 0.3 0 4.3 0.: .22
17 -12.1 -7.9 ik 0 4.2 0.3 323.51
18 -12.1 -7.9 0.3 0 42 0.3 323.51
19 -11.9 -7.9 0.2 0 4 0. 308.11
20 -12 -8 0.3 0 4 0.3 308.11
21 -11.9 7.8 0.3 0 4 0.3 308.11
22 -11.§ -7.9 0.3 0 4 3 308.11
23 -11.9 -8 0.3 0 a9 0.3 . 300.41
24 -11.9 -7.9 0.3 [1] 4 0.3 308.11
25 -11.9 -8 0.3 0 3.9 0.3 300.41
28 -11.9 -8 0. 0 39 0.3 300.41
27 -11.9 -8 0.3 [1] 39 0.3 300.41
28 -11.9 -8 0.3 0 3.9 0.3 300.41
29 -11.9 -§ .3 0 39 k 300.41
K -11.9 -8 0.3 0 39 K 300.41
31 -11.9 -8 0.3 0 39 0. 300.41
3z ~11.9 ] k 1] 3.9 K 200.41
33 -11.9 E] 0.3 [+] 39 D. 300.41
34 -11.9 -8 0.3 0 39 0.3 300.41
35 -11.9 -8.1 0.3 0 3.8 ).3 292.70
38 -11.9 8.1 0.3 0 as 0.3 ~292.70
EYd -11.9 -8.1 .3 0 38 .3 292.70
38 -11.9 -8. 1 0.3 1] a8 K 282.70
39 -11.9 -8.9 0.3 D 38 0.3 292.70
40 -11.9 8.1 0. 0 38 | o 202.70
41 -11.9 82 0. 0 3.7 0.3 285.00
42 -11.9 8.2 03 - 0 a7 0.3 285.00
43 -11.9 8.2 0.3 0 a7 0.3 285.00
44 42 | 83 0.3 0 ar- 0.3 285.00

4 -12.1 k 0.3 0 38 D.3 292.
48 -12.1 8.3 0.1 0 .8 0.3 282.70
47 -12.1 -8.3 0.2 ] 3.8 0. 292.70
48 -12, .3 E 0 38 0. 282.70
49 -12.1 8.4 0.3 0 a7 03 | 285.00
50 -12.1 _-84 0. 0 37 | 03 | 28500
51 -12.1 -8.4 0.} 0 37 0.3 285.00
52 -12.1 8.5 . 0 .6 0. 277.30
53 -12. 4.5 0.3 0 EX] 0.! 277.30
54 12.1 8.6 0.3 0 s "~ 0.3 269.59
55 -12.1 -8.8 .3 0 35 0.3 269.59
56 -12.1 8.8 0.3 0- as 0.3 269.59
57 -12.1 -8.8 0! [] 35 0.3 269.59
58 -12.1 -8.7 {.! 0 3.4 k 261.89
59 -12.1 8.7 0.3 0 3.4 0.2 261.89
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Tamuzmwmmwmdummmmmum.wm

“Series arrangement, jet mode"RUN 4(5)
70 minutesrun
[Timegmim]_TaiC) | TgolCl | TwiC) | Two(C) | defia Tg | defta Tw
1 -13.2 9.5 0.6 0.1 37 0.5 [743.4338
2 13 9.6 0.6 0.1 34 05 | 683.9552
3 -12.9 -5.8 0.5 0 3.1 0.5 |e228768
4 A2, 5.5 0.5 0.1 2.7 04 | 642.5056
5 128 =10 0.4 0 26 04 | 522.4128
6 -12.8 -10 0.4 0 25 o4 | s0232
7 124 | 901 0.2 0 3 03 | 4621344
8 123 | 102 0.; 0 1 0. 421.9483
] -12.3 102 0. 0 2.1 0.3 | 421.9488
10 -12.1 -10.% 0.3 01 1.9 0.2 | 381.7692
11 12, 102 03 0 19 | 03 [381.7832]
p -12 -1 03 D 1. 0.3 | 3816704
E 21| -10.0 0.3 0 1. 0.3 | 381,6704]
4 EFX -10.4 0.3 0 1. D3 | 41,5776
18 12,1 -10.3 0. 0 18 0.3 | 381.6704
18 -12.1 104 0. 7 T 0.3 | 3415778
17 12 ~10.4 0.3 T 3| 341.5778
1 AZ1 | -10.8 0.3 16 .3 | 321.4848
19 12 -10.4 0.3 0 1.8 0.3 | 321.4848
20 121 | -10 D3 0.1 18 02 | 321.4848
21 12 -10.8 0. 0 15 0.3 | 301.362
2 12 -10. 0.3 ) 15 0. 301.392 |
23 -12 -10. 0. 0 15 0. 301.352
24 12 -10. 0. 0 5 0. 301.352 |
25 12 108 0.3 0 4 0. 281.2002
26 -121 | 106 0.3 7 18 0. 301.392|
27 <121 | -106 0.3 1, 0. 301,362 |
28 121 -10.6 0.3 ] 1. 03 | 301.392
29 121 -10.6 D. 0 1. 03 | 301.392
30 12,1 106 0. 0 ] 03 | 901.392 |
3 22 | -10.7 0.3 0 0.3 | 301362 |
32 22 | 907 03 0 . 0.2 301.392 |
Y] 122 | -108 [ 0 1.4 — D3 | 2812092
S 122 | -108 0. 1.4 0.3 | 281.2992
35 123 | -10. 0.3 1.5 0.3 | 301.352
38 123 | -10. 03 0 15 | o 301.392
37 23 | 109 03 a 1.4 0 281.2092|
38 124 | -109 0.3 [ 5 0 301.382
39 124 -1 0.3 -0 r 0.3 | 281.2092
40 124 =T 0.3 0 14 0.3 | 2812002
4 125 11 . 0 1.5 0.3 | 301.392
4 128 11 0. 0 1.5 | 03 | 301.302
43 -12.5 -11.¢ 0.2 [] 1.4 0.3 281.2002
44 128 | -9 0. [ 14 0.3 | 261.2092
48 2.6 | 1 0. D 1.4 0. 281.2502
48 A28 | -11.1 D3 1.4 0.3 | 281.2092
47 128 | 111 D:: 1.4 03 |281.2092|
48 <128 | -11.2 E . 1.4 0.y | 2812002
49 128 | 112 ) 0 1.4 03 | 281.2002]
50 -12.7 -11.3 _0. 0 1.4 - 0.3 281.2992
&1 127 | 114 0. 0 1.4 0.3 | 28129092
52 127 | 0.3 0 1.4 0. 281.2982
53 428 | i 0. 0 E 0.3 | 281.2064
54 28 | 18 | 0 0 3 D.3__| 261.2084
55 128 | 115 0, 0 3 ) 2612064
56 128 | 118 | O 0 3 0.3 | 261.2084]
7 A28 | 115 0. D 3. 0.3 | 261.2084
8 128 | -11.6 0. 7 1.2 0.3 | 241.9138
59 29 | 197 0. ) 12| 03 [241.1138]
) 429 | 1.7 0.3 ) 12 | 03 [241.1136
[] 129 | -11.7 0.3 [] 1.2 0.3 241.1138
[ 129 | -7 03 0 1.2 0.3 | 241.1136
6} Kk 118 03 - 12| o 41,1138
84 B k +11.8 0.3 1.2 0.3 411.1138
€5 13 118 0.3 0 1.2_| 03 |241.1136
68 134 118 0.3 0 12 0.3 | 241.1138
87 131 | -11.9 0.3 0 1.2 0.3 | 241.1138
2] =131 119 0.3 1. 0.3 | 241.1138
69 132 2 03 1. 3 [241.1138
70 13.2 12 03 y 1.2 241.1138
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Tamas:mmmmmahwmwmuﬁu&-mzm
~Series arangament, jat mode™RUN 5{S}

60 minutes fun _
Time(min)]|_ToAC) | TefC) | TwiC) | TwlC) | &Tc Alw | Qcw)
0 13 1.6 0.7 0.2 14 05 | 800.10
1 127 | -104 0.6 0.1 2.3 05 | sesee
2 24 | 104 K 0 2 0.t 857.20
3 422 | -104 0.4 0.1 13 0. 771.56
4 A2 -10.4 0.4 0 1.6 04 | 68583
5 19 | -104 03 0.1 15| 02 | 84297
] 17 [ -103 03 0 14 | 03 | 600.10
7 115 | -103 03 0.1 13 02 | 51438
8 415 |10 0.3 ] 13 63 | 51436
9 -11.5 -10.4 0. 0.1 1. 0.2 AT,
10 ~11. +10.4 X 0 1. .3 471,
1 1. -10.5 03 0.1 1 2| 42865
¥ 1.5 | -108 03 0 1 1 2885
1 115 | -105 0.3 D 1 0.3 | 42865
14 1.5 | 105 03 0 1 03 | 42865
18 415 | -105 3 0.1 1 02 | 42865
18 115 | -108 03 | G 0.9 03 | 38578
17 5 | -108 03 € 0.9 0.1 385.78 |
18 15 | 108 0.5 0 09 | ©03 | 38578
19 417 | 108 0. ) 09 0.1 385.78 |
20 A7 | -10. 0. 09 0. 385.78
21 18 | -i0. 13 05 03 | 38578
; 1.8 -11 ).3 ) 0. 03 | 34292
E 1.9 S 03 0 (K] 0. 38578
24 -12 111 03 [ 0.9 0. 385.78 |
25 12 -11.1 03 0 09 03 | 38578
28 -12 1.1 03 0 0.9 03 | 38578
27 -12 2 0.3 08 03 | 34202
28 129 | -1z | 03 0.9 03 | 33578
2 421 | 113 0 G 0.8 03 | 34292
30 122 | -11.4 0. 0.8 03 | 4292
3 23 | 114 0.3 ) 08 03 | 38578
32 123 | -1 0.3 0 08 03 | 342.9;
33 -2 1.8 0.3 0 0.8 0.3 42,62
34 2. 115 0. 0 . 03 342,
35 124 | 1186 | 0. ) 0. 0 342 62
3 124 | 118 0.3 ) 08 0. 342 52
37 125 | 17 0.3 0 0. 342.92
38 2. L7 0 0.8 . 342.92
39 12 AT 0. 0 0.3 03| 34292
40 -12. A1.8 0. ] 07 | 03 | 300.05
4 12 118 0. 0 0.7 03 | 300.08
43 12, 1.8 03 0 07 03 | 300.05
43 2. 1.8 03 0 67 | 03 | 30005
T 128 | .. 0.3 0 07 | 03 | 300.05
& 128 | -119 03 0 0.7 03 | 30005
48 126 | -11.9 03 07 0.3 | 30005
47 2.7 12 D.3 07 | 03 | 300.05
48 27 | 92 0.3 ) 0.7 | 0.3 | 300.05
49 127 2| 03 ] 07 03 | 300.05
50 12, A2_| 03 0 0.8 03 | 257.10
51 128 12 0.3 ) 0.8 03 | 32w
52 28 | 121 | 03 27 0. 300.05
53 -12.8 | 121 03" ) 0.7 D 300.05
54 29 | -12% 0. 0 0.8 0. 2571.99
55 129 | -123 0. 0 0.8 3| 25719
58 1208 | 12 0.3 0 08 | 03 | 25719
57 429 | 2 E ] 0.6 03 | 26719 |
58 13 2.4 X ] 08 08 | 257.19
50 -13 -12.4 0.3 0 08 03_ | 25749 ]
0 13 124 3 0 08 03 | 257.19
Qc.ava(W) 383.51
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Table B-8:Inlet and cutiet temperaturs of the coolant and the falling water for mc=0.182 ky/s
"Series arrangement, jet mode™ RUN 8(S)
G0minutes run

Time(min)|_TGC) | Teo(C) | Twi(C) | TwolC) | aTc ATW | Qo(W)
0 10 ~79 | 05 0.1 2.1 0.4 | 1139.26
1 10 8.2 6.6 0.2 1.8 0.4 576.51
2 10 8.3 05 0.1 1.7 0.4 922.26
3 9.5 8.4 0.4 0 11 0.4 506.76
4 9.3 8.3 04 0.1 1 0.3 542 51
5 9.4 353 0.4 0.1 0.9 0.3 488.26

6 9.2 83 0.3 0.1 0.9 0.2 488.26
7 9.2 3.3 0.3 ] 0.9 0.3 488.26
8 9.2 8.4 0.3 ] 0.8 0.3 434.00
g 9.1 8.4 3 0 0.7 0.3 379.75
10 9.1 8.5 3 0 3.6 0.3 325,50
11 9.2 35 0.3 0 0.7 0.3 379.75

12 9.3 88 0.3 0 7 0.3 379.75
13 9.4 3.7 0.3 0 0.7 0.3 370.75
14 X .8 0.3 0 0.7 0.3 379.75
15 96 8.9 0.3 — 0 0.7 03 | 379.75
16| 07 ) 0.3 0 0.7 0. 379.75
17 9.7 9 0.3 ] 0.7 0.3 379.75
18 9.7 -9 3 0 0.7 0.3 a79.75
19 9.7 9 0.3 0 0.7 D.3 379.75
20 9.8 9.1 0.3 0 0.7 0.3 a79.75
21 8.8 X 0.3 0 0.7 K 379.75
22 9.9 9.2 0.3 D 0.7 0.3 379.75
23 10 B4 0.3 g 0.8 0.3 325.50
24 -10 0.4 0.3 0 0.8 0.3 325.50
28 ~10.1 D5 0.3 0 08 3 325.50
8 -10.2 5.6 3 0 0.6 0.3 325.50
27 10.2 9.6 0.3 0 0.8 0.3 a25.50
28 -10.3 9.7 K 0 0.6 k 325.50
20 -10.3 9.7 K ] 0.8 0.3 325.50
30 -10.4 9.8 3 0 0.6 0.3 325.50
31 104 9.8 0.3 0 08 0.3 325.50
a2 -10.4 9.8 3 0 0.8 325.50
33 -10.4 08 0.3 ) 0.6 0.3 325.50
34 -10.4 9.8 3 0 08 D.3 325.50
35 -10.4 9.8 0.3 0 0.8 0.3 | 325.50
36 104 9.8 0.3 0 0.6 K 325.50
7 -10.4 5.8 0.3 0 5.6 0.3 | 325.50
a8 10.4 08 3 0 06 | 03 | 32550
39 -104 | 5.8 3 0 06 | 03 | 32550
40 -10.4 23 0.3 0 0.6 0.3 325.50

— 41 104 9.8 0.3 0 0.6 03 | 32550
42 -10.4 0.9 0.3 0 0.5 03 | 27128
43 -10.4 99 0.3 0 0.5 0.3 271.25
44 -10.4 9.9 0.3 0 05 | 03 | 271.25
45 -10.4 09 0.3 0 0.5 0.3 271.25
45 104 0.9 0. 0 0.5 03 | 27125 |
47 -10.4 9.9 0.3 0 0.5 0.3 271.2¢
48 -10.4 90 | 03 | O 0.5 03 | 271.28
49 10,4 99 | 03 0 0.5 0.3 | 271.25 |
50 10.4 0.9 0.3 0 | 05 0.3 271.25
51 -10.4 0.9 D.3 0 0.5 0. 271.25
52 -10.4 0.9 0.3 0 0.5 0. 271.25
53 -10.4 9.9 D.3 7] 0.5 - 0.3 271.25
54 -10.4 65 | 03 0 0.5 0.3 271.25
55 -10.4 0.9 0.3 0 0.5 03 | 271.25
58 2104 0.9 0.3 0 0.5 0.3 271.25
57 | -104 9.9 0.3 0 0.5 0.3 271.25
58 -10.4 99 0.3 0 0.5 0.3 271.25

) -10.4 0.9 0.3 0 D.5 D.3 271.2
60 -10.4 9.9 0. 0 0.5 0.3 271.25

Qc.ave(W) 366.18
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Table B-7:Injet and outiet tsmperature of the coolant and the falling water for mc=0.162 kg/s
"Series arrangement, sheet mode” RUN 7(S)

_ 80 minutesrun____ :
Time(min)| Tei(C) | Teo(C)} | TwilC) | Two(C) ATe ATw Q
0 07 | 85 0.5 02 22 | 03 | 118358
1 105 | 82 0.5 01 23 04 | 1247.64
2 104 | 83 04 0.1 21 03 | 113933
3 03 | 86 03 0.1 17 02 | 92231
r 02 | 87 0.3 0 15 03 | 613.81
5 0.1 8.8 n.3 0 1.3 03| 705.30
3 5.9 58 0.3 g 1.1 02 596.79
7 0.9 538 0.3 g 1.1 13| 596.79
8 95 8.6 03 G 1. 02 596.7
8 9.8 88 0.3 0 1.1 03 | 596.78
10 10 91 0.3 g 0.8 03 | 4882
11 10 92 0.3 g 038 03 | 4340’
12 A0 82 03 : 0.8 0.3 | 434.03
13 A0 52 0.3 : 0.8 5.3__| 43403
4 -0 92 0.3 7 038 0.3 _|_434.03
15 0.1 93 3 0 08 0.3 | 43403 |
6| -10.4 9.3 K 0 08 0.3 | 434.03
17 -10.1 9.3 03 0 08 03 | 434.03
18 102 |04 0.3 0 0.8 03| 4340
19 02 | 54 0.3 0 0.8 03 | 43403
20 102 | -84 0.3 0 0.8 03 | 434.03
21 =104 8.7 03 0 0.7 03| 37978
2 104 97 0.3 0 0.7 3| 379.78
23 104 9.7 0.3 0 0.7 03| _379.78_
24 105 | 88 03 0 0.7 03| 379.78
25 105_| 9.8 X 0 07 0.3 | 379.78
26 106 |89 03 0 07 03 | 379.78
27 10.7_|_-10.1 03 0 06 03 | 32552
28 10.7_|_-10.1 0.3 0 0.6 03 | 325°
26 | 107 | -10.1 0.3 0 08 03 | 32652
30 0.7 ) -101 0.3 0 0.6 03 | 32552
31 q04 | 638 03 0 06 | 03 | 32582
32| -104 | 98 03 0 0.6 0.3 | 325.
EX] 104 | 9.8 03 0. 06 0.3 | 32552
Y] 104 | 98 03 0 08 03 | 32562
35 104 | 68 0.3 0 0.8 03 | 32582
36 104 | 98 0.3 0 08 03 | 32552
37 ~10.4 0.8 .3 0 08 03 | 32562
38 104 8.8 .3 0 06 3 | 32582 |
39 504 | 8.8 0.3 0 0.6 03 | 32552 |
% | _-104 | 58 D.3 0 08 | 03 | 82582
a1 | _-104 | 68 D.3 0 0.6 03| 326.62
42 -104 5.8 0.3 0 08 0.3 | 326.52 |
43 104 99 0.3 0 05 03 | 271.27 |
44| 104 6.9 0.3 0 0.5 03 | 21127 | -
45 104 | 9.9 0.3 0 0.5 03 | 21127 |
48 .| _-104 | 69 .: 0 0.5 | 03 | 27127 |
47 | _-to4 | %o 03 0 05 | 0 27127
48 104 |09 0.3 0 0.5 03" 127
—49 04| -6 03 0 05 | 03 [ 2n.27
50 04 | 96 | 03 0 05 _| 03 7127
51 104 | 09 0.3 0 0.5 03 | .27
52 104 | 99 03 0 0.5 03 | 2na7
53 04 | 99 | 03 0 05 03 | 27327
54 104 |89 0.3 0 05 03 | 27127
L 104 [ 69 3 0 0.5 03 | 271.27 |
58 104 Y 0.3 0 0.5 03 | 271.27
57 104 99 0.3 0 0.5 03 [ 271.27 |
58 04 | 89 0.3 0 05 03| 27127
59 104 | -89 0.3 0 0.5 03 | 271.27
60 04 | 99 0.3 0 05 03 | 271.27

Q-.c,ave(W) 414.59
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Table B-8:1nlet and outiet temperature of the coolant and the falling water for me=0.162 kg/s
“Series arrangement, droplet mode™ RUN 8(S)

- 60 minutesrun i
Time(min)| TciC) | Tco(C] | TwC) | Two(C) | ATc | Atw | QoW |
0 0.7 59 0.7 0.2 1.8 05 | 97651
1 105 58 05 D1 1.9 04 | 1030.76
2 -10.4 87 0.5 01 1.7 0.4 922.26
3 104 8.9 03 0.1 12 02 | 65101
4 A0 29 04 0 13 04 | 596.76
5 10 89 03 0.1 11 02 | 596.76 |
6 -89 89 3 0 1 0.3 |_542.51
7 0.8 9 0.4 0.1 0.9 p.3_ | 488.28
8 93 ] 0.4 01 0.9 0.3 | 488.26
9 9.9 0.1 0.3 0 0.8 0.3__|_434.00
10 10 9.2 0.3 01 0.8 0.2 | 434.00
11 0 92 03 0 0.8 0.3__|_434.00
12 10 92 0.3 g 0.8 0.3 | 434.00
13 0 9.2 03 g 08 0.3__ | 434.00
14 10 9.2 03 0 0.8 03 | 43400
15 -10 9.3 p3_ g 0.7 03| 375.75
16|10 9.3 0.3 0 07 3__| 379.75
17 10 83 0.3 0 07 |03 | 379.75
18 -10.2 -85 0.3 0 0.7 03__|_379.75
19 0.2 -85 03 i) 67 |03 | 37975
20 | 102 55 0.3 0 0.7 0.3 | 379.75
2i -10.4 9.8 0.3 0 0.6 D.3__| 325.50
2 104 9.8 0.3 0 0.6 0.3 | 32550
23 104 23 3 0 06 03__|_325.50
24 105 | 59 0.3 0 0.6 03 | 326.50
25 105 59 0.3 0 0.6 03 | 32550
26| 106 | 99 03 0 0.7 03 | 379.75
~ 27 0.7 | -10.1 03 0 06 3| 32550
28 407 | 101 03 0 06 | 03 | 32550
29 0.7 | -10.1 03 0 08 03__| 32550
30 07 _| 104 0.3 0 08 03 | 325
3 104 5.9 03 0 05 3| 211.25
32 104 99 03 0.5 03 | 271.25
33 104 9.9 03 0 0.5 03 | 2711.25
34 -10.4 -89 03 0 05 03 | 271.25 |
35 104 99 | 0: 0 05 3| 21125
36 104 |99 0.3 0 05 3| 21125
37 |_-104 99 03 0 05 X 271.25
38 104 | -89 0.3 0 05 0.3 | 271.25
38 104 £9 03 1] 0.5 03 | 27125
40 104 5.9 03 0 05 03 | 271.25 |
3] =104 93 03 0 05 03 | 271.25
2 104 5.9 03 _| o0 05 03 | 271.25
43 104 5.9 0.3 1 0.5 0: 271.25
44 104 5.9 03 05 | 03 | 27125
45 104 09 0.3 0 05 03 | 27125
4 104 0.9 0.3 0 05 03| 27125
a7 404 | 99 0.3 0 0.5 3.3 | 271.25
48 104 8.9 0.3 0 05 3.3 | 27125
49 104 | 99 0.3 0 3.5 3| 271.25 |
50 104 8.8 0.3 0 D.5 3| 27125 |
51 104 | 99 0.3 0 0.5 0.3 | 271.25 |
52| -104 | 99 3 0 0.5 03 | 271.25
53 104 _| 96 03 0 0.5 03 | 271.25
54 104 5.9 03 0 0.5 03 | 271.25
55 .| -104_| 99 [ 03 0 0 03 | 271.25
56 04| 98 03 0 0.5 X 271.25
57 0.4 9.9 3 0 0.5 . 271.25
56 04 | 68 3 0 0.5 0.3 271.25
59 104 EX) K 0 0.5 2 271.25
— 60 104 6.9 0.3 0 05 03 | 271.25
Qc.ave(W) 3.64
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Table M:wmmwmamwmmﬂmwu&hm
's-mmwhunodeUN&(S)(ﬁmnhnm

120 minutes run
Time(min)] T | To©) | TwiC) | TwlC) aTe Alw QoW
Q -12.8 | -9.5 1.1 0. 3.3 1.8 25417
-12.7 -1.7 0.4 -0, 5 0.9 385.11 |
2 -12.7 -J.2 0.3 0. 55 0.3 423.82
3 -12.7 -8.8 0.4 -, 59 0.9 45443
4 -12, 4.7 0.1 0. 5, 0.8 423,62
5 -12.5 -8, 0, -0.5 5.5 0.8 42382 |
8 -12.5 7.1 0.3 0.5 .3 0.8 408.22 |
7 -12.5 -1.3 K 0.5 ¥i 0.8 400.52
8 ~12.4 78 | O 0.8 49 08 s
[] -42.4 -7.7 0.3 0.5 4.7 0.8 362.01
10 -12.4 7. ).3 0.5 4.8 0. 354.30
11 -12.4 7.9 ).3 0.5 4.5 0. 346,60
13 12.4 -7.8 D.4 -0, 4.5 0.9 148.80
E _-12.4 -T.9 D.4 -0, 4.5 0.9 348.60
14 ~12.4- -71.9 0.8 0. 4.5 1 346.80
+12.4 -8 0.5 0. 4.4 1 138.90
] 123 3 05 0.5 43 1 331.20 |
7 -12.4 -8.2 0. 0.5 4.2 1 323.49
18 -12.4 8.2 0. 0. 4.2 1 323.49
19 -12.4 -8.2 D. 0.5 4.2 1 323,49
20 124 3.1 0.5 05 43 1 131.20
21 -12.4 -8.2 0. -0, 42 1 323.49
. 22 -12.4 -8, 1 0.5 0. 4.3 331.20
a3 ~12.4 =B, 05 | 0. 4.3 331.20
[ 24 124 rX 05 0. A 1 331.20
25 -12.4 3.9 0. 0.5 4. 331.20
26 «12.4 -8.2 0. 0.5 4.2 323.49 |
27 -12.4 8.3 0.5 0.5 4,1 1 315.79
28 125 | -4 05 -0. 4 1 1579 |
29 -42.5 -8.4 0. -0. 4, 1 345.79
30 -12.7 -5.8 0. -0.5 4, 1 15.79
31 -12.8 -3.7 0.5 0.5 3.9 1 300.39
32 -12.8 5.8 0. -0, 3.8 1 202.69
33 -12.7 -8.7 0. 0.5 4 1 308.09
34 -12.'_7_ -5.8 0.5 0.5 X 1 300.39
35 427 -8.8 0.5 -0.5 39 1 300.39
38 -12.8 -8.9 0.5 0.5 EX] 1 300.39
a7 -12.7 39 0.5 0.5 .8 1 292.69
38 -428 -8 0.5 0.5 .8 292.69
39 -12.8 -H 0.5 0, LX) 202.69
40 -12.8 9.1 0. 0. 3.7 1 284.98
41 «12.9 -9, 0. D, 3.5 h 292.69
42 +~12.9 9. 0, 0.5 3.8 1 292,89
43 20 |0 0. 55 a8 1 25269 |
A4 ! -!'1 9.1 0.5 0.5 38 1 262.69
45 -12.9 -.1 0.5 0.4 3.8 1 292.69
A8 -42.9 3.1 0.5 0.5 . 38 1 202.69
47 +12.9 2.1 0.5 05.5 38 . 292.69
48 -12.9 .2 0.5 - 08 37 - 284.98
a8 -1 %3 05 0.5 37 _ 284.98 |
50 -1 8. 0 0. 37 254.58
51 13 -0.3 0.5 0.5 3.7 1 284.98
52 -13 9.3 0.8 0.5 a7 284.98
53 -13 9.3 0. 0.5 3.7 204.98
54 -13 5.4 0.5 0.5 38 271.!
55 13 9.4 0.5 I 3.8 277.28
58 -13 .4 0.5 0. (Y] 1 277.28
[3 -13 54 0.5 0.5 38 277.28
58 «13.1 9.6 0.8 0.5 3.5 269.58
[ -13.1 .8 0.5 0.5 as 1 2659.58
60 39 | 98 08 0.5 35 1 269.58
3] 131 96 2 25 |3 3 260.68 |
82| -13. 98 | o3 05 35 1 269.58
83 3.1 97 | o 0. 4 1 261,88
84 -43, -9.7 0. 0.5 .4 281.88




149

Qo.ave(w) 288.11
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Tabie B-10 :Surface temperature of the test tube for water,mc=0.023 kg/s

"Series arrangement.jet mode”
t{min) T T2 T3 T4 TS T6
1 -0.8 0.7 0.7 0.7 0.6 0.5
3 -1.6 -1.5 -1.5 -1.5 -1.6 -1.8
6 -2.8 2.8 2.8 -2.8 2.8 2.9
9 -3.6 -3.4 -3.4 -3.4 -3.6 -3.8 |
12 -4.4_1_ 4.2 -4.1 -4.2 -4.4 4.5
15 4.7 -4.6 -4.6 iﬁ -4.7 -4.9
18 5.3 5 5 5.1 53 54
21 -5.6 =54 54 -5.4 8.7 -5.8
24 -5.9 5.7 -5.7 -5.7 -5.8 -]
27 61 | 59 | -59 5.9 6.1 83
.30 8.4 6.2 8.2 8.2 8.4 8.6
33 -8.6 5.5 5.4 6.4 6.6 8.8
36 8.8 66 | 66 6.6 6.8 -7
39 -7.1 -7 -7 -7 -7.1 -7.3
42 -7.4 -7 -7 -7 -7.1 -7.3
45 A A 7.1 74 7.4 7.3
48 -7.2 -71.2 7.1 -7.4 -71.2 -7.4
51 -7.3 -71.3 1.2 -7.3 -7.3 -7.5
54 -7.4 -7.3 -1.2 -7.3 -7.4 -7.8
57 -7.5 -7.4 -7.3 -7.4 -7.5 -7.7
60 -1.7 -1.6 -1.5 -7.8 -1.7 -1.8
78 -8.8 -8.5 -8.6_ -8.6 8.8 -9
81 -8.9 -8.7 -8.7 -8.8 -8.9 9.2
920 9.4 -9.1 9.2 -9.2 -9.4 5.6
93 -9.6 9.3 9.4 -9.4 9.8 9.7
110 -10 -9.8 -9.8 -9.8 -10 -10.2
120 -10.4 -10 -10 -10.1 -10.3 -10.6
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Table B-11 :Surface temperature of the test tube for 2%aceton, me=0.023 kg/s

“Series arrangement jet mode” _ _

t(min) LA T2 13 T4 15 16
1 0.6 0.7 0.7 0.7 -0.6 0.5
3 -1.8 -1.6 -1.6 -1.6 -1.8 -2
6 -2.8 2.6 -2.6 -2.6 2.8 29
9 -36 34 | -34 -3.5 -3.6 3.7
12 4.1 -4 -3.9 -3.9 4.1 4.2
15 -4.6 4.5 4.4 4.4 -4.6 4.8
18 4.9 4.8 4.7 -4.8 -4.9 S
21 -5.1 5 5 5.1 -5.1 -5.3
24 5.4 5.4 5.4 5.4 5.5 5.6
27 5.7 5.7 5.6 -5.6 -5.8 6
30 6 6.1 ] 8 6.1 8.4
33 8.4 6.3 .2 8.3 6.4 66 |.
36 6.6 6.5 £.4 6.5 6.6 8.7
39 8.7 -6.6 66 6.7 6.8 -6.8
42 6.9 .8 6.7 -6.8 6.9 =7
45 -7 .9 6.9 69 | -7 -7.2
48 1.1 =7 -7 -7 7.1 -1.2
51 7.2 7.1 -7 A -1.2 -7.3
54 -7.3 -7.2 -1.2 7.2 7.2 -7.4
57 -1.4 -7.3 -7.2 1.3 74 -1.5
60 -1.6 -7.5 -7.4 -7.5 -76 -1.7
64 -1.8 76 -1.5 -7.8 78 | -78
69 7.9 7.8 -1.8 7.8 -1.9 -8
74 -8.3 8.2 -8.1 8.2 -8.3 -84
79 -8.6 -8.5 -8.5 8.5 86 | 88
84 8.8 8.7 -8.7 8.7 -8.8 9.1
114 -8.7 9.5 9.5 9.5 2.7 9.9
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