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Abstract

This research work studies the performance of the thermosyphon heat exchanger
using binary of working fluids, It can be divided into two parts, thermal behavior of
thermosyphon heat pipe using binary working fluids and thermal performance
enhancement of thermosyphon heat exchanger using various types of working fluids.

The first part is the study of thermal behavior of thermosyphon heat pipe using
ethanol-water and TEG-water and the affecting parameters such as the mixture content,
the pipe aspect ratio and the working temperature. From the experiments, it is found that
at low temperature of heat source, ethanol-water mixture has higher heat transfer rate
than that of water, however the ethanol-water mixture gives lower heat transfer rate than
that of pure ethanol. In case of TEG-water mixture, the heat transfer rate of the
thermosyphon varies with the content of TEG in the mixture and it is found that TEG in
the mixture can enlarge the critical heat flux due to the flooding limit of the small size of
the thermosyphon. .

The boiling equation of Rohsenow and the condensation equation of Nusselt are
modified to predict the heat transfer coefficients of the boiling and the condensation
inside the thermosyphon. [n case of tife binary mixtures, it is found that the weighted
average of the heat transfer coefficient of each component can be used to predict the

total heat transfer coefficient. Furthermore, it is found that ESDU’s equation can be used



to predict the critical heat flux due to the flooding limit of the thermosyphon with pure
working fluids and binary mixtures.

The second part concerns an investigation of the concept of introducing two-
finid thermosyphons. Calculations were performed for both low and high temperature
ranges with parallel and counter flow arrangements by using simulation programs. For
lower temperature application, 50 °C < Tj; < 100 °C, use of ethanol in some rows and
water in the rest of the thermosyphon can slightly improve the associated heat transfer
performance of the heat exchanger. However, for balanced parallel flow arrangement,
the concept of using two-fluid thermosyphons may not be feasible.

For thermosyphon heat exchanger operating at high temperature applications, it
is found that with selected mixture content of TEG-water in each row of the
thermosyphon the performance of the system could be increased approximately 30-80%
compared with pure TEG for parallel flow and 60-115% for counter flow configurations.
The performances also increase approximately §0-160% for parallel flow and 140-220%
for counter flow compared with those of pure dowtherm A which is the common

working fluid at high temperature applications.

Keywords : Thermosyphon heat pipe / Boiling and Condensation of Binary Mixtures /

Heat transfer Enhancement of Heat Exchanger
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CHAPTER 1

INTRODUCTION

1.1 te of Probl d Backgr

At present, development of heat exchanger for energy recovery from
industrial waste heat has become an interesting topic for energy conservation programs.
The thermosyphon heat pipe, one type of heat exchanger, has been used in many
industrial processes because of its high advantages such as high thermal conductivity,
low cost and being easy to be constructed.

The thermosyphon heat pipe shown in Figure 1.1 can be divided into three
parts, evaporator, adiabatic and condenser. When heat is added to the evaporator section,
the working fluid inside the heat pipe is boiled and vaporizes. The vapor carries heat
from the heat source, flows to the condenser section and rejects heat to the heat sink.
The working fluid condensate turns back to the evaporator section by gravity.

The thermosyphon normally uses a single component, especially water, as a
working fluid, because water has a high working temperature range approximately 60-
300°C [1-3] and high latent heat of vaporization. However, in some working conditions,
temperature of heat source may be lower or higher than that of the normal range. As a
result, the heat transfer rate of the thermosyphon heat pipe tends to decrease. In this
study, an idea that implemented binary working fluids in the thermosyphon heat pipe is
proposed. Both experimental and numerical approaches are performed fo investigate its
feasibility.

In case of lower temperature heat source (lower than 80°C), ethanol-water is
proposed as a working fluid because ethanol has lower boiling point than water,
Consequently it can be boiled easily and higher performance of the thermosyphon
should be obtained. In case of higher temperature heat source {more than 300°C) or

higher heat flux ,for water, the transfer of heat may be hindered by the critical limit,



particularly flooding or dryout limit. To extend these limit, triethylene glycol (TEG)-
water is proposed to be a working fluid. Because TEG has high boiling point (278°C at
normal pressure), TEG in the mixture may retard the limits.

The aim of this research is to study the performance of the thermosyphon
using binary working fluids, ethanol-water and TEG-water. The heat transfer model for
single component is -also modified to predict the heat transfer coefficients of the
mixtures. Moreover, the application of binary working fluid with the thermosyphon heat
exchanger is investigated to find out the suitable working fluid or mixture content of

each row of the thermosyphon heat exchanger, which gives the highest heat transfer rate.

20|
Heal Sink — Condenser Section
—
»
Insutation Adiabatic Secfion
il Jh—
Heal Source o\ /o| 4— Evaporator Section
225 ¢—
[+3+-11]

Figure 1.1 The thermosyphon heat pipe.

1.2 Research Objectives

L

1.2.1 Constructing expressions to evaluate the heat transfer coefficient of the
thermosyphon heat pipe using binary working fluids.
1.2.2 Developing a method to calculate the thermal performance of the

thermosyphon heat exchanger using binary working fluids.



1.3 Scope of Work

This research can be divided into two parts. The first part is the study of the
heat transfer characteristic of the thermosyphon using ethanol-water and TEG-water as
working fluids. In this part, the effect of the mixtures content, the pipe size and the
working temperature will be considered. The model used to calculate the heat transfer
coefficient is also medified for binary mixtures.

The second part of this research is the design of the heat pipe heat exchanger
for exchanging heat between hot and cold streams of air by using the information from
the first part. This part focuses on the effect of the mixture content, the heat pipe
arrangement, the flow direction and the temperatures of the hot and the cold streams to

the heat exchanger performance.

1.4 Methodology

1.4.1 Studying the thermal behavior of the thermosyphon heat pipe using
ethanol-water and TEG-water mixtures.

1.4.2 Constructing the mathematical models to predict the boiling and
condensation heat transfer coefficients of the thermosyphon using ethanol-water and
TEG-water mixtures.

1.4.3 Designing and constructing the thermosyphon heat exchanger,

1.4.4 Testing the performance of the thermosyphon heat exchanger by using
pure water, ethanol and ethanol-water mixtures.

1.4.5 Setting the simulation program for calculating the performance of the
thermosyphon heat exchanger and finding out the suitable working fluid in each row in

cases of low and high working temperatures.



1.5 Expected Benefits

The information data from this research can be used to design and develop
high performance thermosyphon heat exchangers by using binary working fluids at

various operating temperatures.



CHAPTER 2

PERFORMANCE ANALYSIS OF THERMOSYPHON HEAT PIPE
USING BINARY WORKING FLUIDS

2.1 Introduction

This chapter focuses on the of the thermosyphon heat pipe using ethanol-
water and TEG-water. The parameters affecting the performance such as the pipe size,
the working temperature and the mixture content have been investigated and the models
for predicting the boiling and condensation heat transfer coefficients of the

thermosyphon have also been carried out.
2.2 Literature Reviews

2.2.1 Boiling and Condensation of Binary Mixtures

Faghn {2] concluded the physical phenomenon of the gas-loaded heat
pipe as follows:

Gas-loaded heat pipe is the most commonly used as a variable
conductance heat pipe. This heat pipe used fixed amount of buffer gas to control its
operating temperature, as shown in Figure 2.1. During gas-loaded heat pipe operation,
the buffer gas is swept toward the condenser section by the vapor. Since the gas is non-
condensable, it remains in the condenser section, forming a barner to vapor flow and
condensation. This barrier effectively eliminates convective heat transfef in the inaction
portion of the condenser, thus providing a control mechanism for the heat sink
conditions.

With further increase of heat flux, an increase in the vapor temperature
and pressure in the thermosyphon appears. This increase in the vapor pressure

compresses the non-condensable gas plug, activating more of the condenser section.



Since more of the condenser section is available for convective heat transfer, the heat
transfer from the condenser increases and the condenser temperature remains constant.
This control allows a gas-loaded heat pipe to operate at nearly isothermal condenser
conditions with a varying evaporator input heat load. However, the amount of input heat
load variation for which an isothermal condenser is maintained depends on several
physical properties of the working fluid and the buffer gas, as well as the structure of the
heat pipe.

Wail
Wick
Heat Input Heat Ouiput Gas Reservoir

NN R I ARANEY

Vapor ————»

T ERRANRS

Evaporator | Adiabatic | Condenser (active) __|
- o
Condenser

A
i

Figure 2.1 Typical gas-loaded heat pipe.

Peterson, Hijikata and Tien [4] studied the variable conductance
behavior of the thermosyphon heat pipe using binary mixture as a working fluid. The
refrigerant mixture R113-R11 was used as a working medium of the thermosyphon with
no charge of non-condensable gas. It was found that when inputting heat to the
evaporator section, more volatile component, R113, vaporizes and acts as a buffer or a
non-condensable gas of the thermosyphon. Therefore, the phenomena look like a gas-
loaded heat pipe. It was also found that using binary mixture could provide equal or

superior variable conductance performance to gas-loaded heat pipe. The vapor



temperature and the pressure inside the thermosyphon change only slightly over wide
ranges of power input.

Wei and Yuan [5] studied the thermal characteristics of the
thermosyphon using methanol-water as a working fluid. With a heat input of 700-1500
W heating power to the evaporator section, it was found that the axial distributions of
wall temperatures in case of binary mixture working fluids are higher than that of pure
water. This result comes from the fact that the evaporation rate of methano] is higher
than that of water. Therefore the average concentration of methancl at each cross
sectional area increases from the evaporator end. So, the saturation temperature and the
thermal properties of the mixture change along the axis of the thermosyphon. This
causes the uneven distribution of wall temperature of tube. Moreover, it was found that
the heat transfer coefficient increases as the methanol fraction in the thermosyphon
increases, and the heat transfer coefficient reaches its maximum when the mole fraction
of methanol is 0.3. If the methanol concentration continue to increase, the heat transfer
coefficient declines. When the thermosyphon inclines, the heat transfer coefficient of
water is befter than that of binary mixture. However, there was no explanation about
these phenomena.

Fox, Nagasaki, Hijikata and Peterson [6] studied the reflux condensation
of binary mixtures in a two-phase thermosyphon. Hexane-pentane and hexane-R11
mixtures were used in this research work. The heat input to the evaporator section was
rised from 20 to 300 W and the gas-loaded phenomenon was investigated. From the
experiments, it was found that when the molecular weight of the volatile component was
lower than the condensable species (hexane-pentane) the flow patterns inside the
thermosyphon were generally stable and the buffer gas region can be observed.
However, when the molecular weight of the volatile component was l"ligher than the
condensable species (hexane-R11), the flow inside the thermosyphon was generally
unstable and no buffer gas region. However at high power input (higher than 100 W, in
this research), it was found that the non-;ondensablc gas region was compressed to zero.

Korner [7] proposed the boiling heat transfer correlation of binary

mixture as



A 1

b 1+ 408+0.12PYy, — x,) @1
B = Xy + (L= x)h,, (2.2)
where
h= boiling heat transfer coefficient of binary
mixtures (W/m?K)
hg = ideal boiling heat transfer coefficient of binary
mixtures (W/m*K)
x = mole fraction in liquid phase
y = mole fraction in vapor phase
F = pressure (Bar)
Ao = correlation constant.

Note that the correlation constant depends on the binary mixture and
normally less than unity such as in the case of acetone-ethanol, 4, equals to 0.75.

From the “bove research works, it can be concluded that the binary
working fluid inside the thermosyphon acts as a gas-loaded heat pipe. Since the more
volatile component behaves as a non-condensable gas in the thermosyphon. However,
this phenomenon depends on the molecular weight of the more volatile component. If it
is lower than that of condensable component, the gas-loaded heat pipe phenomenon will
occur. On the other hand, if it is higher than the molecular weight of condensable
component, the unstable condition of gas mixture will occur and no effect from buffer

gas. This means that both components can be boiled and condensed.

2.2.2 Boiling and Condensation Heat Transfer Coefficient of the
Thermosyphon ’

ESDU [8] collected many data and correlations of both boiling and
condensation inside the thermosyphon and proposed these new correlations in term of
the thermal resistance as follows: i
Boiling

Z,=2,F+Z,(1-F), (2.3)



where

0.235Q'* 7 - 1
H pood ]
D,"2g" 1,4}/ $,9"2Q"* (D)L, J**

9.25 065 1.0.3 ~0.7 0.23
4 =[—M"3 h ] 4, 0322 L1 o K" [ﬁ'—] .
P p;}.zs 204 #?.1 P

a

Zﬁﬂn =

Condensation

0.23501/3
c- 04/391/3% 14x3 >

(2.4)

where

= thermal resistance (K/W)

= filling ratio of working fluid in evaporator section (%)
= heat transfer rate (W)

inside diameter of tube (m)

= length (m)

= pressure (Pa)

OO N
I

= gravitational acceleration (9.81 m/s%)
= specific heat (J/kgK)

= thermal conductivity (W/mK)

latent heat of vaporization (J/kg)

= dynamic viscosity (Pa.s)

= density (kg/m>)

'b‘t:é-*?‘?‘_é")
I

subscripts
a = absolute
c = condenser section
e = evaporator section
film boiling
! = liquid phase

S~
Il

pool boiling
= vapor phase.

-
]
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Although the correlation of ESDU can be used with in high operating
range and in various type of working fluid, in some conditions, especially at low
operating temperature, the use of ESDU correlations may give some errors. Shiraishi,
Kikuchi and Yamanishi [9] found that at low operating temperature (32-60°C) equations
(2.3) and (2.4) could predict the heat transfer coefficient of the thermosyphon within 70-
150% of the experimental values. Hahne and Gross [10] found that at a working
temperature between 37-76°C, the correlations of ESDU give a lower prediction of the
heat transfer coefficient (31-76% for boiling and 46-86% for condensation).

Rohsenow [11] proposed the correlation for calculating the pool boiling

heat transfer coefficient as
h, = errcpf [ 1 gc9; J—r’ 2.5)
Co At Pr* | Ay N 9o - p,)
where
Cy = liquid-surface combination coefficient
A = heat transfer area
g& = conversion factor (in SI unit = 1 kgm/Ns?)
o = surface tension (N/m).

Nusselt [12] proposed the film theory for evaluating the condensation

heat transfer coefficient as

0.25
hc - 0'943[gpf (pf ~ By )lfkfa (2.6)
AT,
where
a7, = temperature difference between vapor and surface (°C).

Note that Nusselt equation could be used with the film evaporation
inside the thermosyphon [13].
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2.2.3 Suitable Filling Ratig of the Thermosyphon
Bezrodnyi and Alekseenko [14] advised the suitable liquid filled in the

thermosyphon and it could be calculated by

V, =0.001D0,{{, +4, +1.), 2.7
where
73 volume of liquid fill (m?)
L, = length of adiabatic section (m).

However, they noted that the proper filling ratio should be within 40-
60% of evaporator volume.

Shiraishi, Yoneya and Yabe [15] tried to find the relation between
critical heat flux and liquid fill of the thermosyphon and found that when the filling ratio
was more than 20%, there was no effect on the critical heat flux and the results were

shown in Figure 2.2.
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Figure 2.2 Effect of filling ratio oh critical heat flux of the thermosyphon. [15]
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From the above reviews, it is found that the suitable filling ratio should
be 40-60%. Therefore, in this research, 50% of filling ratio is selected as a volume of

liquid fill inside the thermosyphon.

2.3 Experimental Set-up

2.3.1 Working Fluid Selection

The concept of this research is to extend the limit of using water as
working fluid at a lower or a higher temperature application by adding some lower
boiling point component in case of lower temperature and higher boiling point
component in case of higher temperature. To relief the effect of buffer gas inside the
thermosyphon like a gas-loaded heat pipe because it will reduce the area of the
condenser section which results in low heat transfer, the suitable addition working fluid
should be selected.

In case of low operating temperature, normally water is selected as a
working fluid because of its high latent heat of vaporization. However, at lower
operating temperature, water is difficult to boil, therefore, lower boiling point working
fluids should be selected for mixing with water to improve the performance. Ethanol,
methanol and acetone are common working fluids, which have low boiling point.
However, for acetone, it is found that when mixing with water there is a chemical
reaction and some colloid occurs. In case of methanol-water mixture, it is found that the
effect of buffer gas will occur {5] and it is not good to use this kind of working fluid. In
case of ethanol, it can mix with water very well and the molecular weight is higher than
water and it has no buffer gas effect. Therefore, in this research, ethanol-water mixture
is chosen as the working fluid for low temperature applications. ’

In case of high operating temperature or high heat flux, the flooding
limit of the working fluid inside the thermosyphon always occurs. From the previous
work [16], it is found that using TEG-water mixture can extend this limit. However

there is no enough data about this phenomenon. So, TEG-water mixture is selected as a
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working fluid in this experiment for high heat flux or high operating temperature

application.

2.3.2 Experimental Apparatus and Test Procedure

Figure 2.3 shows the schematic diagram of the experimental apparatus,
It consists of a thermosyphon heat pipe, a heat source and a heat sink and a constant
head tank. In this experiment, 3 diameter sizes of the thermosyphon, 25.40,19.05 and
12.70 mm with 2 mm thickness have been tested. All of the pipes are made of stainless
steel 304. The total length is 100 cm, of which 40 cm is for the evaporator, 40 cm is for
the condenser and 20 cm. is for the adiabatic section.

The heat source is a hot oil bath and the temperature of the oil is
controlled by a temperature controller. The heat sink is a water jacket with water
flowing in and out of the jacket to absorb heat at the condenser section. The inlet
temperature of the cooling water is equal to the ambient temperature (around 27-30°C).
The flow rate of the cooling water is controlled by a constant head tank.

Seven points of K type thermocouples are attached to the outer surface
of the thermosyphon at 5, 20, 35, 50, 65, 80 and 95 cm from the evaporator end.
Moreover, for the biggest size of the tested thermosyphon, seven thermocouples are
inserted into the pipe to measure the inside temperature and they are located at the same
distance as the surface measurement. The temperatures of the hot oil, the inlet and the
outlet temperatures of the cooling water, the pressure inside the thermosyphon and the

flowrate of the cooling water are also recorded under steady-state conditions.
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Figure 2.3 The experimental apparatus.

Ethanol-water and TEG-water at 0, 25, 50, 75 and 100% by volume of
higher volatile component are used as working fluids. The filling ratio of all tests is 50%
of the evaporator section’s volume. The temperature of hot oil is controlled within a
range of 40 to 225°C and the flowrate of the cooling water is around 6-9 g/s. The

temperature and the pressure of each point are measured under steady state conditions.

2.4 Heat Transfer Analysis

In this research, the reiation of heat transfer rate, thermal resistance and

effectiveness at various hot oil temperatures are calculated as follows:
Q = mepw(Tm - TM) > (28)

where

H

Twi inlet temperature of cooling water (°C)
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Twe = outlet temperatures of the cooling water (°C).
The thermal resistance, Z, of the thermosyphon could be calculated from

7= Tseme Txae (2.9)
Q
where
Toe.ave = average surface temperature of evaporator section (°C)
Tsoave = average surface temperatures of condenser section (°C).

The effectiveness of the thermosyphon could also be estimated from

Effectiveness = Tao =T

. 2.10
TGH -‘TM ( )

The heat transfer model of heat transfer coefficient of pure working fluids has
been correlated. Pool boiling equation of Rohsenow [11] is modified to predict the
boiling heat transfer coefficient inside the heat pipe. The equation is

A
hoe— || 2le] | | 2.11
¢ AT&.A{[ B, } @11

A= 1 ' gca-.r'
ﬂ;‘z'! g(pf _JOV)

A
B = (adl ,
k;
where
a7, = the temperature difference between inside and surface at

the evaporator section (°C)

Cy, (= correlation constants.

Note that in case of water at low operating temperature, water is difficult to
boil and nucleate boiling does not occur, Normally it has only the evaporation of the
working fluid at the water surface. So in this case the other form of Rohsenow equation
[4] is modified to predict the boiling heat transfer coefficient of the thermosyphon as
follows:

Nu =Cy Re® prof | (2.12)
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where

1/2
q c Pi
Re = —,
210 |:9(Pf — Py ):l Hy

Pr=£.‘ﬁ
Kk

where
Nu = Nusselt number
Re = Reynolds number
Pr = Prandt] number
Gy, Cs= correlation constants.
At the condenser section, Nusselt’s equation of condensation [12] is used to

predict the heat transfer coefficient of the condenser section. Nusselt’s equation is

2 3\Ce
h, = | LLOMAL | 2.13)
Ly Lc 4 7::
where
Cs,Ce= correlation constants.

For binary mixture, a method to evaluate the mixture heat transfer coefficient
from each component [7] has been proposed as:
h, = X8+ (1-x)b,, (2.14)
where
Ay = heat transfer coefficient of the mixture (W/m’K)

L4

X = mole fraction of component 1.



2.5 Results and Discussion

2.5.1 Temperature Distributions Inside the Thermosyphon

The temperature distributions inside the thermosyphon are shown in
Figures 2.4-2.5 for ethanol-water and TEG-water respectively.

In Figure 2.4 it is found that the temperature difference of the
evaporator and the condenser sections at low temperature heat source (60°C) depend on
the amount of ethanol in water. At this heat source temperature, low amount of water
could be boiled, so heat transfer is deteriorated, which causes high temperature
difference between the evaporator and the condenser sections. At higher heat source
temperature (150°C) both components in the binary mixtures can be boiled and heat
transfer rates are high, so the temperature distributions of the fluids inside the

thermosyphon are nearly uniform.
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Figure 2.4 Temperature distributions of ethanol-water mixtures along the thermosyphon

at various conditions.
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The temperature distributions of TEG-water are shown in Figure 2.5,
Since TEG has a very high boiling point (278°C). So even the heat source temperature is
150 °C, pure TEG is difficult to be boiled. Thus the heat transfer rate of pure TEG is
very low and high temperature difference of the evaporator and the condenser sections is
obtained. But when water is mixed with the TEG, the portion of water could be boiled
and it brings about better heat transfer.
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Figure 2.5 Temperature distributions of TEG-water mixtures along the thermosyphon

at various conditions.

2.5.2 Heat Transfer Rate
The heat transfer rates at various hot oil temperatures are shown in

Figures 2.6 a-f. In case of ethanol-water mixtures (Figures 2.6 a-c), it i§ found that, at
low hot oil temperature, the heat transfer rates of ethanol-water mixtures are higher
than pure water and close to pure ethanol. But when the hot o0il temperature increases,
the heat transfer rate for pure water increases more rapidly than those of the mixtures
and it overcomes the mixtures at high temperature. This phenomenon occur because at a

low temperature, ethanol can be boiled more easily than water and more heat transfer
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rate is obtained. But at a higher temperature, both ethanol and water can be boiled and
the latent heat of vaporization of water is higher than that of ethanol. Therefore, at this
condition the thermosyphon with pure water can transfer more heat than that with
ethanol or mixtures of water and ethanol.

Flooding of working fluid in a small size of the thermosyphon (12.70
mm diameter) has been observed in the experiment. The heat transfer rate drops
drastically and the result is shown in Figure 2.6 a. This phenomenon always occurs
when using a small size of thermosyphon with high temperature [3]. The critical heat
flux due to the flooding limit varies with the content of water in the mixtures.

In case of TEG-water mixture (Figures 2.6 d-f), it is found that the heat
transfer rate of the thermosyphon varies according to the content of TEG which is more
volatile component in the mixture. Lower amount of TEG content results in higher heat
transfer rate. From Figure 2.6 d, it could be found that the fluid flooding does not occur
even the temperature is high. With a small amount of TEG (25%) mixed with water, the

heat transfer rate is nearly the same as that mixed with pure water.

2.5.3 Thermal Resistance

The relation between the thermal resistance calculated from equation
(2.15) and the hot o1l temperature is shown in Figures 2.7 a-f.

At low heat source temperature, the resistance is high since low amount
of vapor is generated. As the temperature is increased, more amount of vapor is obtained
and heat could be transferred easily. As a result, the resistance drops drastically.

Similar to Figure 2.6, lower resistance is obtained with high fraction of
more volatile component in the binary mixtures. In case of ethanol-water mixture, at

high temperature when flooding occurs, the resistance increases again. .
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binary mixtures and hot oil temperature at various conditions.
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2.5.4 Effectiveness

The effectivenesses of the thermosyphon are shown in Figure 2.8. In
case of ethanol-water mixture, at low temperature heat source, pure water has lower
effectiveness than ethanol. However, with further increase of temperature, the
effectiveness of pure water is better than those of mixture because of its high latent heat.
In case of TEG-water, lower fraction of TEG in the mixture gives higher effectiveness

of the thermosyphon.
Similar to Figures 2.6 and 2.7, when flooding occurs, the effectiveness

of the thermosyphon drops rapidly. From Figure 2.8 d, it is found that with small
fraction of TEG (25%) the critical limit could be extended.

2.5.5 Heat Transfer Model of Pure Working Fluid

Figures 2.9 a and b show the comparison of Nusselt number of boiling
of water and ethanol at various temperature of working fluid. For water having a
temperature of working fluid lower than 55°C, the Nusselt number drops drastically
with the reduction of working fluid temperature. However, when the temperature is over
55°C the Nusselt number is nearly constant since the nucleate boiling of water has
occurred. In case of ethanol, it is found that the Nusselt number is nearly constant for all
temperatures in the range of 30-120°C since ethanol can be boiled easily. As a result, in
case of water, it is good to separate the model into two parts; namely the inside
temperature lower than 55°C and the temperature above 55°C.

For the temperature over 55°C, Rohsenow’s equation for boiling from
equation (2.11) is used to calculate the boiling heat transfer coefficient of the pure
working fluid inside the pipe. The factors C, and C; in equation (2.11)'ca.n be found
based on expenimental data which are tabulated in Table 2.1.
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Figure 2.9 A comparison of boiling heat transfer coefficients inside the thermosyphon
between the experimental and calculation data.

Table 2.1 Factors C; and C; from the experiments.

working fluid Ci C>
Water 18.688 0.3572
Ethanol 17.625 0.3300
TEG 20.565 0.3662

Figure 2.10 shows the results of the heat transfer coefficients of the pure
working fluids; water, TEG and ethanol calculated from Rohsenow’s equation compared
with those of the experimental data.

For the temperature lower than 55°C, Rohsenow’s equation of boiling
from equation (2.12) is used to calculate the boiling heat transfer coefficient of the pure
working fluid inside the pipe. Figure 2.11 shows the comparisons between boiling heat
transfer coefficient of water from the experiments and equation (2.12). The factors Cs
and C4 of water in equation (2.12) can be found from the experimental data which are

shown in Table 2.2.
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Table 2.2 The correlation coefficient Cy and Cy

Working Fluid

C;

Csy

Water

41.27

0.37

At the condenser section, Nusselt’s equation is used to correlate the
condensation heat transfer coefficient inside the thermosyphon. The factors Cs and Cg in
equation (2.13) can be found from our experiments and are shown in Table 2.3. The

comparison of the calculated condensation heat transfer coefficients from equation

(2.13) with those of the experiments are shown in Figure 2.12.

Table 2.3 Factors Cs and Cg from the experiments.

workjng fluid C5 C(,
Water 0.943 0.233
Ethanol 0.930 0.260
TEG 0.943 0.180
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Figure 2.12 Comparisons of condensation heat transfer coefficients

from the experiments and equation (2.13).
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2.5.6 Heat Transfer M in ing Fluid

In this research, the weighted average of heat transfer coefficient of
each component from equation (2.14) is used to predict the heat transfer coefficients
from the experiments. The results are compared with those obtained from the
experiments and are shown in Figures 2.13-2.16 for boiling and condensation at the
evaporator and the condenser, respectively.

From the experiment, it is found that, the heat transfer coefficient of the
binary mixture calculated from equation (2.14) could predict the experimental results
precisely. Even through this equation is in the form of ideal heat transfer coefficient of
binary mixture explained by Korner equation [7] (equation (2.1)), the normally factor 4y
and (y,-x;) are less than unity and in case of thermosyphon, the pressure inside the tube
is very low (lower than ambient pressure). Therefore, the term A¢(0.8+0.12P)(y-xy) is
very low. Consequently, it can be estimated that the heat transfer coefficient of binary
mixture is approximately equal to that of the ideal case. Thus equation (2.14) can be
used to predict the heat transfer coefficient very well.
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Figure 2.13 Comparisons of boiling heat transfer coefficients of ethanol-

water mixtures from the experiments and equation (2.14).
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Figure 2.14 Comparisons of boiling heat transfer coefficients of TEG-
water mixtures from the experiments and equation (2.14).

8000
| ¢ pure water +15%
7000 O  pure ethanol o
4  ethanol-water = 25/75 o
& 6000 | ©  cthanolwater=350/50 ° %
~ X ethanol:water = 75/25 v
& 68,8 °
E 5000 - L0
= 8.’ -15%
S 4000 | L
% o & o b8 4
g 3000 | = °
§
& 2000 F L oego
000 P A

0 L 2 Il L e [

0 1000 2000 3000 4000 5000 6000 7000 8000
h.,experiment (WlmzK)

Figure 2.15 Comparisons of condensation heat transfer coefficients of ethanol-

water mixtures from the experiments and equation (2.14).
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Figure 2.16 Comparisons of condensation heat transfer coefficients of TEG-

water mixtures from the experiments and equation (2.14).

2.6 Conclusion

There is a high potential to improve performance of a thermosyphon heat pipe
by using binary mixtures. Ethanol-water mixture gives higher heat transfer rate than
water at a low temperature heat source, however lower than that of pure ethanol. In case
of TEG-water mixture, the heat transfer rate of the thermosyphon decreases depending
on the content of TEG in the mixture. It is found that a small amount of TEG in the
mixture (25%) can increase the critical heat flux due to the flooding limit of the small
size of the thermosyphon while the heat transfer rate is reduced slightly. .

The boiling equation of Rohsenow and the condensation equation of Nusselt
could be used to predict the heat transfer coefficients of the boiling and the condensation
inside the thermosyphon. In case of the-binary mixtures, the weighted average of the
heat transfer coefficient of each component can be used to predict the total heat transfer

coeffictent.



CHAPTER 3

FLOODING LIMIT EXTENSION OF THERMOSYPHON HEAT PIPE

3.1 Introduction

From the previous chapter, it is found that adding a small amount of TEG can
extend the flooding limit of the small size thermosyphon. This chapter reports in details
about this phenomenon in order to find out the effect of mixture content of TEG and the
working temperature on the critical heat flux (CHF) due to the flooding limit and also
develop the correlation to predict this effect.

3.2 The Experimental Set-up

The CHF due to flooding limit of a TEG-water thermosyphon has been
investigated and Figure 3.1 shows a schematic diagram of the experimental apparatus. A
9.5 mm diameter copper tube with 1 mm thickness has been used as a thermosyphon.
The length of evaporator, adiabatic and condenser sections are 40, 20 and 40 c¢m
respectively. Four K-type thermocouples are attached at the outer surface of the tube
along the length of the evaporator section and the other four are also attached at the
condenser section for measuring the surface temperature. The pressure gage is mounted
on the top part of the tube for measuring inside pressure. A hot paraffin oil bath with an
electric heater and a temperature control box is used as the heat source of the evaporator
section. Air bubbles are also injected to paraffin oil to make a uniform tcm'perature. The
condenser section is inserted into the cooling jacket. The mass flowrate of cooling water
is controlled by a constant head tank and_ the water flows through the jacket to absorb

heat from the condenser section. The inlet and the outlet temperatures of cooling water
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are measured by a set of thermocouples and a flow meter is used to measure the mass
flow rate. These values are used to calculate the heat transfer rate of the thermosyphon.
In this study, the temperature of hot paraffin oil is controlled between 90 -
200°C and the temperature of the cooling water is kept constant at 30°C and the mass
flow rate is 0.0054 kg/s. The working fluid inside the thermosyphon is TEG-water
mixture at 0, 25, 50, 75 and 100% by volume of TEG. The filling ratio is 50% of the
gvaporator volume. The experiments have been carried out under steady-state

conditions.
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Figure 3.1 The experimental apparatus.
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3.3 Theoretical Background

ESDU [8] proposed a correlation to calculate the critical heat flux due to

flooding limit and is in the form of

Qmax = hsfs2iAs (g0, (0, - p, ) 007, 3.1
where
A = cross-sectional area of the thermosyphon (mz).
The factor f; is the function of Bond number (Bo) and it can be evaluated from
f, =-0.033180% +0.816180 + 3.2134, (3.2)
where

0.5
Bo = D{M] . (3.3)

gy
The factor £; is a function of the dimensionless pressure parameter (K,) which
is defined as
P

> -

K (3.4)

and
£ = K37 if K, <40000
f, =0.165 if K,>40000.

The function £ is unity if the pipe is in vertical direction.
3.4 Results and Discussion

Figure 3.2 shows the critical heat flux of the thermosyphon hn:,at pipe having
various contents of TEG-water mixture. It is found that using TEG-water can extend
CHF due to flooding limit and this limit is proportional to the content of TEG in the
mixture. The heat transfer rate of the thermosyphon using pure TEG is the lowest
compared to those of pure water and the binary mixture because of a very low latent

heat of pure TEG and its high normal boiling point (278°C at normal pressure for TEG).
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Figure 3.3 shows the comparison of the experimental results CHF with those
catculated from the ESDU correlation. Both results agree quite well. Note that the
properties of the binary mixture can be evaluated from the methods in references [17-
22].

Figure 3.4 also shows the comparison of the experimental CHF from the
previous chapter with that calculated from ESDU correlation in the case of ethanol-
water mixture. It is found that ESDU correlation also agrees well with the experiments
both pure fluid and binary mixtures.

—Q0— pure water

—0— TEG/water = 25/75
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Figure 3.2 CHF of thermosyphon heat pipe using TEG-water mixtures.
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Figure 3.3 A comparison of critical heat flux from the experiment and the ESDU model
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3.5 Conciusjon

A small portion of TEG in water can extend flooding limit of the
thermosyphon. The CHF varies depending on the amount of TEG in the mixture. As the
amount of TEG increases, the CHF increases, but, the performance of the thermosyphon
decreases. ESDU correlation could be used to calculate CHF due to flooding limit. The
results agree well with the experiment data not only for TEG-water mixture but also for
ethanol-water mixture.



CHAPTER 4

DESIGN AND CONSTRUCTION OF THERMOSYPHON HEAT EXCHANGER

4.1 Introduction

In this chapter, the design and construction of thermosyphon heat exchanger
exchanging heat between the hot and the cold streams of air have been carried out. The
conditions of waste heat from the 1 ton package boiler have been considered as the case

study for design.
4.2 Literature Reviews

Wadowski, Akbazadeh and Johnson [23] studied the performance of an air-to-
air thermosyphon heat exchanger using R22 as the working fluid. Three, six, nine and
twelve rows of the thermosyphon were tested under equal evaporator and condenser
sections face velocities ranging from 0.5-2.5 m/s. The inlet temperature difference
between the hot and the cold streams was increased from 5 to 60 °C where the inlet
temperature of hot air did not exceed 70°C. It was found that the effectiveness of the
thermosyphon heat exchanger ranging from 30-70% depends on the number of tube
rows and the face air velocity. The effectiveness increases with the number of the tube
rows, however its decreases with the increases of face air velocity.

Terdtoon, Chaitep, Soponpis and Groll [24] designed and constructed a
thermosyphon economizer for a local package boiler in northern Thailand. The
economizer recovers the waste heat from a 1 ton/hr package boiler in a local factory.
The economizer itself dimensioned 1.2 m x 1.5 m x 1.5 m, with 78 stainless steel-water
thermosyphons in a 7 row x [2 column arrangement. The diameter of each
thermosyphon was 25.7 mm with evaporator, adiabatic and condenser sections of 0.7,

0.05 and 0.25 m respectively. Flue gas at a high temperature of 280°C and a velocity of
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4.5 m/s passed through the evaporator section with a face area of 0.7 x 1.2 m. The
economizer was installed at the chimney of the package boiler. A test run was conducted
to determine the thermal characteristics, e.g. the heat transfer rate, the thermal
resistance, the effectiveness, and the rate of energy saving. It was found that the thermal
effectiveness of the economizer is 0.58 and the energy saving was acceptable.

Dube, Saucius, Akbazadeh and Devis [25] compared the performance of a
thermosyphon heat exchanger using copper finned tube and steel finned tube. The tube
diameter was 15.88 mm with 2 mm thickness. There were 6 rows and 4 column in a
staggered array. The evaporator, adiabatic and condenser sections length were 304.8,
150 and 304.8 mm respectively with 328 fin/inch of aluminum circular fin. Water was
chosen as a working fluid with 60% filling ratio of the evaporator section. From the
experiment, it was found that the effectiveness of the copper tube was approximately
10% higher than that of steel tube, The effectiveness was around 55.5% for copper tube
and 45% for steel tube. It was also found that increase of the face velocity decreased the
effectiveness of the heat exchanger.

Hsieh and Huang [26] studied the effect of tube arrangement and flow pattern
of a thermosyphon heat exchanger. It was found that staggered arrangement gave higher
heat transfer rate than that of in-line arrangement, however, this process caused higher
pressure drops. Counter flow direction also gave higher performance than that of parallel

flow. The flow pattern gave more effect than the tube arrangement.

4.3 Design of Thenmosyphon Heat Exchanger

4.3.1 Suitable Size of Thermosyphon Heat Exchanger
In this research, the thermosyphon heat exchanger i designed for

recovering waste heat from exhaust gas of package steam boiler capacity of 1 ton/hr,
which is normally used in hotel or hospital.

Wauttijumnong [27] made energy audit of a package steam boiler with |
ton/hr capacity and the information data were as follows:

Type of boiler Package boiler, 3 fire paths
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Capacity (measured) 0.166 ton/hr (steam)
Dimensions 1.25 m in diameter and 2.25 m length
Company York Shipley

Exhaust gas temp. (average) 231.31 °C

Air inlet temp. (average) 30 °C

Air flow rate 700 m*/hr

The above data is used for design the suitable size of thermosyphon air
preheater based on the energy recovery and economic analysis. The cost saving when

using the thermosyphon air preheater with the package steam boiler can be calculated

from
Cr=tyxCoxE~afxc, -Cop, 4.1)

where

c, = cost saving in one year (Baht/yr)

Ce = energy cost (Baht/J)

Com = operating and maintenace cost (Baht/yr)

Ce = capital cost (Baht)

Lop = operating time (s)

erf = capital recovery factor

E = energy saving (J).

The operating time in one year is equal to 6,912,000 s (8 hr/day and 240
day/yr). The operating and maintenance cost is assumed to be 10% of capital cost in 1
Yr. Energy cost is equal to 2.49x107 Baht/J (based on diesel oil price and heating
value). Capital recovery factor can be calculated from
of = M , . (4.2)
(l + i)" -1

where

—

interest rate

=
I

life time (yr).
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If assuming ¢ equals 10% and 10 year life time, crf value is equal to

0.1627, C. is the function of area of heat exchanger and from the materials price and
labor cost (30% of material cost), the capital investment can be calculated from
¢. =2096.77 A + 30000, (4.3)

where
A = Area of air preheater (m?).
Consequently equation 1 can be written as
C, =1.723F -375.26A- 6979.83. (4.4)

From equation 4.4, the computer programming was written to solve the
suitable area of the thermosyphon air preheater. The energy recovery in this equation is
also the function of the area. Figure 4.1 shows the relation between area of the air
preheater and cost saving in one year, it is found that the suitable size of the

thermosyphon air preheater is approximately 30 m® (when using the condition of

package steam boiler)
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Figure 4.1 Cost saving at various area of air preheater.
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Therefore, in this research, 30 m? area of the thermosyphon air preheater
is used for constructing the test model. This size also covers the test conditions of the

experiments.

4.3.2 Details of the Thermosyphon Heat Exchanger

From the previous section, 30 m?* area of thermosyphon air preheater
had been constructed as the experimental apparatus and the details are as follows:
4.3.2.1 Thermosyphon heat pipe

Material Stainless steel 304
Outside diameter 0.027 m
Wall thickness 0.002 m
Evaporator length 0.4m
Condenser length 0.4 m
Adiabatic length 0.13m

4.3.2.2 Fin
Type Spiral finned
Material Stainless Steel 304
Fin height 0.0l m
Fin thickness 0.0004 m

Number of fin in 1 inch (25.4 mm) 10

4.3.2.3 Pipes arrangement

Number of rows 7

Number of pipes in each row 7

Arrangement Staggered array

Transverse pitch 0053m -

Diagonal pitch 0.053 m
4.3.2.4 Hot air system

Radial tube gas burner 100 kW

Air blower 2hp

Length of hot gas duct 4m
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4.3.2.5 Cold air system
Air blower 2 hp
Length of cold gas duct 3m
Figures 4.2-4.6 show the details of the apparatus. Figure 4.2 shows the
counter flow arrangement, however, this unit can be changed to the parallel flow

arrangement.
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Figure 4.2 Details of the experimental apparatus.
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Figure 4.3 Top view of the apparatus.

Figure 4.4 Side view of the apparatus.
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b NG - - .

Figure 4.5 Thermosyphon heat pipes.

Figure 4.6 Radial tube gas burner.



Figure 4.7 Position of the pipes inside the heat exchanger.

4.3.3 Nozzle Box
The 12.7 cm (5 inch) standard nozzle has been used for measuring the
mass flow rate of the hot and the cold air streams. This method follows the standard of
ANSI/ASHRAE 41.2-1987 [28]. The shape of the nozzle box is shown in Figure 4.8.

The nozzle boxes are connected to the inlet port of the hot and the cold air blowers.

FLOW STRAIGHTENER  pe SHAPE

i \—

AIR OUT

CONNECT TO INLET i3 i
PORT OF AIR BLOWER ﬁ

MANOMETER

Figure 4.8 Standard nozzle for measuring the air flow rate.
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The air flow rate could be controlled by adjusting the blower speed by a
frequency inverter. The mass flow rate could be calculated from a measured pressure

drop across the nozzie as

m =0.01576p, 4P (4.5)
where
m = mass flow rate of air (kg/s)
ViV pressure drop across nozzle (Pa)

Note that Equation (4.5) is not a general form for calculating the mass

flow rate. It agrees well with the nozzle in this experiment.

4.4 Testing Procedure

4.4.1 The Thermosyphon Heat Pipe
The procedures for filling the working fluid in the thermosyphon heat

pipe shown in Figure 4.8 are as follow:

THERMOSYPHON

L

Figure 4.9 An apparatus for filling in the working fluid.



46

4.4.1.1 Clean the thermosyphon tube with acetone and water and then
dry it.

4.4.1.2 Fit the charging valve 1 at the top of the thermosyphon tube and
make sure that there is no leakage.

4.4.1.3 Counect the thermosyphon heat pipe to a glass tube filled with
working fluid and a vacuum pump by using valves 2 and 3.

4.4.1.4 Close valve 2 and open valves 1 and 3, then tum on the vacuum
pump to evacuate the tube until the pressure is zero (absolute pressure).

4.4.1.5 Close valve 3 and open valve 2, then release the working fluid
from the glass tube to the thermosyphon and measure the volume of the working fluid
by using the scale on the glass tube until it reaches a set value.

4.4.1.6 Close valve 1 and disconnect the glass tube and the vacuum
pump.

4.4.1.7 Repeat step 1-6 for the new tubes.

4.4.2 Test of Thermosyphon Heat Exchanger

The assembled thermosyphons are allocated in the test section and the
following steps are the testing procedures of the thermosyphon heat exchanger.

4.4.2.1 Set the temperature of the hot air on the control panel of the gas
burner.

4,422 Tum on the hot and the cold air blowers and adjust the mass
flow rate of air by using the inverters.

4.42.3 Turn on the gas burner and the temperature of hot air will be
increased to the set point.

4.4.2.4 Wait until the system reaches the steady state condition and then
measure the inlet and the outlet temperatures of the hot and the cold air streams at the
test section. The positions of the temperatures at the inlet and the outlet ports are shown
in Figure 4.9.

4.4 2.5 Use the mass flow rate and the temperature of the hot and the

cold streams to calculate the heat transfer rate of the heat exchanger.
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4.4.2.6 When finishing the experiment, turn off the gas burner and wait
until the temperature of the hot gas decreases to the ambient and then tum off the hot

and the cold air blowers,
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Figure 4.10 Positions for measuring temperatures of the fluid at the inlet and the outlet

ports of the test section { 9 points per one section).



CHAPTER 5

SIMULATION PROGRAM OF THE THERMOSYPHON HEAT EXCHANGER

5.1 Introduction

In this chapter, a simulation program for calculating the performance of gas-
to-gas thermosyphon heat exchanger has been developed. The dimensions of the
thermosyphon heat exchanger, the conditions of the hot and the cold streams are the
input parameters of the program.

5.2 Theoretical Background

Figure 5.1 shows the thermal resistance circuit of the thermosyphon. In this
research, the pressure drop inside the thermosyphon and the axial conduction along the
pipe wall are assumed negligible. Evaluation of individual thermal resistance is

described as follows:

5.2.1 Air-side Thermal Resistances
The external air-side thermal resistances of the evaporator (Z,,) and the

condenser (Z,,) section can be caiculated from

Zo = E—IAZ : (5.1)
2. = ! 5.2)
h,A,
where
heo = external air-side heat transfer coefficient of

evaporator section (W/m’K)

heo = external air-side heat transfer coefficient of
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condenser section (W/m’K).

oWl

o LR

Figure 5.1 Thermal resistance circuit of the thermosyphon.

The external air-side heat transfer coefficient depends on the
arrangement of the thermosyphon and also on the shape of finned tube. The correlations

for calculating this values are as follows:

5.2.1.1 Bare Tube
For the flow across a bank of bare tubes shown in Figure 5.2,
Zhukauskas [29] has proposed a correlation for calculating the air-side heat transfer

Lg

coefficient as

Nu=CRe] Pro®, (5.3)
where
Nu = Nusselt number
Rep = maximum Reynolds number

Pr = Prandtl number
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Cm = correlation constants.

;IQ%‘P@"@}
2000 o Zod
OO0 QO

Aligned Staggered

Figure 5.2 Tube arrangements in a tube bank.

Note that, Rep in this case can be calculated from

_pymaxD

Re, = (5.4)

For aligned arrangement, the maximum velocity can be

calculated from
V.o Sy .
=5 Y (5.5)
where
S, = transverse pith of tube bank (m)
= face velocity of air (m/s).

For staggered arrangement, the maximum velocity'is the highest
value of maximum velocity calculated from Equations (5.5) and (5.6) as

v St

max = 2_(5::5)'/ , (5.6)

where

Sa = diagonal pith of tube bank (m).
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various ranges of Reynolds number are shown in Table 5.1.

Table 5.1 Zhukauskas constants for tube bank in cross flow [29].

Correlation constants, C and m for tube bank in cross flow at

Configulation Rep C m
Aligned 10-10° 0.80 0.40
Staggered 10-10% 0.90 0.40
Aligned 10%-10° Approximate as a single (isolated) cylinder
Staggered 10%-10° Approximate as a single (isolated) cylinder
Aligned
& 10°-2x10° 0.27 0.63
S#S; < 0.7
Staggered
88 103-2x10° 0.35(S/S)"" 0.60
S/Sr <2
'S ered
a8e 10°-2x10° 0.40 0.60
S/S;> 2
Aligned 2x10%-2x10° 0.021 0.84
Staggered 2x10°-2x10° 0.022 0.84

(5.3) should be multiplied by a correction factor given in Table 5.2.

Note that, at the low number of tube row, the value in Equation
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Table 5.2 Correction factor of Equation (5.3) at low number of tube rows [29].

Number of rows i 2 3 4 5 7 10 13 16

Aligned 0.70 |0.80 1 0.86 (050 (092 | 095 097 |0.98 | 0.99
Staggered 064 | 076 | 0.84 | 0.89 | 092 | 0.95 | 0.97 | 0.98 | 0.99

5.2.1.2 Circular Finned
The shape of circular finned tube is shown in Figure 5.3. For

circular finned tube having staggered array, Hewitt, Shires and Bott [30] proposed the

following correlations as:

—i-;ft-i—-

y H H : y
f
¥ -

Figure 5.3 Geometrical characteristic of circular fin.

F 0.297 S -0.051
Nu:0.242Re°'653[iJ [—*‘] P38 0 (57)

£ 5;
where ’
Sy = longitudinal pith of the staggered array (m)
fioo0= fin gap (m)
fo = fin height (m).

For aligned arrangement Hewitt et al. [29] also proposed the

following equation:
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A -0.375
Nu =0.30Re °525[—] Pro3n, (5.8)
A
where
A = total surface area of finned tube (m?)
A = total tube surface area (without fin) (m?).

The Reynolds number in these cases can be calculated from the

maximum velocity based on the minimum flow area as follows:

m
Ramax = 5. (5.9)

aligned S = /.{Sr -D, —?f%%:}, (5.10)
staggered S = ZM'.[Sd - f2f+f; } (5.11)
where

m = mass flow rate of air (kg/s)

Swin = minimum flow area (mz)

N = number of tube in row

L = length of tube (m)

D, = diameter of bare tube (m)

fr = fin thickness (m)

Related information for calculating the total fin surface area 4;
the total bare tube surface A, in each row of tube bank and the fin efficiency 7 of tube

bank are given as:
4, =M% (0502 - p2)+ 0,1, +D,f.), (5.12)
Fo+1,
Nir
A, = Y == _(D,f,), (5.13)

. tanhl\2h, ] F K, % ¢) 5.1
N YT T '
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approximation [31].
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3 }[ 5
p=—-L|=L-11+0.35/m—L|, (5.15)
2 [D, D,

diameter of fin (m)
thermal conductivity of fin (W/mK).
Note that the fin efficiency 7 is computed from Schmidt’s

5.2.1.3 Plain Plate Finned

For plain plate finned tube having staggered array, Webb [32]

proposed a following correlation as

where

~0.502

8031
j =0.14 Re™%3% [%] [5—3] , (5.16)
! [
j= e prass , (5.17)
pvmaxcp{

Colbum factor

Related information for calculating the total fin surface area 4;

the total bare tube surface 4,, in each row of tube bank and the fin efficiency 7y are

given as:

A, =2n,(W+0.5)5,S, -0.25zV D2), (5.18)
alNL
- 3 1
Ab [fs + fr ]‘DO 5 (5 9)

.t J2h, / Fik, %) 1520
T b, Rk e

p=(¢-101+035mg) (5.21)

X

X 1/2
127541 2L _ 522
¢ . (x 3] , (5.22)

M



55

2
X, = o.sl’[s% ) +S?, (5.23)

Xy =0.55,, (5.24)

where
ng = number of fins.
The fin efficiency 7 is computed from Schmidt’s approximation
[31]. The total heat transfer surface area for all cases of finned tube (circular and plate

fin) can be calculated from

A=n,4, + Ay. (5.25)
5.2.2 Wall Resistances
The wall resistances in the evaporator and the condenser sections can be
calculated from
inlr, /r,)
Do = —2 2t 5.26
T 2k A, (5:26)
7 !n(ra /r) (5.27)
T 2k, '

5.2.3 Tube-side Th | Resi

The boiling and condensation resistances in the evaporator (Z,;) and

condenser section (Z,;) can be calculated from

1
Lo = oAy (5.28)
Z, = (5.29)
b Ay .
where

hey = boiling heat transfer coefficient inside thermosyphon
(W/m?K)

hy = condensation heat transfer coefficient inside

thermosyphon (W/m?K).
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The boiling and the condensation heat transfer coefficients can be
evaluated from the correlations in Chapter 2.
5.2.4 Overall Thermal Resistances
The overall thermal resistance of the thermosyphon air preheater can be
calculated from

1

m:szrZﬁ +Ze,+Zd+Za+Za,, (530)

where (UA) o 18 the overall thermal resistance of the thermosyphon air preheater.
The overall heat transfer rate of the thermosyphon air preheater from

Figure 5.4 for parallel flow and counter flow arrangements can be evaluated as
Quotat = (UA)romf ATt »

=1 Cop (T = Tho)» (5.31)

= me CpTeo - Ty)-

The Temperature difference, AT ,could be calculated from;

for paralle] flow
AT oty N To) 7 - Te) , (5.32)
fn TL___
Tio 7o
for counter flow
A?}mm (Tﬁf )"(Tho _Td) . (533)

Ty -T.
)(n A CD:‘
‘:Tbo _Td

E> Tm mCTd |:>

<:' T M, My, Thi

mC TCI 'jl>
Tho<:l

a. Counter flow heat exchanger. b. Parallel flow heat exchanger.

Figure 5.4 Flow arrangement of the thermosyphon heat exchanger.
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5.3 Simulation Program for Siggle Working Fluid

In this research, the new method for simulating the heat transfer rate of the
thermosyphon heat exchanger has been carried out. The conventional method is that
proposed by ESDU [8] by assuming the same overall heat transfer coefficient of each
thermosyphon heat pipe in the heat exchanger then the heat transfer in each row has the
same value. In practice, this value varies along the path of fluid flow in the heat
exchanger. In this work, the heat exchange varies row by row depending on the
conditions of the hot and the cold streams at the local tube row. Figure 5.5 shows the
flow chart for calculating the heat transfer rate of the thermosyphon heat exchanger
based on the method of ESDU and hereafter, it is called a uniform heat transfer method.

>

inpart
mh,me,Thi, Td, pipe
size &

b

calulate (UA)

arrangement,

calculate Y, Tho', Teo' from
number of pl

Q' = (UAMMTD yes

Q = mhCph(Thi o)
—EE é

assume Tho
calculate Q and Teo from error = abs{(Q-Q’)
Q = mhCph{Thi-Tho) +abs{Tho-Tho")
Q = mcCpc(Teo-Tii) +abs{Tco-Teo")

Figure 5.5 Flow chart for calculating the heat transfer rate by using the uniform heat

transfer method.
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a. Flow direction and temperature profile in each part of counter flow heat exchanger.

aiulate
01,Q2.,Q3',Q+,Q5.Q6'.Q7
from

Q = {UALMTD
ingput L
rnh,qutg,Tcs
ploe size cakulate e | emor<0.01
aTangement Tel', Te2", e, Ted', TeS, Tes, Te T
number of gipe ThZ Tha', Thd' Ths', Thé', Th7', The’
in each row from
1 Q = mCp(gelM) yes
asame imtial value of “
Tct,Te2,Tc3,Ted, Te5, Y6, Te7
Th2,Th3, Tha, Th5, Thé, Th7, Thg error = sum(a N
Q1,Q2,3,04,Q5,Q6,7 i rors R
L sumabs(Tc-T¢Y)
aiculate J
UAL,UA2 A3, UAS, LIAS, BAG, UAT

b. Flow chart for calculating the heat transfer rate.

Figure 5.6 Flow chart for calculating the heat transfer rate of the counter flow heat

exchanger in case of using the non-uniform heat transfer method.
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caiculate QL' from
Q = (UALMTD
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calaate Tc2', Th2' from
mh,me, Thi, Tcl ]7 _ ’ Touiat
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F
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Q = mCp{deiT)
calculate (UA)

b. Flow chart for calculating the heat transfer rate.

Figure 5.7 Flow chart for calculating the heat transfer rate of the parallel flow heat

exchanger in case of using the non-uniform heat transfer method.
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In this flow chart, the heat exchanger size, the flow arrangement, the number
of pipe and also the inlet temperature and the mass flow rate of the hot and the cold
streams are input parameters. The next stage is assuming the value of the temperature
Tho and calculating the values of heat transfer rate, O, and T¢,. Then, calculating the heat
transfer coefficient-area, U4, by iteration. Re-calculating all values again and comparing
them with the previous results until the error is in the limit are conducted. So, the
required values of the heat transfer rate (O, the temperatures 7, and 7, is finally
obtained.

For the new method developed in this research, namely, non-uniform heat
transfer rate method, the heat transfer rate in each row is not constant. Figures 5.6 and
5.7 show the flow charts for presenting the calculation of the heat transfer rates by using
the non-uniform heat transfer rate method in case of counter and parallel flows,
respectively.

Note that, the thermosyphon heat exchanger has seven rows and the unit has
the same size as the constructed testing apparatus in Chapter 4. For counter flow in
Figure 5.6, firstly input all of working conditions and also dimensions of the heat
exchanger then assume values of the inlet and the outlet temperatures of the hot and the
cold streams and also the heat transfer rate in each row. By using trial and error
technique, the real value of the temperatures and the heat transfer rate of each row
should be obtained. For the parallel flow in Figure 5.7, starting with row 1 by assuming
the value of @ and with the trial and error technique, the real value of the outlet
temperature of the hot and the cold air streams is known, and eventually the heat transfer
rate are obtained. Next starting with row 2 by using the same method until the last row is
finished.

Performance analyses of a thermosyphon heat exchanger calgulated by the
non-uniform and uniform transfer methods have been carried out. The conditions of the
heat exchanger are shown in Table 5.3. All dimensions and the relevant arrangements of

the thermosyphon heat exchanger are the same as those cited in Chapter 4.
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Table 5.3 Testing conditions of the simulation programs for calculate the performance

of thermosyphon heat exchanger.

[tem Value
Inlet temperature of hot air 200°C
Inlet temperature of cold air 30°C
Mass flow rate of hot and cold air 0.1-0.6 kg/s
Working fluid water
Flow pattern counter and parallel flow

Figures 5.8-5.11 show the temperature profiles of the hot and the cold streams
calculated by the uniform and the non-uniform heat transfer methods at various
conditions. In Figure 5.8 the hot and the cold air have the same mass flow rates with a
counter flow arrangement (balanced counter flow). In this case it is found that both
calculation methods give the same result. In Figures 5.9-5.11, it is found that the
uniform heat transfer method gives more error especially for parallel flow. It could be
concluded that the uniform heat transfer method may be more appropriate for
calculating the performance in case of balanced counter flow. In this case the
temperature difference between the hot and the cold streams is nearly constant along the
heat exchanger and the heat transfer coefficient is also nearly constant, consequently the
heat transfer rate of the thermosyphon in each row is equal and the result agrees well
with the conventional method. For the other cases, the temperature difference between
the hot and the cold streams are not constant, therefore, the heat transfer rate of each row
is not uniform and using the uniform heat transfer method will give an error especially

in case of parallel flow where big temperature difference is achieved.
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Figure 5.8 Temperature profiles of balanced counter flow heat exchanger.
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Figure 5.9 Temperature profiles of unbalanced counter flow heat exchanger.
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Figure 5.10 Temperature profiles of balanced parallel flow heat exchanger.
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Figure 5.11 Temperature profiles of unbalanced parallel flow heat exchanger.
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Figure 5.12 shows the heat transfer rate in each row of the thermosyphon heat
exchanger calculated by the non-uniform heat transfer method. It is found that in case of
balanced counter flow the heat transfer rate is nearly constant and the unbalanced
parallel flow gives the highest change of heat transfer rate along the heat exchanger.
Figure 5.13 shows the heat transfer areas calculated from both methods. It is found that
using the uniform heat transfer method requires more area for exchanging heat except in
case of balanced counter flow which means that the conventional one gives an over-

estimated result, this may bring about unnecessary investment cost.



CHAPTER 6

SELECTION OF WORKING FLUIDS FOR AIR-TO-AIR
THEMOSYPHON HEAT EXCHANGER

6.1 Introduction

When the temperature is approximately lower than 80°C, water is not
appropriate as the working fluid inside. The heat transfer rate is not good because water
is difficult to boil. In addition, it is also found that in this temperature range pure ethano}
gives higher heat transfer rate than that of water. Ethanol-water mixture in the
thermosyphon also gives lower heat transfer rate compared with pure ethanol. So in this
temperature application only pure water or pure ethanol is used. In the heat exchanger,
the temperature profiles are changing along the heat exchanger, therefore, selecting the
suitable working fluid for each row of the thermosyphon is needed to get higher heat
transfer rate than using single working fluid for all rows.

For high working temperature or high heat flux, it is found that using
Triethylene Glycol (TEG; CgH;404) — water mixture as a working fluid could reduce the
flooding phenomenon of the thermosyphon while the heat transfer rate slightly
decreases. In this chapter, selection of the suitable fraction of TEG in the working fluid
mixture in each row of a thermosyphon air preheater operated at high temperature has
also been carried out.

This chapter is divided into two parts, low and high working temperatures.
The details of each part are as follows: .
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6.2 Selection of Working Fluids fo rating T e osypho
Heat Exchanger

6.2.1 Simulation Program

The performance of the thermosyphon heat exchanger at low
temperature range is investigated (7 < 100 °C). In this part, the working fluids in the
thermosyphons are ethanol and water. As mentioned in the introduction, the
thermosyphon heat exchanger that uses water in this range may possess a poor heat
transfer characteristics. Therefore, it would be beneficial to use the thermosyphons that
containing ethanol in some rows of the heat exchanger because it gives heat transfer
performance than water in this temperature range. The simulation program is developed
to select the suitable working fluid for each row between water and ethanol. The flow
chart for low temperature application can be seen from Figure 6.1.

As seen in Figure 6.1, both counter and parallel flow arrangements are
implemented. For the counter flow arrangement at the starting stage of iteration,
temperatures of the inlet hot and cold streams are prescribed and the iniet and the outlet
teraperatures of the fluids at each row are assumed by considering all rows to be water.
Iteration then starts by setting ethanol to the first row. Comparison is made with the
original water thermosyphon. Ethanol is selected if the related heat transfer performance
is better than that of the original water thermosyphon. The selection process continues
row by row to the last row. In case of the parallel flow, similar process has been carried
out from the first row to the last row. In order to obtain appropriate fluid in every row of
the thermosyphon heat exchanger.

Table 6.1 shows related geometrical parameters of thermosyphon heat
exchanger. These values are used as the condition for selecting the working fluids (water

and ethanol) in the heat exchanger.



68

Table 6.1 Testing conditions and related geometrical parameters of the thermosyphon

heat exchanger.

Items

Conditions

Flow arrangement
Temperature of hot air
Temperature of cold air

Mass flow rate of air

Al S e

Thermosyphon arrangement

6. Number of tube rows

7. Number of tubes in row

8. Diameter of thermosyphon (bare tube)
9. Type of fin

10. Size of fin

11. Filling ratio of working fluid
12. Material of pipe and fin

Parallel and counter flow
50-100 °C
30°C
0.1-0.5 kg/s
Staggered array
5¢=0.053m, 54=0.053 m, $,=0.046 m
7
7
0.027 m
Circular fin
Fin height = 0.1 m and
fin pitch = 10 fins/inch
5(0%
Stainless steel 304
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Figure 6.1 The flow chart of the two-fluid thermosyphons in low working temperature.
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6.2.2 Simulation Results Disc

Table 6.2 shows calculated results from the simulation program in the
case of the balanced counter flow arrangement (m, =m_ ) at various working
conditions. Calculations are performed at a fixed 7, of 30°C. Range of 7}, is from 50°C
to 100°C with a mass flow rate of 0.1 to 0.5 kg/s. As seen from Table 6.2, all-water
thermosyphons would be the best choice for T = 100°C at mass flow rate higher than
0.4 kg/s while all ethanol thermosyphons show the highest performance for 7}, < 60°C.
For 70 °C < T}, < 100 °C, it can be shown that use of both fluids in the thermosyphons
would be advantageous. However, only a slight increase of performance is observed. It
should be noted that water thermosyphons should be placed at the hot air inlet. Figure
6.2 shows the appropriate number of ethanol thermosyphons in the heat exchanger at

vanous inlet hot gas temperatures.
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Figure 6.2 Appropriate number of ethanol thermosyphon of balanced counter flow.

The inlet cold air is 30°C.
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In case of unbalanced counter flow shown in Table 6.3. It should be

noted that, the concept of using 2-kinds of working fluid is still feasible. The heat

transfer rate increase approximately 0.1-1.5% compared to those of all water or all

ethanol. In this part, the mass flow rate of the hot stream is kept constant at 0.3 kg/s and

the temperature of cold air is also fixed at 30°C. It is found that at the same value of

inlet temperature of the hot gas, higher mass flow rate of the cold gas results in higher

number of ethanol thermosyphon. This result comes from the effect of the inside

temperature of the thermosyphon tube. In case of lower mass flow rate of cold gas, the

temperature of the cold stream increases easily. Therefore, the inside temperature of the

thermosyphon tube is increased; water could be boiled more so that will be appropriate

to be filled in the thermosyphon.

Temperature (C)

120
Th.water
90 -'
Tinside,wa:ﬂ‘
60 |
Tinside ethanol
30
Tewater Th,ethanol Te.ethanol
0 L . , N J ~L L
0 1 2 3 4 5 6 7 ’

The number of tube row

Figure 6.3 Temperature profile of the balanced parallel flow.

In the case of thermosyphon heat exchanger with balanced parallel flow

arrangement (m, = /m,) shown in Table 6.4, the calculation indicates that use of
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ethanol and water is not beneficial throughout the range when compared with all water
or all ethanol thermosyphons., Explanation of this phenomenon can be seen from Figure
6.3. As depicted in Figure 6.3, the temperature profiles of the hot and the cold streams
are quite symmetry and the inside temperatures of the thermosyphons from the first to
the last row are nearly constant. Therefore, this inside temperature is suitable for only
one type of working fluid. Consequently, use of two kinds of thermosyphon is not so
beneficial when compared to those of the counter flow arrangement.

Unlike those of balanced parallel flow arrangement, for the case of

unbalanced parallel flow thermosyphon heat exchanger (M, = m_) shown in Table 6.5,

the temperature profiles of the hot and the cold streams are not symmetry. The concept
of employing the two-fluid thermosyphons gives a little advantage. Table 6.5 shows one
result of using two-kinds of working fluid (/,=0.3 kg/s with m, = 0.1 kp/s and T), =
70°C).

It can be noted that the suitable working fluid inside the thermosyphon
tube depends on the inside temperature of the thermosyphon tube. This temperature
depends on the temperature of the hot and the cold streams, the mass flow rate and the
flow direction. The effect of these parameters can be concluded that, if the temperature
of the hot and the cold gases are high, all water thermosyphon is better than all ethanol
thermosyphon. However in other case all ethanol thermosyphon is better. If the mass
flow rate is low, the temperature is easy to change and it has an opportunity to use 2-
kinds of working fluid. For the effect of the flow direction, counter flow has an
opportunity to use 2-kinds of working fluid because the inside temperature changes
along the heat exchanger. However, in case of parallel flow, the temperature profile of
the hot and the cold streams are nearly symmetry and tend to be constant inside
temperature of the thermosyphon tube. Therefore, using 2-kinds of workiné fluid is not

feastble.
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6.2.3 Testing of Thermosyphon Heat Exchanger
In this part, the experiments have been conducted to find out the

performance of the thermosyphon heat exchanger that uses various types of working

fluids. The testing conditions of this part are shown in Table 6.6 The inlet and the outlet

temperatures of the hot and the cold streams and also the mass flow rate of both sides

have been measured in order to calculate the rate of heat transfer of the heat exchanger.

Table 6.6 Testing conditions of the thermosyphon air preheater.

Items

Conditions

A

© % N o

Flow arrangement
Temperature of hot air
Temperature of cold air
Mass flow rate of air

Thermosyphon arrangement

Number of tube rows

Number of tubes in row

Diameter of thermosyphon (bare tube)
Type of fin

10, Size of fin

11. Filling ratio of working fluid
[2. Material of pipe and fin
13. Working fluids

Pure working fluids
Binary working fluid
2-kinds working fluids

Parallel and counter flow
50-80 °C for low temperature
Ambient temperature
0.1-0.28 kg/s
Staggered array
S5i=0.053m, $3=0.053 m, §;=0.046 m
7
7
0.027 m
Circular fin
Fin height = 0.1 m and
fin pitch = 10 fins/inch
50%

Stainless steel 304
Water, ethanol
Water-ethanol at [:1 by volume
Number of water rows = 2,3.4,5

(the rest rows are ethanol)
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From the experiments it is found that the simulation program gives over
prediction of heat transfer rate of the thermosyphon air preheater and the result is shown
in Figure 6.4. Note that in the simulation program, the correlations of Brigg &Young
[32] and Hewitt et al [30] have been used to calculate the outside heat transfer
coefficient between air and heat pipes of the heat exchanger. The correlation of Brigg &

Young and Hewitt et al are shown in Equations (6.1) and (5.7) respectively.

f 02 f 0.11
j=0.134Re‘°3‘°[é] {—EL] , (6.1)
where
j=h—°pr2/3,
PV P

f 0.297 5 -0.,091
Nu =0.242 Re"m(i] [—f—] Pro3® (57
T 5,

6000
© Brigg&Young with 30% fin efficiency

5000 | O Brigg&Young
& Hewitt et al, +20%

4000 | -

-~

-20%
3000

2000

Q,simulation (W)

1000

0 1000 2000 3000 4000 5000
Q,experiments (W)

Figure 6.4 The comparison of heat transfer rate from the experimental results

and simulations.
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From Figure 6.4 it is found that the correlations of Brigg & Young and
Hewitt et al give the same result and they over-predict the heat transfer compared with
the experimental results. This phenomenon comes from;

1. The shape of fin that is used in the correlations of Brigg and Young
and Hewitt et al are agree well with circular fin. However, the fin used in this
experiment is spiral fin thus the performance deviates from those predicted by the above
correlations.

2. The attachment between the fin and the tube is not so good, therefore
there is a contact resistance between the fin and the tube.

To over come this problem, the fin efficiency is reduced from normal
value (~70-80%) to 30% and it was found that the correlation of Brigg & Young can
predict the experimental results very well. However if the fin efficiency reduce to 30% it
means that the total outside resistance of the heat exchanger is very high compared to
the inside resistance due to boiling or condensation inside the tubes.

Figure 6.4 also shows the results of the simulation program when fin
efficiency is reduced to 30% and using water and ethanol are used as working fluids. It
is found that the heat transfer rate of each fluid is the same. So with this fin type, there is

no difference between the working fluids from the experiment.

6.3 Selection of TEG Content in Thermosyphon Heat Exchanger

6.3.1 Simulation Program

This part is the case study of using TEG-water as a working fluid in the
thermosyphon air preheater. Table 6.7 shows testing conditions and related geometrical
parameters of the thermosyphon air preheater used in the simulation program. The
concept of the program is to find out the suitable mixture content of TEG-water in each
row of the air preheater. Note that the contents of TEG used in the binary mixture are 0,
25, 50, 75 and 100% by volume.

Figure 6.5 shows the flow chart of the calculation method. 1t can be

divided into two parts, counter flow and parallel flow. The procedure in the counter flow
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part, starts by inputting all of working conditions and also dimensions of the air
preheater then assuming values of inlet and outlet temperatures of the hot and the cold
streams and also heat transfer rate in each row. Next, set the working fluid of each row
as water and using trial and error technique to find out the real value of the temperatures
and the heat transfer rate of each row. After that check the critical heat flux of each row
is checked and the suitable working fluid which gives the highest heat transfer rate is
selected. The computational values are re-calculated until they are constant. The
calculation continues until the last row of the heat exchanger.

For the parallel flow part, the procedure starts from row 1 by assuming
the value of O and using water as working fluid. Then, by using the trial and error
technique, the real value of the outlet temperature of the hot and the cold air and also the
heat transfer rate are obtained. Next the critical heat flux of this row is checked and the
heat transfer rate is computed. Then the suitable mixture content is selected and the
whole process is re-calculated again until every value is steady. The same method is
used with every row.

Note that this chapter not only deals with the simulation program for
finding the suitable mixture content of TEG in each row but also compare the
performance with dowtherm A, a common working fluid for high operating temperature.
ESDU [8,33] proposed the correlation for evaluating the boiling and the condensation
heat transfer coefficients of the thermosyphon in form of thermal resistances as follow:

Thermal resistance due to pool boiling (Z,;,) in the evaporator section is

1

Zy, = , (6.2)
7 49°PQ% (a0,L,)*

Pi
h =0.32
where & P

a

0.65 1,0.3 . 0.7 0.23
_/(,CL[_{’L] . (6.3)

325 /10.4 #}Jl
Thermal resistance due to falling film evaporation (Z,,) in the

gvaporator section is

_ 02350"?
9;4/391/3!.9;?5;/3 ?

(6.4)

&l.f
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3 2 \/4
where by = [ﬁpu‘i] . (6.5)
{

The total thermal resistance due to boiling in the evaporation (Z,;) can
be calculated as
Zy=Zo\U~F)+ 2y F, (6.6)
where F is filling ratio of the working fluid.
Thermal resistance in the condenser (Z,;) is

_0.2350'7
0;4/391/31-56!5;/3

6.7)

o

Table 6.7 Testing conditions and related geometrical parameters of the thermosyphon

heat exchanger.
Items Conditions
1. Flow arrangement Parallel and counter flow
2. Temperature of hot air 300-400 °C
3. Temperature of cold air 30 °C
4. Mass flow rate of air 0.1-0.5 kg/s
5. Thermosyphon arrangement Staggered array
S=0.02m, S;=0.02m, §;=0.0173 m
6. Number of tube rows 6
7. Number of tubes in row 10
8. Diameter of thermosyphon (bare tube) (.0095 m
9. Typeof fin Plain plate fin
10. Size of fin fin pitch = 6 fins/inch
fin thickness = 0.0005 m
11. Filling ratio of working fluid 50%
12. Material of pipe and fin Copper for pipe and Aluminum for fin
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INPUT
mn, T Ty
dimensions of
air preheater
]
| ¥
| COUNTERAOW | | pARALLELFLOW |
ASSUME » for rowli] = 1 to v do|
T[], T,[1] and Qfi]
ofeacI:uw EQm
SE worldsll:lddof
= ng
working fluid of each row = water rowd(i] =
v
X TRIAL & ERROR
mm&m"’:‘oﬂ“ » to find exact value of
exact value Qi Ty, 1l T,
[ "o Rl T o Tl
L Chack aitical
Catculate critical heat heat flanx
- fune of TEG-waster at
=] each TEG content
A Change working
.E I fluid to TEG-water |,
at suitable mixtura
v m&m content AN > Qeritical
fluid in each row
I SET
working fluid of -
—— error = abs(Q[i]-Q'TiD rowdi]
error <= 0.1
SET
Q] =QT
Td{i] = Tcfl)
Thii] = Th{i] -
I o
Td{i) Th[i] and Q{i] and

mixture content in each row

-

Figure 6.5 A flow chart presenting the calculation of the suitable mixture content of
TEG-water in each row of the thermosyphon heat exchanger.

Q[i] < Qcritical
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6.3.2 Results and discussion

Tables 6.8 and 6.9 show the results of the simulation program for the
parallel flow and the counter flow respectively. It is found that the heat transfer rate
increases significantly in some conditions compared with pure TEG with suitable
mixture content in each row of the heat exchanger. Normally water cannot be used as a
working fluid in this temperature range (300-400°C) because of its flooding limit.
However, TEG-water can extend this limit and the performance increases approximately
30-80% for parallel flow and 60-115% for counter flow compared with pure TEG.
When compared with a common working fluid, dowtherm A, it is also found that using
TEG-water can also increases the heat transfer rate approximately 80-160% for parallel
flow and 140-220% for counter flow configurations.

400

350 hot stream
300
L T

3)

® 250 EG-water mixture

3

S 200 | pure TEG

@

g— 150 | T, = 350C

© - =

~ 100 - m, = m, = 0.2kg/s

—
50 | cold stream
0 b . | _
0 2 4 6

The number of tube row

Figure 6.6 A comparison of temperature profile of parallel fiow thermosyphon
air preheater between using TEG-water mixtures and pure TEG
(no. 7 in Table 6.8).
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350
300 | hot stream
—
“g —— TEG-water mixture
5 200 r pure TEG
@
Q- —_ —
£ m, = m, = 0.3kg/s
& 100 F
cold stream
—“—-‘-‘-ﬁ-""‘-‘-——-—_
50
O A | | .
0 2 4 6

The number of tube row

Figure 6.7 A comparison of temperature profile of balance counter flow thermosyphon
air preheater between using TEG-water mixtures and pure TEG
(no. 3 in Table 6.9).

In case of paralle] flow, it is found that the content of TEG should be
high in the first row and water is a good working fluid in the last rows. These results can
be explained by Figure 6.6 which shows the temperature profiles of the parallel flow air
preheater. Normally the temperature difference between the hot and the cold streams is
large at the initial rows and narrow at the last rows. Consequently the heat transfer rate
of the initial row is higher than that of the last row and it has a high opportunity to reach
the critical limit. Therefore high content of TEG or pure TEG are the suitable working
fluids in this range. However, water or lower content of TEG in the mixture is suitable
for the last rows. Figure 6.6 also shows the comparison between TEG-water and pure
TEG. This result comes from the simulation result shown in Table 6.8 (No.7). It is found
that by using 75% and 25% of TEG in rows 3 and 4 and pure water in row 5 and 6, the
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temperature difference between the hot and the cold air streams is considerably smaller
significantly compared with pure TEG; therefore, higher heat exchange is obtained.

350
.9 250 TEG-water mixture
g 200 pure TEG
e
@
T,, = 300C
g 150 hi
£ m,, = 0.4kg/s
2100 m, = 0.3kg/s
50 A cold stream
0 | =2 L
0 2 4 §]

The number of tube row

Figure 6.8 A comparison of temperature profile of unbalance counter flow
thermosyphon air preheater between using TEG-water mixtures
and pure TEG (no.18 in Table 6.9).

In case of counter flow, Table 6.9, it is found that in case of balanced
counter flow (m, = m,) the mixture content in each row is nearly the same. This
phenomenon can be explained in Figure 6.7 which shows the comparison of temperature
profiles of balanced counter flow between using TEG-water mixture and pure TEG.
Actually in this case the temperature difference of the hot and the cold strt;ams is nearly
constant. Consequently the heat transfer rate of each row is nearly constant and this
value is suitable for only single fluid thermosyphon. However, in case of unbalanced

counter flow (/7, = /. ), neither the temperature difference nor the heat transfer rate is

constant, therefore, the content of the mixture in each row will affect the performance.
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Figure 6.8 shows the results obtained from Table 6.9 (No.18). Use of TEG content of
75% in row 1-3 and 100% in rows 4-6 shows better heat exchange compared with pure
TEG in all rows.

It could be seen that the system performance when using TEG-mixture
is also higher than using only dowtherm A, which is a common working fluid of high
temperature. From Tables 6.8 and 6.9, the performance increases about 8G-160% for
paraltel flow and 140-220% for counter flow.

6.4 Conclusion

In this chapter, the concepts of using ethanol or water in some rows for low
temperature application and TEG-water for high operating temperature in the
thermosyphon heat pipe have been studied. Major results are summarized as follow:

6.4.1 Using ethanol or water in the appropriate rows of the thermosyphon can
increase the heat transfer rate approximately 0-2% compared to using water or ethano! in
all rows of thermosyphon.

6.4.2 The concept of two-kinds of working fluid (ethanol-water) is feasible in
case of counter flow and unbalanced parallel flow, however, in case of balanced parallel
flow it is not feasible because of uniform inside temperature of all rows of
thermosyphon.

6.4.3 Using TEG-water can extend the critical limit due to flooding inside the
thermosyphon and the limit is directly proportional to the content of TEG in the mixture.

6.4.4 Suitable mixture content of TEG-water in each row of the
thermosyphon air preheater can increase the performance of the system approximately
30-80% for parallel flow and 60-115% for counter flow compared with pure TEG.

6.4.5 The heat exchanger with suitable content of TEG-water also shows
better performance than that with dowtherm A.
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CHAPTER 7

SECOND LAW ANALYSIS OF THERMOSYPHON HEAT EXCHANGER

7.1 Introduction

In this chapter the 2™ law of thermodynamic has been used as a parameter
for evaluating the performance of the thermosyphon heat exchanger in both cases of
low and high temperature applications. From the previous chapter, it is found that using
ethanol or water in some rows gives higher heat transfer rate than using only pure water
or ethanol in all rows. For high temperature or high heat flux application, it is found
that flooding phenomenon may occur when using the water thermosyphon, however,
using TEG-water mixture can extend this limit. The suitable content of TEG in the
binary mixture should be determined first to get the higher heat flux of the

thermosyphon in each row.

7.2 Theoretical Background

Figure 7.1 shows the heat exchanger. The second law efficiency of
thermodynamic of this heat exchanger is defined as the ratio of flow availability of cold

stream to hot stream which is
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Figure 7.1 Counter flow heat exchanger.
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5=M 7.1

Myan ~a,,)

where

e = 2% [aw efficiency

a = flow availability (J/kg).

The flow availability in case of steady state and control volume can be
calculated as

a; ={h~h,)-T)(s-5,)+05v%+ gZ (7.2)

where

h = enthalpy (J/kg)

s = entropy (J/’kgK)

y = velocity (m/s)

Z = elevation (m)

I, = temperature at dead state (K)

Note that subscript “¢” means the dead state and the temperature at this state
in this research is set as 30°C. If the pressure drop in the heat exchanger, the velocity
and the level of the inlet and the outlet stream are neglected, equation (7.2) can be

written in form of

a, =C,(T-7,)-T, (T /T,)). (7.3)
Therefore equation (7.1) can be arranged as
) Tm
MeCope| (T ~ T )T, In| 22
£= (7.4)
. T
7.3 Second L fficienc Therm n Heat Exchanger .

7.3.1 Low gperating temperature
Tables 7.1-7.4 show the calculated results of the 2™ law efficiency of

the balanced counter and paralle! flows and the unbalanced counter and parallel flows,
respectively. All the data come from the simulation resulis in Chapter 6. It shouid be

pointed out that using ethanol or water in some suitable rows (2-kinds) gives higher 2™
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law efficiency compared to that of pure water or ethanol (approximately 0-1.8%).
However for balanced parallel flow, there is no improvement compared with that of
single working fluid. Some of results from Tables 7.1-7.4 are shown in Figures 7.2-7.7.
The infet temperature of the hot air and the mass flow rate of air affect the 2°¢ law
efficiency. It is found that the counter flow heat exchanger gives higher 2™ law
efficiency than that of parallel flow. This result is not surprising because normally
counter flow heat exchanger gives higher heat transfer rate than that of parallel flow,
therefore, higher efficiency is obtained. It is also found that higher mass flow rate gives
lower efficiency and higher inlet temperature of hot air gives higher efficiency. Figure
7.8 shows an effect of the mass flow rate on the performance of water thermosyphon in
case of balanced counter flow. The gap of the temperature of the hot and the cold
streams is reduced when the mass flow rate decreases. Therefore the quality of the cold
stream outlet in case of lower mass flow rate is better than that of higher mass flow rate
because the outlet temperature of the cold stream of the lower mass flow rate is higher.

The inlet temperature of hot air has an effect on the 2™ law efficiency
of the heat exchanger. This result comes from the increase of heat transfer coefficient
of boiling inside the thermosyphon. Higher inlet temperature of hot stream results in
increasing in boiling heat transfer coefficient and more heat transfer performance is
obtained. However, the inlet temperature of hot gas has a little effect compared to the
effect of mass flow rate since the performance of the heat exchanger is controlled by
the air-side thermal resistance.

Figure 7.9 is the example of the comparison of 2" law efficiency of
using all water, all ethanol and water or ethanol in some proper rows (2-kinds). It is
found that using 2-kinds of working fluid give the highest efficiency compared to that
of all water or all ethanol. However, only slight improvement is found because the
boiling and condensation heat transfer coefficients of water and ethanol are nearly the

same.
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Figure 7.2 The effect of inlet temperature of hot air and mass flow rate on the 2™
law efficiency; water balanced counter & parallel flows.
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Figure 7.3 The effect of inlet temperature of hot air and mass flow rate on the 2*

law efficiency; water unbalanced counter & paralle] flows.



93

0.4
My etharol thermosyphon, Te; = 30C
& m=0.3kg/s
035 1 & m={. .
x m%ﬁ " A v M
g o3 M
.2
]
Sl e
P
= .-_—_‘__—_.——-—'—"_'—'.-——_‘
02 A > » e ——
-l Foe -
0.15 balanced counter flow
{ balanced parallel flow
0 1 L] | I i - L ol
40 50 60 70 80 90 100 110

Inlet temperature of hot air (C)

Figure 7.4 The effect of inlet temperature of hot air and mass flow rate on the 2"
' law efficiency; ethanol balanced counter & parallel flows.
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Figure 7.5 The effect of inlet temperature of hot air and mass flow rate on the 2™

law efficiency; ethanol unbalanced counter & parallel flows.
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Figure 7.6 The effect of inlet temperature of hot air and mass flow rate on the 2™
law efficiency; 2-kinds and balanced counter & paralle! flows.
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Figure 7.7 The effect of inlet temperature of hot air and mass flow rate on the 2"

law efficiency; 2-kinds and unbalanced counter & parallel flows.
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Figure 7.8 A temperature profile of water thermosyphon at various mass flow rate.
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Figure 7.9 A comparison of 2™ law efficiency at various kinds of working fluids.
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7.3.2 High Operating Temperature
Tables 7.5-7.6 show the 2™ law efficiency when using TEG-water,

dowtherm A and TEG in case of parallel flow and counter flow heat exchangers
respectively. It is found that with suitable mixture content of TEG-water mixture, the
2" law efficiency increases drastically compared to pure TEG or dowtherm A
{(approximately 27-77% relative to TEG and 77-60% relative to dowtherm A for
parallel flow and 70-106% relative to TEG and 140-204% relative to dowtherm A for
counter flow).

Some of the results are shown in Figures 7.10-7.11 in case of balanced
counter flow and balanced parallel flow, respectively. It is found thai the 2™ law
efficiency increases drastically when using binary working fluid in the thermosyphon
because of its high heat transfer performance compared to those of TEG or dowtherm
A. The effects of the mass flow rate and the inlet temperature of hot stream are also the

same as the low operating temperature.
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Figure 7.10 The 2™ law efficiency of various kind of working fluids of balanced

counter flow heat exchanger operating at high temperature.
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Figure 7.11 The 2™ law efficiency of various kind of working fluids of balanced
parallel flow heat exchanger operating at high temperature.



$0'C 00°0 M ﬂ MM A j A [ 8810 €81°0 8310 | 0c | 001 [ S0 [ s0
881 00'0 MMM A A MM LOT0 £0T0 LoT'0 0¢ | 001 | ¥0 | vO
(A $0°0 M | M [ A A MDA YA 0£TO £eT0 0¢ [ 001 | €0 | €0
90°1 AR d | M | M A A | ;M | A £LZT'0 0LT0 £LT0 0t |*000l | TO | TO
850 AN C O SR (S, S S I, O [\ FPED reo L¥EQ 0 | 001 | 10| TO
g6’1 000 |3 M M A | A M £81°0 08170 €8I0 o€ { 06 | S0 | SO
il ANt 3 | M | A | A A M 0T0 66170 0o 0 | 06 | ¥0 | ¥O
AN o 19 A MMl m 8TTO 97T 8270 0t | 06 | €0 €0
68°0 3¢°0 3 | M | MM T A | MM 8920 9970 ATA 0t | 06 | TO | TO
£r0 &0 | d AT A MMM 8£€°0 LEEO LETO 0t | 06 |10 | TO
6870 E0 4 | 4 4 | 9 | A | A | M 8L1°0 9L10 LLTO 0€ | 08 | SO | S0
£L0 50 I g )F 1T MMM L6170 g6l°0 961°0 0t | 08 | O | ¥O
190 890 3 (8 |3 |3 | MMM £TTO [A#AY o 0c | 08 | ¢0 | €0
8¢0 18°0 q g3 |3 1M M (M 7970 1920 09Z'0 0L ] 08 | TO | 20
9z 001 T 3 3 [ 3 | A | A LELD (423}, 6780 o€ ) 08 10| 1VoO
00°0 SE'1 4 | d (3} 4 Il a ZL1o LI OLT'O 0t ) 0L | €0 | SO
zl'o Lzl 3 | 3| 3 c| 4 | M 610 161°0 6810 0€ | oL | VO | PO
(A %] Ll 1 | 14 G OO I U T G T A o} 8120 L1Z0 v1Z°0 0 | 0L | €0 | £0
L0 6L71 d d g d | 4 1 1 M L5T0 LST0 520 0€ | 0L 1 20 20
£10 P91 q d d | q MM LTE0 LT80 TeE0 0t 0L I'0 | 10
000 £9°C 21 d d o a d d G91°0 691°0 s§21°a 0L 09 S0 | £0
000 vLe 4 |4, d (g |91 3] 3 8310 8310 €810 ot | 09 | VO | PO
000 587 3 4 2 94 | 4 G q £Ico £ITo LOZ0 0t} 09 1 €0} €0
000 08°¢C q 3 | 1 q q E| AY A (A4 S¥PZ0 0t 09 €0 | T0
00°0 £8°7 1 | 4 4 | 39 | 4 | q (44N (AN gIe0 0c | 09 L1010
000 o'y 4 |9 3,949 3) 4 591°0 &91°0 651°0 0 | 05 | 50| SO
000 YA d [ 4} 9 | 9 4 1 | 3 P8I0 ¥81°0 9L10 0g | 08 (YO | vO
000 STF 4 |4 49,93 +4d ] 4 6020 6070 00T0 0g t 05 | €0 | 0
000 1A 4 42 139149 | 39| 4 9 | 4 LYT0 LYT0 LET0 o | 0¢ | TO | TO
L 000 0L€ 4 |4 149 ] 3 ;3 [ 3|4 910 91£’0 S0L°0 0 | 05 | 10 | 10
[omeqe 19EM L] 9 s v | € z 1 sputy Z jouems arem O | @) | @ EEJ
01 242l 0} aaliead SPUD{ 7) M01 [oes Ul SPIN[ SUDJI0M JO SPUTY SNOLIBA pr | owg sy | tw
BSEIDUL %% | ISPAIOW 94 (jouepa = g “Istem = M) pay Suryiom Jo Aduaidnge me| 7 F |

uonesidde amyeroduray /0] 10] JustUsZuURIIE MO[J IJUNOD PIOURTE] JO ISBD Y] UL AODUIIDYJD ME] € UL 1°L91qeL



o
Lre 000 J A 31_ MM BJ MM 181°0 LLTO 181°0 0f | 001 | S0 | S0
08§ 000 MM MMM A M 861°0 610 861°0 0¢ | 601 | ¥0 | ¥0O
o¥'1 000 MM MMM MM 0TT'0 LITO 0ZTo 0t | 00l | €0 | €0
86°0 000 Fi S L O I, S S O B, N S, N I . 0sT'0 3¥T0 0sT'0 0¢ L, 00t [ To 1 TO
€60 000 MM T A M A ATMA 26T0 §62°0 96Z°0 0t ) 001 [ 10| 10
102 000 M A A M A MM LLT°O £L1'0 LLro 0¢ 06 §0 | &0
PR 000 AN AT MMM 6170 0610 ¥61°0 ot 06 | 0 | ¥O
pe'l 000 M AT A MMM 9170 tiz'o 91T0 0t 06 £6¢ | £0
9.0 000 MATATATA AT MA LM S¥C0 ¥rz0 S¢T0 0¢c 06 | 270 | T0
0¢'0 000 M A A AT A A A 1670 0670 16T°0 0¢ 06 I'e 10
9Ll 00'0 M A T A MMM M L0 0LT0 £L1°0 0¢ 08 0 €0
8¥'1 000 ATA A T A AT A A 6800 L8T1°0 681°0 113 03 o | t0
40 000 MM A A AL MM 1Z9 6020 112°0 0% 08 €0t Eo
L90 000 MM A M MMM 1470 6£T0 vZo 0t 08 7o | T0
8¢'0 000 ML A M M MMM 9820 S82°0 9820 0t 08 I'ot 1o
000 6b'l d q d q d d 9 9910 9910 $O1°0 0t 0L §0 | S0
000 691 d d g q q q e €810 £31°0 0810 113 0L ¥o | ¥0
000 6’1 2 d | q q q 4 VAL soTo 107'0 0t 0L €0 | £0
00'0 £6'1 q d q q G| q d YA SLT0 0eT'0 of 0L 20 | TO
000 el 4 dq d q d 9 4 0820 0870 CLT0 0t 0L 10 | 10
000 9r'Z q q d = - q q £91°0 €310 6510 0¢ 09 €0 | S0
00'0 0LT d 3 q q d 3 2 6L1°0 6L1°0 PLTO 0t 09 | ¥0 | ¥O
00'0 LT 1 | d q El J q 00Z°0 00T0 $61°0 0¢ 09 €0 | €0
000 0L'T d 2 q d q 3 d 0€To 0ET0 ¥Zzo 0t 09 |70 | TO
000 6TC d k5 q q q d g 9LT0 Lo 0LT'0 0 09 e | 1°0
000 Ty ! g q E | q =l d 651°0 651°0 £s1°0 ot 0% S0 | S0
000 SEP 3 q 3 2 g E| g CLT0 (YAN] 8910 0t 0§ | ¥0 | ¥O
000 61’y d d 3 d q a a 961°0 961°0 881°0 0t 0% £0 | €0
000 80y q g 1 d d q q 9zT0 9ZT0 L1170 0L 0¢ [AUNEFAl
000 st | g 4 | 4 q | q g 0LT0 0LT'O 2920 0t 0% i'0 | 10
foweps | mew | L | 9 | s | v | €| c| 1| ooz | owewe | mEm | o) | o) | e | e
OjaAlR|al | 07 3AlE[al SpULY 7} MO1 4282 Ul SpINgJ JUIIOM JO SPUIY STIOLTEA ey | owp | w |
SSEIIOUL O, | 95BAIOUL O (1ouey)o = g ‘otem = 4) pinfy Funjiom | Jo Aousroryd me| .7

‘uonjestidde sxnjeradula) mo] oy Justwsdueire moyj [3[7ered paoue[eq JO 95ed AR UL ASUDIOLIS ME[ |, Z YL 'L IqEL



T

|

T

OL1'0 Iﬁ

—
88l 60°0 U M A A A A A ELTO £L1°0 oL | 001 | €0
L1 070 C IR U Y, N . O . S . W . 661°0 S61°0 6610 0¢ | 001 | ¥O
[40! 000 M TA T A A MM A §870 80 £820 0t | 001 1 20
0L'0 000 MM MM MM A [FAN 89¢°0 1L87°0 0 ) o0l |10
81 6L°0 | d 4 | M | MM A 6910 L9710 8310 0t 06 | §0
(44 170 d M | M M s M ¥61°0 610 6170 0c¢ 06 | v'0
S0l co'0 M [ M | A | A A A 0870 LLTO 0820 0t 06 o
€90 000 V., SN N, G N I (S Y £9¢°0 £9¢°0 $RE°0 0t 06 10
590 80 q q d g H | M | M ¥o10 £91°0 £91°0 0t 08 €0
99'0 99°0 d d 1 d | MM Mm 681°0 881°0 881°0 13 08 ¥
790 9¢°0 q d 9 | M [ AL MM ¥LTO Lo L0 0t 038 (4"
50 L1°0 d | MM | M [ M ) MM 65870 L5t0 6se°0 113 038 1'0
000 {91 q 3 d d H d q 0910 091°0 LST°0 0t 0L S0
000 28l d ! q q d q q 2180 810 181°0 0¢ 0L t0
1£0 Pl d 3 3 d d | A | M §92°0 L9T°0 S9T0 0g 0L | 20
§¢0 990 c! q d | M | M ] MM £62°0 [A3 81 15£°0 ot oL 1o
00°0 1Lz 4 3 e 3 g d q LST°0 LSO £SI°0 0t 09 €0
000 §L7T | dq d q | d d 0810 0810 SLT'O Ot 0% | ¥'0
000 L8'T d d q q 3 d ! 920 7920 £5C°0 12 09 | TO
000 6FC q q | q q Hq q 9re0 9rL’0 8EED o€ 09 1o
000 Sé't 3 4 d d q | d 12284 Pelo Lo 13 0s €0
000 v e g 2 d d H | LLTO LLTO 6910 0¢ 05 | ¥O
000 [6'E d q d d d q 3 LSTO LST0 8pT0 0¢ 0s [ TO
000 S5t El 3 q d d d q 1v¢°0 1¥£°0 628’0 Dt s 1’0

joueqa Iajem L 9 13 L4 £ [4 1 spuy ¢ [ouem 1NEM 6B | O | s

0] dARE] 0} 9Al1R[3I SPUTH 7) M0I oe? Ul SpInp} SUTHIOM JO SPUIY SNOLTBA Py "y E

LAIUL 94, | ISBIIBUL U, (Jouelys = J “Ia1eMm = M) PINY Sunpom 3o Asustoygs mej .7

o

Lo
£0
£0
£0
£0
£0
£0
£0
£o
£0
€0
£0
0
£0
€0
£0
£o
£0
Lo
£0
€0
£o0
{580
fre

‘uonealjdde aimeiadwia) MOf 10J JUSHIFURLIE A0[J 15]UNOO PIOUR[RQUN JO 5B AU T ADUSTIYYS ME] 7 3YT ¢'f 3]qeL



—
ﬁ 9.1 000 M BJ a M A MM ¥91°0 ARV fﬁ Xz.l 0t | 001 mg £0
091 000 MM A A MMM 8310 §81°0 381°0 0€ | 001 | ¥vO | €0
AN 000 MMM AT M A M L9T0 r9T’0 L9T0 0 | 001 | T0 | €0
990 000 M A TA A A AL M 8rL'0 Lo 8re0 0t | 001l | 10 | €0
£9'1 00°0 MM TMA MMM M 191°0 8510 191°0 0t | 06 | S0 | €0
LS'1 000 MM MM A A A ¥R1°0 181°0 P81°0 0g 06 Yo | €0
o'l 00°0 MITA A M MMM 970 0970 2970 0t [ 06 | TO | €0
50 00°0 M A TA A A MM reo oveE0 re'o 0t | 06 | 10 ) €0
000 LT E= S N A I A A FC GO O A I $S1'0 gslo €510 0t | 08 [ S0 | €0
000 49! ]9 ;8 393|334 8L1°0 8L1°0 9LT'D 6t | 08 | ¥0 | €O
$6°0 000 MM MM A M A M LST0 €5z L§TO 0t 08 70 | €0
1§70 000 M A A M AT MM LECO £eL°0 LECD 0¢ 08 10| £0
000 681 q | q q 3 q d (43N] 2510 6¥1°0 0t 0L | 0 £0
000 96'1 d(d (a[d1d44d )4 vLIO vLT'0 1.1 0t | oL | ¥0 | €0
000 10T d |3 |8 (3|3 ]3]/ 4 0sT0 0570 $¥Z0 0t | 0L | TO | €0
y1'0 1.0 7, O S S I S O C O A 0cE'0 620 £2E0 0t | 0L | 10| €0
00°0 $6'C a |38 |3 |3a ;39|33 6v1°0 6¥1°0 SP1°0 0e | 09 | 50 €0
00'G L9C d |l a|da|aa)|d 3|4 0LT'0 oLT’D 931°0 0t | 09 | PO | €0
000 EL'T |3 |d|3]9 3,14 Ay 9¥T'0 6£T°0 0t | 09 | TO [ £0
000 Le'e g9 |d|ayaia|d veeo ¥Ze0 91¢°0 0t | 09 | 10| €0
00°0 [8:47 a3 |99, 3,3 |4 SPI0 IS4V 6£1°0 0c )] 05 | S0 €0
00’0 60’ g,.ad |9 (33 [d |4 L91°0 L91°0 091°0 0t | 05 | V0 | £0
000 L9e g,4d | 3749|4334 ZAY A (AT A 0 |} 08 | TO0 | €0
000 vee g9 /39|49 ]3] 49|43 81£°0 81£70 80£°0 0£ | 05 (10| £0
Jotreygls I3em L 9 s L4 13 [4 1 spury ¢ [oueqyR IoEm 0 | O | 8D | (580
0] 2alje]el 0} 3ATIEfR spumy N%_So 1 _._odoL_E SPINJ JUTHIOM JO SPUTH SNOLIBA 2y My it L]

LW % | IFBAOW % | (jouree = J ‘JOJem = Ay) PINYJ SunpOM 30 AU ME] .7 1

‘uoneorjdde smyeredwa mof 1o yuswsdueLre moy [o]yered paote[zqUN JO a5ED BY) UT ADUSIOYJS MEB] 7 AL '/ el




]
6T 6¥ 000 15170 10170 1ST°0 | 001 | 001 | 00T | 00T | 00T | 0OL | OOF €0 0 | Lz
8T8y 00°0 8p1°0 001°0 8v1'0 | 001 | 001 | 001 | 001 | 001 | 001 | oOF £9 7o | 9z
wey 000 9¢1°0 $60°0 9¢1°0 | 00T | 001 | 00T | 00T | 0OI | 0OT | 0O £0 o | sz
68911 v8'LS 881°0 L80°0 6110 | ¢ | O [ O | sz [ s¢£ {001 | o0 £0 1o | vz
£v6v 00°0 110 600 I¥1°0 | 001 | 001 [ 001 [ 001 [ 001 | 001 | 0S¢ £0 0 | €z
Ze'8y 00°0 8€1°0 £60°0 8€1°0 | 001 | 00T | 001 | 001 4 0O | 00T | 0S¢ €0 o | T2
L1'Z6 65°E€ 0L10 880°0 1o | sz | s2 | 001 | 001 | 001 | 001 | OS¢ £0 0 1z
€0°ZE] vL89 L81°0 180°0 o o[ o of of o] o0s | os¢ €0 10 | 0z
16°6¥ 000 1£1°0 880°0 FE0°0 { 001 | 001 | 00T | 001 | 001 | 001 | 0O€ £0 S0 | 61
69°8p 000 6210 980°0 621°0 | 0601 | 00T | 00T | 00T | 001 | 001 | 00€ £0 Po | 81
79091 7L'08 €170 780°0 8110 | 0 [ 0 | 0 | sz | st |00l OOf €0 zo | Ll
£TYE 26'69 pLLO #L0°0 0io) ol of[otLol o] 0 00€ £'0 10 | 91
pi'ss 00'0 001°0 £90°0 0010 | 00T | 00T | 00T | 001 | 00T | 00I | 0Ob 0 §0 | SI
EViS 000 8110 8L0°0 811°0 | 001 | 00T | 001 | 001 | OOI | 00T | OOF 7o vo | 7
099 00'0 tP10 8600 $#1°0 | 001 | 001 | 001 [ 001 | 00T | 001 | OOF £0 €0 | €I
8TLL LELT $ET0 €E1°0 $81°0 | sz | s. | oot )oor oot |ool| oo Z0 zo | 2
SeLL 6€'0Y 0LE°0 8070 €920 6 | 0 | 0 | 0 | 0 | sz | oob [0 10 11
£0°5S 000 £60°0 0800 €60°0 | 00 | 0OI [ 001 | 0OF | 001 | 0OT | OS¢ 0 §0 | ol
8¥IS 00°0 0110 £L0°0 0110 | 001 | 00T | 0O [ 0OT | 0OI | 0D1 | OSE 70 70 6
99'9% 000 vEL0 160°0 vEL'0 | 00T | 001 { 00T | 001 [ 001 | 001 | o0SE £0 £0 8
8E Sl 65°vS 8920 AN €LIO| O ) O | ST | SL |001 |007 | 0S¢ 0 z0 L
91'6L 8Y 1v 0$€°0 961°0 gwzo | 0 | 0o [ 0] 0| 0| 0 05¢ 1o 10 9
6£°SS 000 9800 9$0°0 980°0 | 00T [ 001 [ 001 | 001 | 001 | GOT | oO0€ $0 g0 S
LL1S 000 Z01°0 £90°0 7010 | 001 | GOT | 00T | 00T | 00T | 6OT [ 00F v'0 v t
L1'$01 1$°6¢ PLLO $80°0 SZTUO | ST | §£ {000 | 0OL | 00T | 0OT | Q0% €0 £0 £
p6 LYl eiL 9870 SIT0 1910 | 0 | 0 | 0 | O | ST | 0S| 00¢ 70 0 z
LY08 00Ty 6Z£0 Z81'0 Z¢z0 | 0 0l 0ol 60| O 00 10 10 1
¥ WISEMOP DIL
ovoapEiey | craammy | o DAL ) VERRRWOD | DAL 9 s | v ] £ Ty | say | (sAw) oN
i r ¥,
— %E_Wummww %oﬁwnsﬂog MO YORS W1 DFL % L “ )

"De0€ = ITe p[o2 Jo srxmeradwa) 19[m Yusnadueie mofy [a[[ered Jo o580 UI A0UITOIJe ME] puC UL §°L 2198,



29'6Y 000 1S1°0 1010 B 151°0 SU oo1 | oor | oot | oot | oor | ocov | €p | so | iz
pS'3Y 00'0 6v1°0 0010 | 6v1°0 | 001 | 001 | 0or | oor | oo1 | oot | oov | g0 | vo | o¢
£E VY 00°0 LE10 600 | LET'O | 00F | 001 | 001 | 00T | 001 | 0ol | oot | €0 | zo | sz
pI6EL 0L 3020 1800 Jozie| o | o | o | o | sz |os | oor | g0 | 1o | vz
1L'6v 00°0 10 5600 | zv1'0 | 001 | oot | oor | oor | oon | oot | ose | g0 | so | €z
09'8¥ 00°0 6£1°0 €600 | 6€1°0 | 001 | 001 | 001 | 001 | oot | 0oi | ose | €0 | v0 | zz
1L0Ll £9'16 SKT0 630°0 8210 | ST | 05 | 05 | 05 | st | st | ose | €0 | zO | Iz
26'1p1 S6'hL 961°0 1800 jZI0| 0 | 0 | 0 | 0 | 0 | sz | osc | g0 | ro | oz
76's8 1L€T £91°0 880°0 | Zg1'0 | 001 | o1 | 001 | 00K | 001 | sL | oof | €0 | so | 6
SO pO'T9 6070 (300 | 6zio | oot | oot [ oo1 | sz | s st | oog | g0 | vo | &
oL'L81 786 9520 2800 |610] 06 | o | 0 | sz | sz | sz | o0 | g0 | zo | i1
63°vhi 8v°9L £81°0 seoo |vorol o | o { ol o ol o | o0 | g0 | 10 |9
£7'SS 000 0010 900 | 001'0 | 00T | 001 { 001 | 00f | 001 | 001 | oov | so | so | sl
161 00°0 3110 800 | 8110 | 001 | oo1 [ oor | oo | oor | oot | oov | vo | vo | vi
LO'Ly 00'0 PPI 8600 | v¥1'0 | 001 | ooi | oor | oor | 001 | 001 | oor | €0 | g0 | €I
16°1b1 68372 £2€°0 gsro (a0l soo | sz | s [ st |os |os | oow | zo | zo |z
97'63 60°8¥ 66€0 1zo |ezo| o | o | o | o | o | o | oov | 1o | 10 |11
0£'5s 00°0 £60°0 0900 | v60'0 | 0ot | 001 | oot { 001 | 001 | oor | osg | so | so | of
L8316 000 0110 €200 | 01’0 | 001 | oot | oot | oot | 001 | 001 | ose | vo | o | 6
80°LY 00°0 S€10 2600 | scro | oot | oot | oor | oor | oot | oot | ose | €0 | g0 | 8
U8l L 60£0 szio | sero | sz | st | sz | st | st | sz ) ose | zo | zo | L
5506 L9'8Y LLEO 8610 | vszo| 0 | o | o | 0 | o | o | os¢ | 1o | 10 | o
9b'SS 000 £30°0 9500 | 300 | oor | ool | 001 | 001 | 6or | oot | oos | so | so | s
11°zs 00°0 2010 1500 | zoro | oot | oot | oor | oo1 | oot | oot | oot | vo | to | b
09'407 Ov 901 6570 6800 czio | os | os | os | os | os | os | oo | go | g0 | ¢
09°791 £L°98 YOE0 9110 goro} 0 | 0 | 0 L o | o | o | oot | zo | zo |
576 676 55€0 sato [sezo| o | o\ o | o] o | o | oc | 1o | 1o |1
V UemAa0p | DAL -
oreateey | oreamsrey | v ORL) VERWMOP] DAL S 1 5 [V | EF T E LT | o0 | A | 6AD |
SPII) SULYI0M JO SPUIY STOLEA "y w | s | ON
ASRIIOUL O 30 %OUQMDEQ AME] vﬁN MOIgoes Ul DY L % r

"D60f = 1€ P[00 J0 myeradiua) 1211 QUOWSFUBLIE MO[J 19JUNOD JO 95€D JIf3 UY AJUSWYJS ME] 7 SYL 9'L IqEL




CHAPTER 8

CONCLUSION
8.1 Summary of the Research Work

Performance of the air-to-air thermosyphon heat exchanger using binary
working fluid has been investigated in this research work. It can be divided into two
parts, the heat transfer behavior of the thermosyphon heat pipe using binary working
fluids and the performance of the thermosyphon heat exchanger using various kinds of

working fluids. The main results of each part could be summarized as follows;

8.1.1 Thermal Behavjor of the Thermosyphon Heat Pipe Using Binary

Mixtures

Thermal performance of thermosyphon heat pipe using ethanol-water
and TEG-water are presented. The affecting parameters such as the mixture content, the
pipe aspect ratio and the working temperature have been studied in this part. From the
experiments, it is found that at low temperature of heat source ethanol-water mixture has
higher heat transfer rate than that of water. However, it is lower than that of pure
ethano!l. In case of TEG-water mixture, the heat transfer rate of the thermosyphon varies
with the content of TEG in the mixture and it is found that, TEG in the mixture can
increase the critical heat flux due to the flooding limit of the small size of the
thermosyphon.

The boiling equation of Rohsenow and the condensation equation of
Nusselt are modified to predict the heat transfer coefficients of the boiling and the
condensation inside the thermosyphon. In case of the binary mixtures, it is found that the
weighted average of the heat transfer coefficient of each component can be used to

predict the total heat transfer coefficient. Furthermore, it is found that ESDU’s equation
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can be used to predict the critical heat flux due to the flooding limit of the thermosyphon
with pure working fluids and binary mixtures.

In this part, the concept of introducing two-fluid thermosyphons is
examined. Calculations are performed for both low and high temperature ranges with
parallel and counter flow arrangements.

For lower temperature application, (7 < 100°C), use of ethanol or
water in the suitable row of thermosyphon can slightly improve the associated heat
transfer performance for counter flow arrangement. However, for balanced parallel flow
arrangement, the concept of using two-fluid thermosyphons may not feasible. But in
case of unbalanced parallel flow this concept still feasible. The use of two-fluid
thermosyphons is especially advantageous for high temperature application.

For thermosyphon air preheater at high temperature applications, it is
found that with selected mixture content of TEG-water in each row of the thermosyphon
the performance of the system could be increased approximately 30-80% compared with
pure TEG for parallel flow and 60-115% for counter flow configurations. The
performances also increase approximately 80-160% for parallel flow and 140-220% for
counter flow compared with those of pure dowtherm A which is the common working

fluid at high temperature applications.

8.2 Recommendation

The performance improvement of the thermosyphon heat exchanger by
change the type of working fluid by consider the heat load at each row of thermosyphon
tube in case of low operating temperature can slightly improves the performance. Since
the heat transfer rate of the heat exchanger is controlled by the air-side thermal
resistance. Therefore, in this case, the outside heat transfer coefficient should be

improved to get higher performance of the system.
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In case of high operating temperature of the thermosyphon heat exchanger,
the application of TEG-water mixture should be applied to recover heat from the waste
heat of the boiler or furnace baving high exhaust temperature and enormous heat transfer
rate is obtained compared to using dowtherm A or pure water.

The application of TEG-water mixture should be investigated in case of
electronic cooling heat pipe. Since, this kind of heat pipe has very high heat flux

(because of its very small diameter).
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1. Method for Using Program
The simulation program is developed by using Turbo Pascal for Windows

version 1.5. This program is used to calculate the suitable working fluids between
ethanol and water in each row of the thermosyphon heat exchanger operating at low
temperature heat source (especially lower than 100°C). When the program is run the
display will show the primary data as follow;

PROGRAM HEAT PIPE 001
This program is used for calculating performance of the thermosyphon
heat exchanger operating at low temperature with 2-kinds of working

fluids (water-ethanol)

Developed by Atipoang Nuntaphan, Ph.D. student
Thermal Technology Division, School of Energy and Materials,
King Mongkut's University of Technology Thonburi

8 o ke o ook 3 ok ok ok ook e ke s ok ok s ok o e ol ok ook o oo o ok e e sk ok ook ok e ok ok o ok ok o ok 3K ok ok ek ok

Then, the program will ask the input parameter as follow;

Please enter informations below
1. Heat exchanger informations -
1.1 Input number of rows
1.2 Input number of column
1.3 Input outside diameter of tube (m)
1.4 Input inside diameter of tube (m)}

1.5 Input evaporator length (m)
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1.6 Input condenser length (m)
1.7 Input type of fin
1. bare tube 2. circular finned 3. plain plate finned
1.8 Input fin thickness (m) (input 0 for bare tube)
1.9 Input fin gap (m) (input O for bare tube)
1.10 Input fin height (m) (input 0 for bare tube)
1.11 Input number of fins (fin/inch) (input 0 for bare tube)
1.12 Input pipe arrangement
1.aligned 2. staggered
1.13 Input transverse pitch (St) (m)
1.14 Input longitudinal pitch (SI) (m})
1.15 Input directional pitch (Sd) (m) (input 0 for aligned)

1.16 Input cross section area of duct (m"2)

2. Working conditions
2.1 Input inlet temperature of hot gas (C)
2.2 Input inlet temperature of cold gas (C)
2.3 Input mass flow rate of hot gas (kg/s)
2.4 Input mass flow rate of cold gas (kg/s)
2.5 Input flow pattern

1. parallel flow 2. counter flow

Then the simulation program will calculate the suitable working fluids between water
and ethano! in each row of the thermosyphon and also calculate the heat transfer and the
inlet and the outlet temperatures of the hot and the cold air streams in each row of the

thermosyphon heat exchanger.



114

2. Detail of the P

Program Heat_Pipe 001; {heat transfer rate at low operating temperature}
Uses Winert;
Var Thi, Tei,Qtotal : real;

mh,me,Le,Le fs,th, ft,5t,8d,81,0d,fn,id,Qw,Qe : real;

Q :array[1..100] of real;

Th :array[1..100] of real;

Tc : array[1..100] of real;

Imtd, Thow, Tcow,Thoe, Tcoe : real;

fintype,arrangement, flowpattern,cross_section_area: real;
a,nr,nc,i,j.k : integer;

wc : array[1..100] of real,

Function den_air(T:real):real; {calculate density of air}
Begin
den_air := 0.000005*sqr(T+273.15)-0.0063*(T+273.15)+2.6043;
End;
Function vis_air(T:real):real; {calculate viscosity of air}
Begin
vis_air .= (-0.0003*sqr(T+273.15)+0.6361*(T+273.15)+17.349)/10000000;
End,
Function Cp_air(T:real):real; {calculate Cp of air}
Begin
Cp_air = (0.0000004*sqr(T+273.15)-0.0002*(T+273.15)+1.0324)*1000;
End;
Function k_air(T:real):real; {calculate thermal conductivity of air}
Begin
k _air := (-0.00003*sqr(T+273.15)+0.0955*(T+273.15)+0.24)/1000;
End;
Function Pw(T:real):real; {vapor pressure of water}
Var Pec,Te,bl,b2,b3,b4,Tr: real;

Begin
Pc :=22.093*1000000; Tc = 647.25;
bl :=-7.78747, b2 := 1.50255;
b3 :=-2.81152; b4 :=-1.22268; .

Tr = (T+273.15)/Tc;
Pw = exp(In(Pc)+(1/Try* (b1 *(1-Tr)+b2*exp{(3/2)*In(1-Tr))
+b3*exp(3*In(1-Tr))+b4*exp(6*In(1-T1))));
End;
Function Dwl(T:real):real; {density of liquid water}
Var dc,Te,bl,b2,b3,b4,Tr : real;
Begin
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de :=315.5; Te = 647.25;
bl =2.24670, b2 :=-2.09405;
b3 :=2.73700; b4 = -1.74750;

Tr = (T+273.15)/T«;
Dw! ;= dc*exp(bl *exp((1/3)*In(1-Tr))+b2*exp((2/3)*In(1-Tr))
+b3*(1-Tr)+b4*exp((4/3)*In(1-Tr)));
End;
Function Dwg(T:real):real; {density of vapor water}
Var de,Te,bl,b2,b3,b4,Tr : real;

Begin
dc :=315.5; Tc :=647.25;
bl :=-1.38200; b2 :=-6.06253;
b3 :=5.91090, b4 .= -6.68477;

Tr == (T+273.15)/Tc;
Dwg = dc*exp(bl *exp((1/3)*In(1/Tr-1))+b2*exp((2/3)*1n(1/Tr-1))
+b3*(1/Tr-1)+b4*exp((4/3)*In(1/Tr-1)));
End;
Function Lw(T:real):real; {latent heat of water}
Var Tc,bl,b2,b3,b4,Tr: real;

Begin
Tec = 647.25;
bl :=1.7035*100000; b2 = 1.12332*10000000;

b3 :=-1.47041*10000000; b4 :=6.35750*1000000;
Tr = (T+273.15)/T¢;
Lw = bl*exp({1/3)*In{1-Tr))+b2*exp((2/3)*In(1-Tr))
+b3*(1-Tr)+b4*exp((4/3)*In(1-Tr));
End;
Function Cpw(T:real):real; {density of liquid water}
Var Tc,bl,b2,b3,b4,Tr : real,

Begin
Te ;= 647.25;
bl =-1.4995*10000; b2 := 8.8%0.01;
b3 = -6.82*0.1; b4 :=-7.05%0.1,

Tr = (T+273.15)/Tc;
Cpw = b1*(1+b2*exp((-2/3)*In(1-Tr))+b3*exp((-1/3)*In(1-Tr))
+bd*exp((1/3)*In(1-Tr)));
End;
Function Vwl(T:real):real; {dynamic viscosity ofliquid water}
Var Te,bl,b2,b3,b4,Tr: real;

Begin
Tec .= 647.25;
bl :=-1.01083*10; b2 = 1.39621;
b3 :=4.8431*0.1; b4 :=7.1019%0.1;

Tr = (T+273.15)/T¢;
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Vwl = exp(bl1+b2*exp((1/3)*In(1/Tr-1))+b3 *exp((4/3)*In(1/Tr-1))
+b4*exp((7/3)*In(1/Tr-1)));
End;
Function Vwg(T:real):real; {dynamic viscosity of vapor water}
Var Tc,bl,b2,b3,b4,Tr : real;

Begin
Te :=647.25;
bl :=-1.0373*10; b2 = -8.6737%0.1;
b3 :=-2.9699*0.1; b4 :=9.051*0.01;

Tr = (T+273.15)/Tc;
Vwg = exp(b1+b2*exp((1/3)*In(1/Tr-1))+b3*exp((4/3)*In(1/Tr-1))
+b4*exp((7/3)*In(1/Tr-1)));
End;
Function kw(T:real):real; {thermal conductivity water}
Var Tec,bl,b2,b3,b4,b5,Tr: real;

Begin
Tc :=647.25;
bl :=-1.63975; b2 :=1.11421*10;
b3 ;= -2.00805*10; b4 = 1.67447*10;
b5 :=-5.78763,

Tr = (T+273.15)/Tc;
kw = bl+b2*Tr+b3* Tr* Tr+b4* Tr* Te* Tr+bS* Tr* Tr* Tr* T
End;
Function tanh(x:real).real; {calculate hyperbolic tangent}
Begin
tank = (exp()-exp(-x))/(exp(x)+exp(-x));
End,
Function Sw(T:real):real; {surface tension water}
Var Te,bl,b2,b3,b4,Tr : real;

Begin
Tec := 647.25;
bl :=2.358*%0.1; b2 = -6.25%0.1,
b3 :=1.256;

Tr = (T+273.15)/T¢;
Sw = bl*exp(b3*In(1-Tr))*(1+b2*(1-Tr));
End;
Function Pe(T:real):real; {vapor pressure of ethanol}
Begin
Pe == exp(0.23584*100-(3814/(T+273.15-46.29)));
End;
Function Del(T:real):real; {density of liquid ethanol}
Begin
Del:= 1/((1000/46)*(0.69186/1000)*exp((1+exp(0.2857*
In(1(T+273.15)/516.15)))*In(0.25041)));
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End;
Function Deg(T:real):real; {density of vapor ethanol}

Begin
Deg:= 0.0001*exp(0.0278*(T+273.15));
End;
Function Lae(T:real):real; {latent heat of ethanol}
Begin
Lae :=2393.4%(516-T-273.15)+442271;
End;
Function Cpe(T:real):real; {density of liquid ethanol}
Begin

Cpe = 1000*((108.6-0.2068*(273.15+T)+0.0002197*(273.15+T)*(273.15+T)
+(1.73529/1000000)*(273.15+T)*(273.15+T)*(273.15+T))/46);

End;
Function Vel(T:real):real; {dynamic viscosity ofliquid ethanol}
Begin
Vel:= exp(-12.888+1950.174/(24.124+(T+273.15)));
End;

Function Veg(T:real):real; {dynamic viscosity of vapor ethanol}
Var Tc,bl,b2,b3,b4,Tr : real;
Begin
Tc :=512.64;
bl =-1.06045%10; b2 :=-8.74383*0.1;
b3 :=-2.80468*0.1; b4:=6.1553*0.01;
Tr = (T+273.15)/T¢;
Veg:= exp(bl+b2*exp((1/3)*In(1/Tr-1))+b3*exp((4/3)*In(1/Tr-1))
+od*exp((7/3)* In(1/T1-1)));
End;
Function ke(T:real):real; {thermal conductivity ethanol}
Begin
ke := 0.253-(2.81/10000)y*(T+273.15);
End;
Function Se(T:real):real; {surface tension ethanol}
Begin
Se := 0.04678-0.0000832%(T+273.15);
End;
Function C_staggered(Re,St,Sl:real):real; {Zhukauskas factor}
Var s:real;
Begin
If Re<100 then C_staggered := 0.9
Else
Begin
If Re<1000 then C_staggered :=0.51
Else
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Begin
s 1= St/SI;
If Re<200000 then
Begin
If s <2 then C_staggered := 0.35*exp(0.2*In(s))
else C_staggered := 0.4;

End
Else
Begin
If Re<1000000 then C_staggered := 0.022;
End;
End;
End;
End;
Function m_staggered(Re:real):real; {Zhukauskas factor}
Begin
If Re<100 then m_staggered := 0.4
Else
Begin
If Re<1000 then m_staggered := 0.5
Else
Begin
If Re<200000 then m_staggered := 0.6
Else
Begin
If Re<1000000 then m_staggered := (.84,
End;
End;
End;
End;

Function C_aligned(Re:real):real; {Zhukauskas factor}
Begin
[f Re<100 then C_aligned := 0.8

Else
Begin
If Re<1000 then C_aligned :=0.51
Else
Begin
If Re<200000 then C_aligned :=0.27
Else
Begin
If Re<1000000 then C_aligned :=0.21;
End;

End;
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End;

End,;
Function m aligned(Re:real):real; {Zhukauskas factor}
Begin
[f Re<100 then m_aligned := 0.4
Else
Begin
If Re<1000 then m_aligned := 0.5
Else
Begin
If Re<200000 then m_aligned := 0.63
Else
Begin
If Re<1000000 then m_aligned := 0.84;
End;
End;
End;
End;

Function UAOQ01(Th,Tc,mh,mc,Q,nc:real):real; {calculate UA of water}

Const k = 14.9; ({thermal conductivity of metal}

Var Aeo,Aei,Aco,Aci,Afe Afc, Abe, Abc,heohei hco,hei,mfac,mfae,
Vmaxe,Vmaxc,Ree,Rec,Pre, Pre,Nue,Nuc,w,effe,effc,Zc, Zef, Zep,
phe2,phe3, T,Z,Re,a : real;
del Tsat,x,y heif heip,Pr,{p : real;

Ve, Ve, Vmaxel, Vmaxe2, Vmaxcl,Vmaxc? : real;

Begin
If arrangement = 1 then
Begin
If fintype = 1 then
Begin
Abe := nc*Le*3.14159%0d;
Abc = nc*Lc*3.14159*0d;
Afe = 0;
Afc = 0
Ve = mh/(den_air(Th)*cross_section_area);
Ve = mc/(den_air(Tc)*cross_section_area);

Vmaxe := St*Ve/(St-od),

Vmaxc ;= St*Vc/(St-od);

Ree := den_air(Th)*Vmaxe*od/vis_air(Th);

Rec := den air(Te)*Vmaxc*od/vis air(Tc);

Pre = Cp_air(Th)*vis_air(Th)/k_air(Th);

Prc = Cp_air(Tc)*vis_air(Tcyk_air(Tc);

Nue = C_aligned(Ree)*exp(m _aligned(Ree)*In(Ree))
*exp(0.36%In(Pre));
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Nuc = C_aligned(Rec)*exp(m_aligned(Rec)*In(Rec))
*exp(0.36*In(Prc));

heo := Nue*k_air(Th)/od,;

hco = Nuc*k_air(Tc)/od;

effe = 0;
effc .= 0;
End;
If fintype = 2 then
Begin
Afe := ((nc*Le*3.14159)/(fs+t)y*(0.5*(sqr(od+2*th)-sqr{od))

+(od+2*th)*ft);
Abe = ((nc*Le*3.14159)/(fs+it))*od*fs;
¢ = ((nc*Lc*3.14159)/(fs+ft)y*(0.5*(sqr(od+2*th)-sqr(od))
+(od+2*th)*fi);

Abc = {(nc*Lc*3.14159)/(fs+t))*od*fs;
mfae = nc*Le*(St-od-(2*ft*th)/(fs+ft));
mfac = nc*Lc*(St-od-(2*ft*th)/(fs+t));

Vmaxe := mh/(den_air(Th)*mfae);

Vmaxc := mc/(den_air(Tc)*mfac);

Ree = Vmaxe*od*den_air(Th)/vis_air(Th);

Rec = Vmaxc*od*den air(Tc)/vis_air(Tc);

Pre := Cp_air(Th)*vis_air(Th)/k_air(Th);

Prc = Cp_air(Te)*vis_air(Tc)k_air(Tc);

Nue := 0.30*exp(0.625*In(Ree))*exp(-0.375*
In((nc*Le*3.14159*0d)/(Afe+Abe)))
*exp(0.333*In(Pre));

Nuc := 0.30%exp(0.625*In(Rec))*exp(-0.375*
In{{nc*Lc*3.14159*0d)/(Afc+Abc)))
*exp(0.333*In(Prc));

heo = Nue*k_air(Th)/od;

heo = Nuc*k_air(Tc)/od;

w = 0.5%od*(((od+2*fh)/od)-1y*(1+0.35*1n((od+2* th)/od));
effe := (tanh(sqrt(2*heo/(ft*k))*w)/(sqrt(2*heo/(ft*k))}*w));
effc := (tanh(sqrt(2*hco/(ft*k))*w)/(sqrt(2*hco/(ft*k))*w));
End,;
End;
If arrangement = 2 then v
Begin
If fintype = 1 then
Begin
Abe := nc*Le*3.14159%0d;
Abc = nc*L¢*3.1415%9*0d;
Afe =

0;
Afc 0;
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Ve = mh/(den_air(Th)*cross_section_area);

Ve = mc/(den_air(Tc)*cross_section_area);

Vmaxel:= St*Ve/(St-od);

Vmaxcl:= St*Vc/(St-od);

Vmaxe2:= St*Ve/(2*(Sd-od));

Vmaxc2:= St¥*Vc/(2*(Sd-od));

If Vmaxel > Vmaxe2 then Vmaxe := Vmaxel

else Vmaxe := Vmaxe2;

If Vmaxcl > Vmaxc?2 then Vmaxc ;= Vmaxcl

clse Vmaxc = Vmaxc2;

Ree := den_air{Th)*Vmaxe*od/vis_air(Th);

Rec = den_air(Tc)* Vmaxc*od/vis_air(Tc);

Pre := Cp_air(Th)*vis_air(Th)/k air(Th);

Prc = Cp_air(Tc)*vis_air(Teyk air(Tc);

Nue = C_staggered(Ree,St,S])*exp(m_staggered(Ree)*In(Ree))
*exp(0.36*In(Pre));

Nuc := C_staggered(Rec,St,Sl)*exp(m_staggered(Rec)*In(Rec))
*exp(0.36*In(Prc));

heo := Nue*k_air(Th)/od;

hco = Nuc*k_air(Tc)/od;

effe = O
effc = 0;
End;
If fintype = 2 then
Begin
Afe = ((nc*Le*3.14159)/(fs+f))*(0.5*(sqr(od+2*fh)-sqr(od))
+(od+2*fh)* ft);

Abe = ((nc*Le*3.14159)/(fs+ft))*od*fs;

Afc = ((nc*Lc*3.14159)/(fs+1t))*(0.5*(sqr(od+2*fh)-sqr{od))
+od+2*fth)*ft);

Abc = ((nc*Lc*3.14159)/(fs+ft))*od*fs;

mfae := 2*nc*Le*(Sd-od-(2* ft*fh)/(fs+{t));

mfac = 2*nc*Le*(Sd-od-2*fi*fh)/(fs+1t));

Vmaxe = mh/(den air(Th)*mfae);

Vmax¢ = mc/(den_air(Tcy*mfac);

Ree = Vmaxe*od*den air(Th)/vis_air(Th);

Rec = Vmaxc*od*den_air(Tc)/vis_air(Tc); .
Pre := Cp_air(Th)*vis_air(Th)/k_air(Th);

Prc := Cp air(Tc)*vis_air(Tc)k_air(Tc);

Nue := 0.242*exp(0.658*In(Ree))*exp(0.297*In(fs/fh))
*exp(-0.091*In(St/S1)y*exp(0.33333*In(Pre));
Nuc := 0.242*exp(0.658*In(Rec))*exp(0.297*ln(fs/th))
*exp(-0.091 *In(SUS1))*exp(0.33333*In(Prc));
heo := Nue*k_air(Th)/od;



