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ABSTRACT 

 

 This thesis studied heat transfer with a numerical model and experimental 

evaluation of a helical oscillating heat pipe (HOHP). Firstly, I created a numeric model 

of the HOHP to predict the time required to reach the steady state temperature, the heat 

transfer of the HOHP and the heat transfer of the HOHP heat exchanger under transient 

conditions. Secondly, I measured the temperature at the pipe wall and evaluated the heat 

transfer rate and compared them with the numeric model. Thirdly, I applied results from 

the numeric model and experiments to select the parameters to obtain the best heat 

transfer rates for constructed the HOHP heat exchanger. 

 The model allowed determination of the temperature profiles at the pipe wall, 

heat transfer profiles of the HOHP itself and heat transfer profiles of the HOHP heat 

exchanger. The governing equation for the pipe wall is the conduction equation, and the 

governing equations for the vapor core are the continuity, the momentum and the 

energy equations. All of the governing equations were solved numerically using finite 

difference methods. The time required to reach the steady state temperature of the pipe 

wall, the heat transfer of the HOHP and the heat transfer of the HOHP heat exchanger 

were determined in this part. The results show that a temperature for the evaporator 

section of 60ºC had a time to the steady state temperature and steady state heat transfer 

that was less than the temperatures for the evaporator section of 70 and 80ºC. A 

temperature of 80ºC for the evaporator section had the highest heat transfer of the 

HOHP and the HOHP heat exchanger. 

 The second part measured the temperature profiles of the pipe wall and the heat 

transfer profiles of the HOHP. The HOHP was constructed from copper tubes and the 
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working fluids were water, ethanol and R11; the temperatures of the evaporator section 

were 60, 70 and 80ºC; the inner diameters of the pipe were 1.6, 1.8 and 2.0 mm; the 

thickness was 0.5 mm; the total lengths of the pipe at the evaporator and the condenser 

sections were 850 mm; length of the adiabatic section was 50 mm; the temperature of 

the water in the condenser section was 20oC; the mass flow rate of the water at the inlet 

of the evaporator and the condenser sections was 0.25 kg/min; the filling ratio was 80% 

with respect to the total volume of the HOHP; inclination angle was 90 degrees from the 

horizontal; the evaporator and the condenser sections had five coils; the diameter of the 

coil was 50 mm; and pitch was 10 mm. The time required to reach the steady state 

temperature of the pipe wall and the heat transfer of the HOHP were measured in this 

part and the results from the experimental evaluation of the HOHP were compared with 

the model from the first part. The results show that R11 working fluid had the highest 

heat transfer for the HOHP, the temperature for the evaporator section of 80ºC had the 

highest heat transfer for the HOHP and 2.0 mm inner diameter had the highest heat 

transfer for the HOHP. The results from the experimental evaluation and those from the 

model were in good agreement. 

 The third part shows the heat transfer of the HOHP heat exchanger from the 

experimental evaluation. The HOHP heat exchanger was constructed from copper tubes 

and the parameters in the experiment were the same as the HOHP experiment and the 

selected working fluid, temperature, inner diameter of pipe and total lengths of pipe at 

the evaporator and the condenser sections were those provided the best heat transfer 

from the scope of the experiment. The mass flow rate of the water at the evaporator and 

the condenser sections was 1.5 kg/min and the HOHP heat exchanger used a counter 

flow arrangement. The time required to reach the steady state heat transfer for the 

HOHP heat exchanger was determined in this part and found to be in good agreement 

with predictions from the model and experiments. 

 

Key words: Helical oscillating heat pipe; Mathematical model; Heat transfer; Heat 

exchanger 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Background 

 

 A heat pipe has a high heat transfer. In 1972, the idea of the heat pipe was 

presented by R.S. Gaugler; however, in 1960, G.M. Grover had invented the heat pipe. 

Since then, there has been development of the heat transfer properties of the heat pipe 

and the heat pipe is widely known in the present. First, heat pipes are used in space 

technology, satellites and nuclear power plants and in the present the heat pipe can be 

used to reduce the heat in electronic devices, such as computers, or used to save energy 

and for heat exchange in industry. A heat pipe has three section: the evaporator, the 

adiabatic and the condenser sections. The heat pipe uses the principles of heat transfer 

from the state change of the working fluid within the pipe, which does not require 

external energy. The heat pipe has the principle of the boiling of the working fluid, 

when the working fluid within the evaporator section receives heat it will evaporate and 

reduce the heat at the condenser section. The working fluid will form condensation and 

the heat from the condensation will be lost to the environment, then the working fluid 

will be liquid and flow to the evaporator section by gravity [1]. In the present, the heat 

pipe is appropriate for use but the effectiveness of them needs increasing, so the heat 

pipe has changed schematically quickly. The helical oscillating heat pipe (HOHP) is a 

heat pipe of another type, for use to solve the problems from above. 

 The HOHP is complex, and needs to be analyzed by a mathematical model. 

The mathematical model uses math to describe the system by assumptions, or set of 

boundary conditions in the analysis. To predict the behavior of the heat transfer of the 

heat pipe, commonly mathematical methods are used to solve the problems. The 

analysis for the solution will use numerical methods to solve the engineering problem 

by using a computer program for the calculation. Using a computer programing in the 

calculation will give the similar value as with the true value, mostly. The finite 

difference method is a numerical method used to solve the differential equations and it 

is common for the analysis to solve engineering and science problems, due to it being 
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able to simulate the structure or the workpiece complexity. In using the finite difference 

method, we will use a computer for the calculation to provide a fast calculation. 

However, at present, the HOHP does not have the background information to analyze it 

in depth. Which means no researchers have created a mathematical model to predict the 

performance of the HOHP. 

 Therefore, this research aims to develop a mathematical model of a helical 

oscillating heat pipe and the application of the finite difference method to solve the 

governing equations for the transient condition by using a computer program for the 

calculation. 

 

1.2 Objectives of study 

 

  1.2.1 To create a mathematical model for the prediction of the heat transfer of 

a HOHP. 

  1.2.2 To compare the results from the mathematical model and an experiments. 

  1.2.3 To design and create a heat exchanger. 

  1.2.4 To compare the performance of the heat exchanger from the model with 

the experiments. 

 

1.3 Scope of study 

 

 1.3.1 Scope of mathematical model 

  1.3.1.1 Apply the numerical method for the mathematical model of the 

HOHP. 

  1.3.1.2 Apply the computer program to solve the mathematical model of 

the HOHP. 

  1.3.1.3 Analyze the HOHP in 1-D. 
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 1.3.2 Scope of experimental evaluation 

  1.3.2.1 Independent parameters 

   1) Working fluids were water, ethanol and R11. 

   2) Temperatures of the evaporator section were 60, 70 and 80oC. 

   3) HOHP was made from copper pipe with the inner diameters of 1.6, 

1.8 and 2.0 mm and thickness was 0.5 mm. 

  1.3.2.2 Dependent parameters 

   1) Temperature of the HOHP. 

   2) Heat transfer of the HOHP. 

  1.3.2.3 Control parameters 

   1) Total length of the pipe at the evaporator section was 850 mm. 

   2) Total length of the pipe at the condenser section was 850 mm. 

   3) Length of the adiabatic section was 50 mm. 

   4) Temperature of the water in the condenser section was 20oC. 

   5) Mass flow rate of the water at the inlet of the evaporator and the 

condenser sections was 0.25 kg/min. 

   6) Filling ratio was 80% with respect to the total volume of the HOHP. 

   7) Inclination angle was 90º from the horizontal. 

   8) Number of coils in the evaporator and the condenser sections was 5. 

   9) Diameter of coil was 50 mm. 

   10) Pitch was 10 mm. 

 

  1.3.3 Scope of heat exchanger 

   To prove that the HOHP heat exchanger can exchange a heat of 1000 W 

and that it has the conditions as follows: 

    1) Working fluid that provides the best heat transfer from the scope of 

the experiment in topic 1.3.2. 

    2) Temperature that provides the best heat transfer from the scope of 

the experiment in topic 1.3.2. 

    3) HOHP made from copper pipe that provides the best heat transfer 

from the scope of the experiment in topic 1.3.2. 

    4) Temperature of water in the condenser section was 20oC. 
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    5) Mass flow rate of the water at the evaporator and the condenser 

sections was 0.25 kg/min. 

    6) Total length of the pipe at the evaporator section that provides the 

best heat transfer from the scope of the experiment in topic 1.3.2. 

    7) Total length of the pipe at the condenser section that provides the 

best heat transfer from the scope of the experiment in topic 1.3.2. 

    8) Adiabatic section was 50 mm. 

    9) Inclination angle was 90 degrees from the horizontal. 

    10) Heat exchanger has counter flow arrangement. 

 

1.4 Benefits of this study 

 

 1.4.1 Mathematical model for the prediction the heat transfer of the HOHP. 

 1.4.2 Comparison of the results from the mathematical model and the 

experiments. 

 1.4.3 Design and creation of the heat exchanger. 

 1.4.4 Comparison of the performance of the heat exchanger from the model 

with the experiments. 
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CHAPTER 2 

 

THEORY AND LITERATURE REVIEWS 

 

 For the study of a mathematical model of a HOHP, the numerical method 

needs to know the basic information about the HOHP, which can be describe as follows: 

  1. Theory of oscillating heat pipe (OHP) 

  2. Theory of HOHP 

  3. Theory of mathematical model of HOHP 

  4. Numerical method 

  5. Theory of HOHP heat exchanger 

  6. Literature reviews 

 

2.1 Theory of oscillating heat pipe (OHP) 

 

 An OHP is heat transfer equipment that does not use external energy. The OHP 

consists of three sections: the evaporator section (Le), the adiabatic section (La) and the 

condenser section (Lc). The OHP can be operated by adding a working fluid to the 

capillary tube, for which, when the working fluid is in the saturated liquid state boiling 

occurs, and it is condensed into steam by the latent heat of vaporization and moves to 

the condenser section. The condenser section has a lower temperature, the steam 

condenses and moves to the other end of the pipe. Therefore, the working fluid steam 

can transfer the heat from one end of the pipe to the other end of the pipe, if the 

temperatures of the evaporator and the condenser sections are different. OHPs can be 

classified into four types: closed-end oscillating heat pipe (CEOHP), closed-loop 

oscillating heat pipe (CLOHP), closed-loop oscillating heat pipe with check valve 

(CLOHP/CV) and helical oscillating heat pipe (HOHP) [2], which are shown in figure 

2.1. 
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Q

Q

Evaporator section

Condenser section 

Adiabatic section 

Q

Q

Evaporator section

Condenser section

Adiabatic section 

 

(a) Closed-end oscillating heat pipe                       (b) Closed-loop oscillating heat pipe  

(CEOHP)                                                            (CLOHP) 

 

Q

Q

Evaporator section

Condenser section 

Adiabatic section 

                 

Condenser Section

Adiabatic Section

Evaporator Section

Pitch

Diameter of coil  

               (c) Closed-loop oscillating heat pipe          (d) Helical oscillating heat pipe 

                         with check valve (CLOHP/CV)                       (HOHP) [25] 

 

Figure 2.1 Oscillating heat pipes (OHP) [2] 

 

 The heat transfer characteristic of the OHP is the relationship of the actual heat 

transfer (Q), the overall heat transfer (Z) and the difference between the temperature of 

the heat source and the heat sink (∆T). Which can be calculated by equation (2.1) [2]. 

 

T
Q

Z


                                             (2.1) 

 

 The heat transfer of the OHP, also has the parameter control of the thermal 

resistance, which can be calculated by equation (2.2) [2]. 
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( )evap condT T
Z

Q


                                       (2.2) 

 

 The calculation of the heat transfer of the OHP can be done by measuring the 

temperature of the cooling substance at the inlet and outlet of the condenser section, 

which can be calculated by equation (2.3) [2]. 

 

( )p out inQ mc T T                                        (2.3) 

 

2.2 Theory of HOHP 

 

 The HOHP is a small pipe that has a high heat transfer coefficient. HOHPs are 

widely used in industry, such as in heat recovery systems, air conditioning and the food 

industry. The HOHP increases the heat transfer area more than the loop heat pipe, and it 

can be installed in a small area. The HOHP design has the evaporator and the condenser 

sections as pipes bent into a coil spring, and the adiabatic section is a straight pipe. A 

schematic of a HOHP is shown in figure 2.2. In which the length of the evaporator 

section is eL , the length of the adiabatic section is aL , the length of the condenser 

section is cL , the radial of the coil is ar , the radial of the pipe is a  and the pitch is sp  

[3]. 
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2 ar

cL

eL

aL

2a

 

Figure 2.2 Schematic of HOHP [3] 

 

 2.2.1 Geometry of HOHP 

  The geometry of the HOHP is shown in figure 2.3(a); the pitch sp  is 

increased by the number of coils in the equation 2 sp  and it has important equations 

that consist of those for the curvature ( ) and the torsion ( ). These can be seen in 

equation (2.4) and equation (2.5). 

 

2

2 2( )

a

a s

r

r p
 


                                               (2.4) 

 

2

2 2( )

s

a s

p

r p
 


                                                (2.5) 
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2
s

p


ar

2a

A
-A

 




( )sR

x

x

y

z
s

B

N

p

T

r

2a

A-A Section  

(a) Geometry of HOHP           (b) Coordinate system of HOHP 

 

Figure 2.3 Geometry and coordinate system of HOHP [4] 

 

 2.2.2 Coordinate system of HOHP  

  The coordinate system of the HOHP can be considered as a master 

Cartesian coordinate system (x, y, z). The coordinate system of the HOHP can be seen 

in figure 2.3(b), where s  is the curvature direction, r  is the radial direction and   is the 

angle direction. The vector in the coordinate system of the HOHP is 
( )sR , which can be 

calculate in equation (2.6). 

 

( ) cos( ) sin( ) ( )sR a s i a s j b s k                              (2.6) 

 

   where ,i j  and k  are the unit vectors and s  is the vector in the 

curvature of the HOHP. The position x  of the HOHP can be written in vector X  as can 

be calculate in equation (2.7). 

 

( ) ( ) ( )sin( ) cos( )s s sX R r s N r s B                      (2.7) 

 

   The metric in the coordinate system of the HOHP can be shown in 

equation (2.8). 
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2 2 2 2 2(1 sin( ))dx dx r s ds dr r d                        (2.8) 

 

   when ,ds dr  and d  are the variation in the rate in the axial, radial and 

angle directions, respectively. The unit matrix sh  can be calculated from equation (2.9). 

 

1 sin( )sh r s                                       (2.9) 

 

2.3 Theory of mathematical model of HOHP 

 

 When studying the details of the HOHP, it is very complex because the HOHP 

has more parameters in the analysis, in which the analysis of the HOHP will include the 

pipe wall and the vapor core of the HOHP. The pipe wall of the HOHP has the 

governing equation as the conduction equation. The vapor core in the HOHP has the 

governing equation as the continuity, the mass and the energy equations. These can be 

describe as follows: 

 

 2.3.1 Conduction equation 

  The conduction equation at the pipe wall of the HOHP can be shown from 

the control volume in the coordinate system as in figure 2.4. The conduction rate along 

the HOHP is sq . 

 

x

y

z

s dsq 

sq dr

ds

d

 

Figure 2.4 Control volume on coordinate system of HOHP 
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  From the control volume in figure 2.4, the energy conservation is: 

 

in g out stE E E E                                        (2.10) 

 

  where 
inE  is the energy inflow, 

outE  is the energy outflow, gE  is the 

energy generation and 
stE  is the energy storage. 

 

 2.3.2 Conservation of mass equation 

  Consider the fluid particle as shown in figure 2.5, the lengths of each side of 

the fluid particle are dr , d  and ds according to the coordinates x , y  and z  of the 

particle and the fluid will be have the mass flux though the flow as can be seen in figure 

2.5. 

 

x

y

z

dr

ds

d

s
w

s ds
w



 

Figure 2.5 Mass flux though small area of fluid 

 

  The control volumes are the volume of the fluid particle and the 

conservation of mass equations, as shown in equation (2.11). 

 

  0
cv cs

d V dA
t

 


  
                                          (2.11) 
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  where   is the density of mass,   is the volume of mass, V  is the velocity 

vector in the flow and A  is the vector of the cross section area of the small area. 

 

 2.3.3 Conservation of momentum equation 

  When considering the fluid particle as shown in figure 2.6, the control 

volumes are ,  dr d  and ds , as can be shown by the following: 

 

   S B

cv cs

F F F V d V V dA
t

 


    
                             (2.12) 

 

  where SF  is the surface tension force on the control volume and BF  is the 

weight of the control volume. 

x

y

z

dr

ds

ds s ds




s s


s s ds




s s


 

Figure 2.6 Stress on surface of control volume 

 

 2.3.4 Conservation of energy equation 

  When considering the fluid particle, as shown in figure 2.7, the control 

volumes of the fluid particle are ,  dr d  and ds . The differential equation of the energy 

can be created by the first thermodynamic law, therefore the energy equation can be 

calculated from equation (2.13). 
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2

-  ds
2

sqD V
e ds Q f Vds

Dt s
  

   
        

                  (2.13) 

 

  where e  is the internal energy, 
2

2

V  is the kinetic energy of the mass, V  is 

the velocity of the flow, Q  is the heat flux occurring within the mass, f  is the force 

from the weight of the mass and sq  is the heat flux in the s  direction. 

 

x

y

z

dr

ds

wpds

 wp
wp ds ds

s

 
 

 

 

Figure 2.7 Work on control volume 

 

 2.3.5 Heat transfer calculation of HOHP from model 

  The calculation of the heat transfer for the HOHP from the model can be 

defined as the overall heat transfer from the evaporator section to the condenser section, 

or due to the heat transfer between the pipe wall and the working fluid. The heat transfer 

from the state change of the working fluid can be calculated from equation (2.14) and 

the heat transfer at the surface can be calculated from equation (2.15) [2]. 

 

,v v fg iQ m h                                              (2.14) 

 

, ,

1

( )

n

out c v i w i

i

Q Dh T T dx


                                      (2.15) 
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  where vQ  is the heat transfer of the working fluid, vm  is the mass flow rate 

of the working fluid, 
fgh  is the latent heat of the vaporization of the working fluid, outQ  

is the heat transfer at the outlet of the condenser section, D  is the diameter of the pipe, 

h  is the convective heat transfer coefficient, vT  is the temperature of the working fluid 

in the pipe and wT  is the temperature of the heat pipe wall. 

 

 2.3.6 Heat transfer calculation of HOHP from experiment 

  The calculation of the heat transfer for the HOHP from the experiment can 

be done by the calorimeter method, which uses the measurement of the inlet and outlet 

temperatures of the water at the condenser section of the HOHP, when the values were 

calculated for the heat transfer using equation (2.16) and equation (2.17). 

 

( )p out inQ mc T T                                        (2.16) 

 

 where Q  is the heat transfer of the HOHP (W). 

    m  is the mass flow rate (kg/s). 

    pc  is the specific heat (J/kg oC). 

    inT is the inlet temperature at the condenser section (oC). 

    outT is the outlet temperature at the condenser section (oC). 

 

2.4 Numerical method 

 

 The numerical method [5] used in the analysis of the mathematical model of 

the HOHP is the Crank-Nicolson method, which can be used to solve the heat equation 

as well and has high accuracy and few errors. The Crank-Nicolson method performs the 

calculation by estimating the term of the first time derivative of the variation with the 

time for the middle during of the period of the calculation as time n and n+1, which can 

be calculated from equation (2.17). 
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1n n

i iT TT

t t

 


 
                                             (2.17) 

 

 The first time derivative has variation with distance and can be calculated from 

equation (2.18). 

 

1 1

1 1 1 11

2 2 2

n n n n

i i i iT T T TT

x x x

 

   
  

  
   

                                     (2.18) 

 

 The second time derivative has variation with distance and can be calculated 

from equation (2.19). 

 

1 1 12

1 1 1 1

2 2 2

2 21

2

n n n n n n

i i i i i iT T T T T TT

x x x

  

   
    

  
   

                           (2.19) 

 

 The terms that do not vary with time and distance can be calculated from 

equation (2.20). 

 

 11

2

n n

i iT T T                                              (2.20) 

 

2.5 Theory of HOHP heat exchanger 

 

 A heat exchanger is the application of several combined heat pipes for heat 

exchange from two types of fluid. The application of the heat pipe for heat exchange is 

called a heat pipe heat exchanger. The heat pipe heat exchanger is a closed system for 

the heat exchange from the hot fluid and the cool fluid, air or gas. Heat exchangers are 

designed to be used in hot systems and cold systems, such as the processes of electricity 

produced from gas or steam, refrigeration, cooling and in the food and chemical 

industries, etc. The heat exchanger has the principles of heat transfer from three 

processes that are heat conduction, heat convection and heat radiation. The design of a 

heat exchanger needs to consider the operating conditions above, as well as the money 
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invested, the performance, the size and the economic evaluation. We also must consider 

the materials used for the assembly, the corrosion resistance to chemicals and the 

physical properties of the heat, too [1]. 

 For the analysis of the heat exchanger we must know the flow of the heat 

exchanger, the calculation of the number of tubes of the heat exchanger, the placement 

of the pipe in the heat exchanger, the overall heat transfer coefficient of the heat 

exchanger and the analysis and the calculation of the heat exchanger. Each of which are 

described as in the following: 

 

 2.5.1 Flow of heat exchanger 

  There are many types of heat exchanger and the heat pipe heat exchanger is 

a closed system, which has the hot fluid and the cool fluid within the heat exchanger for 

the heat exchange. The heat pipe heat exchanger can be classification by the two flow 

arrangements: the parallel flow and the counter flow [1]. In this study, we choose the 

counter flow due to it having the higher heat transfer and the efficiency in the exchange 

is better than the parallel flow. The counter flow is shown in figure 2.8. 

 

 

Figure 2.8 Counter flow in heat exchanger [1] 

 

 2.5.2 Calculation for number of tubes in heat exchanger 

  The calculation of the number of tubes in the heat exchanger can be 

determined from equation (2.21). 
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Theory

Q
N

Q
                                               (2.21) 

 

 where N  is the number of tubes in the heat exchanger. 

    Q  is the actual heat transfer (W). 

    
TheoryQ  is the heat transfer from the model (W). 

 

 2.5.3 Tube alignment in heat exchanger 

  The alignment of the tubes in the heat exchanger is very important in the 

heat exchange of the heat exchanger, in which the best alignment can help to give a 

higher heat transfer. The alignment of the tubes can be arranged in two ways, which are 

staggered or in-line [1]. In this study, we choose the staggered alignment because it has 

a higher heat transfer than the in-line alignment. The staggered alignment is shown in 

figure 2.9. 
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Figure 2.9 Staggered alignment [6] 

 

  Figure 2.9 shows the staggered alignment, which has the parameters in the 

analysis of the heat transfer of the heat exchanger as follows [6]: 
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  TS  is the transverse pitch. 

  LS  is the longitudinal pitch. 

  DS  is the diagonal pitch. 

 

  where DS  can be calculated from equation (2.22). 

 

1
2 2

2

2

  
   

   

T
D L

S
S S                                      (2.22) 

 

  The lA  group of tubes can be calculated from equation (2.23). 

 

1  TA S L                                               (2.23) 

 

  The DA  group of tubes can be calculated from equation (2.24). 

 

( )D D oA S D L                                          (2.24) 

 

  The staggered alignment has the maximum velocity at the horizontal plane 

( 1A ) or the diagonal ( DA ), in which maxV  will occurred at DA  when 

2( ) ( )D o T oS D S D    or 
2


 T oS D

SD  and maxV  can be calculated from equation 

(2.25). 

 

 max
2

 
  

 

T

D o

S
V V

S D
                                      (2.25) 

 

  However, on the other hand, if maxV  occurred at 1A  then maxV  can be 

calculated from equation (2.26). 
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max

 
  

 

T

T o

S
V V

S D
                                        (2.26) 

 

  maxV  is very important for the fluid flow, when it flows through a group of 

tubes. The Reynolds number can be calculated from maxV  in equation (2.27). 

 

maxRe



 o

D

V D
                                           (2.27) 

 

  The heat transfer coefficient can be calculated from equation (2.28). 

 

 D

o

Nu K
h

D
                                               (2.28) 

 

  The Nusselt number, obtained when using air to flow though the group of 

10 tubes that has 10NL  and can be calculated from equation (2.29). 

 

1 ,max ,maxRe ,2000 Re 40000,Pr 0.7   m m

D D DNu C                    (2.29) 

 

  1C  and m  can be seen from table 2.1. 

 

  When using air to flow through a group of tubes that is less than 10 tubes 

10NL  , the Nusselt number can be calculated from equation (2.30). 

 

1 2 ,maxRe m

D DNu C C                                          (2.30) 

 

  2C  and m  can be seen from table 2.2. 

 

  When using other fluids to flow through the group of 10 tubes 10NL , the 

Nusselt number can be calculated from equation (2.31). 
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1/3

1 ,max ,max1.13 Re Pr ,2000 Re 40000,Pr 0.7   m m

D D DNu C             (2.31) 

 

  When using other fluids to flow through a group of tubes that is less than 10 

tubes 10NL , the Nusselt number can be calculated from equation (2.32). 

 

1/3

1 2 ,max1.13 Re Pr m

D DNu C C                                   (2.32) 

 

 2.5.4 Overall heat transfer coefficient of heat exchanger 

  In the analysis of the heat exchanger, we used the overall heat transfer (U ) 

as the value that indicates the heat transfer from fluid to fluid. The heat transfer between 

the two fluids has the temperature difference of T , which can be calculated from 

equation (2.33) [6]. 

 

 Q UA T                                         (2.33) 

 

  where U  is the overall heat transfer coefficient for the heat exchanger, 

which can be calculated from equation (2.34). 

 

1 1

(1/ ) (1/ )
 

e c

U
h h

                                    (2.34) 
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Table 2.1 Edit value 1C  when 10NL  [6]. 

 

LS D  

 

TS D  

1.25 1.5 2.0 3.0 

1C  m 1C  m 1C  m 1C  m 

In-line 

1.25 0.348 0.592 0.275 0.608 0.100 0.704 0.0633 0.752 

1.50 0.367 0.586 0.250 0.620 0.101 0.702 0.0678 0.744 

2.00 0.418 0.570 0.299 0.602 0.229 0.632 0.198 0.648 

3.00 0.290 0.601 0.357 0.584 0.374 0.581 0.286 0.608 

Staggered 

0.600 - - - - - - 0.213 0.636 

0.900 - - - - 0.446 0.571 0.401 0.581 

1.000 - - 0.497 0.558 - - - - 

1.125 - - - - - - - - 

1.250 0.518 0.556 0.505 0.554 0.519 0.556 0.522 0.562 

1.500 0.451 0.568 0.460 0.562 0.452 0.568 0.488 0.568 

2.000 0.404 0.572 0.416 0.568 0.482 0.556 0.499 0.570 

3.000 0.310 0.592 0.356 0.580 0.440 0.562 0.428 0.574 

 

Table 2.2 Edit value 2C  when 10NL   [6] 

NL 1 2 3 4 5 6 7 8 9 

In-line 0.64 0.80 0.87 0.90 0.92 0.94 0.96 0.98 0.99 

Staggered 0.68 0.75 0.83 0.89 0.92 0.95 0.97 0.98 0.99 

 

 2.5.5 Analysis and calculation of heat exchanger 

  The basis of the analysis and calculation of the heat exchanger is the 

calculation of the area in the heat exchange, and after that we can defined the shapes 

and the sizes of the heat exchanger depending on the usage. The location is an important 

factor in determining the appropriate position, the size and the area. The analysis 

requires various information, such as the flow rate of the fluid, the temperatures of the 

inlet and outlet fluids, the capability of the heat transfer, the quantity of heat in the 
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transfer and the property of the fluid, etc. The analysis and calculation of the heat 

exchanger has two methods, which are the log mean temperature difference method 

(LMTD) and the number of transfer unit method (NTU). In this study, will show the 

analysis from the NTU method, which can be described as follows: 

 

  The analysis by the NTU method has advantages over the LMTD, as we 

must know the size, type of the heat exchanger, the inlet and outlet temperatures and the 

flow rate. The NTU method can be calculated from equation (2.35) [6]. 

 

maxQ Q                                         (2.35) 

 

  where Q  is the actual heat transfer (W). 

     maxQ  is the maximum heat transfer (W). 

       is the effectiveness of the heat exchanger. 

 

  The actual heat transfer can be calculated from equation (2.36). 

 

 , ,c c o c iQ C T T                                     (2.36) 

 

  where cC  is the 
pmc  of the cooling fluid. 

     
,c iT  is the inlet temperature of the cooling fluid ( C ). 

     
,c oT  is the outlet temperature of the cooling fluid ( C ). 

 

  The maximum heat transfer can be calculated from equation (2.37). 

 

 max min , , h i c iQ C T T                                  (2.37) 

 

  where 
,h iT  is the inlet temperature of the hot fluid ( C ). 

     
,h oT  is the outlet temperature of the hot fluid ( C ). 
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  The minC  can be calculated from equation (2.38). 

 

min min( ) pC mc                                      (2.38) 

 

  The velocity (V ) can be calculated from equation (2.39). 

 




m
V

A
                                            (2.39) 

 

  when minC  is less than the 
pmc  between the hot fluid and the 

pmc  of the 

cool fluid, any value less, it is minC , and likewise when the value is more, it is maxC . 

The value of ε  is the ratio of min max/C C  and will be analyzed by the NTU method from 

equation (2.40) [6]. 

 

min


UA

NTU
C

                                            (2.40) 

 

  The calculation of the effectiveness of the heat exchanger can be determined 

from equation (2.41) for the counter flow and when min N NTU UA C  and 

min max/C C C  [6]. 

 

 
 

1 exp (1 )

1 exp (1 )


  


  

NTU C

C NTU C
                               (2.41) 

 

2.6 Literature review 

 

 Sakulchangsatjatai [2] improved and extend the mathematical physical model 

of Shafii et al. (2001), which is used to predict the behavior of the liquid and vapor 

within a CEOHP and CLOHP at the top heat mode, by increasing the adiabatic section 

and number of meandering turns. The model of the liquid and vapor behavior was 

formulated using the following assumptions: the internal flow was a single-phase flow, 
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the pressure loss at the bend turn was neglected, the liquid was incompressible and the 

vapor followed the ideal gas law. The principles and theories of the internal friction 

flow, basic governing equations and finite difference scheme were applied to evaluate 

the heat transfer rate. The computer program used in this research was the MATLAB 

program. It was found that the heat transfer of the CEOHP and CLOHP were predicted 

using the model with the adiabatic section and number of turns and compared with the 

experimental data of Rittidech et al. (2000) and Charoensawan et al. (2000), 

respectively. It was concluded that for both types of OHP the calculation results were 

fairly good when compared with the experimental evaluation. When the number of turns 

increased, the heat flux was nearly constant due to the symmetry within the heat pipe, as 

the heat transfer rate is increased. The operations of the CEOHP and CLOHP from the 

prediction were similar. The CLOHP with ethanol exhibited the highest heat flux, while 

R123 and water had less heat flux. The heat flux was proportional to the inner diameter 

of the tube and inversely proportional to the evaporator length. 

 Pipatpaiboon et al. [3] presented a new type of oscillating heat pipe (OHPs) 

that was the HOHP. The research aimed to study the effect of the working temperature 

on the heat transfer characteristics of the HOHP. The HOHP in the research was made 

from copper tube with an inside diameter of 4 mm. The total length of the HOHP was 

3.75 m and consisted of the evaporator and condenser of equal lengths of 1.75 m and 

the length of the adiabatic was 0.25 m. Water was used as the working fluid at a filling 

ratio of 50% by total volume. The evaporator section was heated with an electric heater 

and the condenser section was cooled using an air flow when the air velocity was 

controlled at 1 m/s. The controlled temperatures at the adiabatic section (working 

temperature) were 50, 60 and 70ºC respectively. The experimental inclination angles of 

20, 40, 60, 80 and 90º from the horizontal axis were used. The results show that the 

working temperature increased the heat flux of the HOHP, and the maximum heat flux 

occurred at a working temperature of 70ºC and inclination angle of 60º and it was 

3065.08 W/m2. The HOHP works well at inclination angles between 60-90º  

 Germano [4] studied the effect of the torsion on a helical pipe. The Navier-

Stokes equations for a steady incompressible viscous flow were explicitly written in this 

frame of reference. The result is that for curvatures and torsions of the same order and 
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for low Reynolds numbers, the curvature induces a flow with a first-order effect on the 

parameter a  , where   is the curvature and a  is the radius of the pipe. 

 Akbaridoust et al. [7] studied the laminar, steady state flow in helically coiled 

tubes at a constant wall temperature numerically and experimentally. In the 

experimental section, a heat exchanger was designed that was capable of providing a 

constant wall temperature for the coils with different curvatures and torsion ratios for 

the ease of assembly. In the numerical study, the three dimensional governing equations 

were solved by the finite difference method with a projection algorithm using the 

FORTRAN programming language. It was found that the heat transfer was observed for 

tubes with greater curvature ratios. The utilization of a base fluid in a helical tube with a 

greater curvature compared to the use of a nanofluid in straight tubes enhanced the heat 

transfer more effectively. 

 Boothaisong [8] studied a three-dimensional model to simulate the heat 

transfer rate on a heat pipe in a transient condition. This article presents the details of a 

calculation domain consisting of a wall, a wick and a vapor core. The governing 

equation was numerically simulated using the finite element method. The three 

dimensional model attempted to predict the transient temperature, the velocity and the 

heat transfer rate profiles. The values obtained from the model calculation were then 

compared with the results from the experiments. The experiment showed that the time 

required to attain a steady state was reasonably consistent with the model. The working 

fluid r134a was the quickest to reach the steady state and transferred the greatest 

amount of heat. 

 Jayakumar et al. [9] studied the CFD analysis of single-phase flows inside 

helically coiled tubes. It has been well established that the heat transfer in a helical coil 

is higher than that in a corresponding straight pipe. This study presented the variation of 

the local Nusselt number along the length and circumference at the wall of a helical 

pipe. CFD simulations are carried out for vertically oriented helical coils by varying the 

coil parameters, such as (i) pitch circle diameter, (ii) tube pitch and (iii) pipe diameter, 

and their influence on the heat transfer was studied. After establishing the influence of 

these parameters, correlations for the prediction of the Nusselt number were developed. 

A correlation to predict the local values of the Nusselt number as a function of the 

angular location of the point was also presented. 
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 Litster et al. [10] studied a 3D numerical analysis of the flow and mass transfer 

in helical pipes. The interpretation of the flow patterns and their impact on mass transfer 

is shown to require a non-orthogonal pseudo-stream function based visualization. The 

strong coupling between the torsion and curvature effects and the resulting secondary 

flow regimes are well characterized by a parameter combining both the Dean (Dn) and 

Germano numbers (Gn). For membrane separation applications, helical modules 

combining high curvature with low torsion would alleviate the concentration 

polarization and yield an appreciable flux improvement. 

 Nobari and Malvandi [11] studied the compressible viscous flow in a helical 

annulus numerically. A second order finite difference method based on the projection 

algorithm was used to solve the governing equations. Considering the hydrodynamically 

fully developed flow, the effects of different physical parameters, such as aspect ratio, 

torsion, curvature and Reynolds number, on the flow field were investigated in detail. 

The numerical results obtained indicated that a decrease in the aspect ratio and torsion 

number lead to an increase in the friction factor at a given Dean number. 

 Saffari and Moosavi [12] investigated the turbulent single-phase and two-phase 

(air–water) bubbly fluid flows in a vertical helical coil with analysis using 

computational fluid dynamics (CFD). The effects of the pipe diameter, coil diameter, 

coil pitch, Reynolds number and void fraction on the pressure loss, friction coefficient 

and flow characteristics were investigated. The three-dimensional governing equations 

of the continuity, momentum and energy were solved using the finite volume method. 

The SIMPLE algorithm was employed to solve the velocity and pressure fields. The 

results show that the friction coefficient increases with an increase in the curvature, pipe 

diameter and coil pitch and decreases with an increase in the coil diameter and void 

fraction. For void fractions up to 0.1, the numerical results indicate that the friction 

coefficient increases with an increase in the pipe diameter while keeping the coil pitch 

and diameter constant and decreases with an increase in the coil diameter. Finally, with 

an increase in the Reynolds number, the friction coefficient decreases while the void 

fraction increases. 

 Sakulchangsatjatai et al. [13] studied the heat transfer characteristics of a 

CEOHP and a CLOHP under normal operating conditions that were modeled using the 

explicit finite element method. The principles and theories of the internal friction flow, 
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basic governing equations and finite difference scheme were applied to evaluate the 

heat transfer rate. The predicted heat transfer rate, obtained from the model, was 

compared to the existing experimental data. The effects of the working fluid, evaporator 

length and inner diameter on the performance of a CEOHP and a CLOHP were also 

investigated. 

 Sriudom et al. [14] studied the effect of the evaporator temperature, pitch 

distance and working fluid on the internal flow pattern and the heat transfer 

characteristics of the helical oscillating heat pipe. A Pyrex tube with an inner diameter 

of 2.4 mm was used to study the flow pattern in the evaporator section. Water and R123 

were used as working fluids. In the evaporator section, the water temperature was varied 

at 60, 75 and 90ºC. In the condenser section, the air had a temperature of 25ºC. From 

the results, it was found that there were four internal flow patterns (bubble flow, slug 

flow, annular flow and stratified wavy flow). The maximum heat fluxes were 2,132.6 

and 1,773.4 W/m2 for the working fluids of R123 and water, respectively. 
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CHAPTER 3 

 

RESEARCH METHODOLOGY 

 

 This chapter sets out details of the research methodology of the HOHP 

mathematical model, it divided into three parts as follows: 

  1. Mathematical model and numerical solution. 

  2. Experimental evaluation. 

  3. HOHP application to a HOHP heat exchanger. 

 

3.1 Mathematical model and numerical solution 

 

 3.1.1 Mathematical model 

  The mathematical model was established to check the accuracy of the 

program by comparing prediction with the experimental results using the following 

conditions: 

   1) Working fluids of water, ethanol and R11. 

   2) Temperatures at the evaporator section were 60, 70 and 80oC. 

   3) Inner diameters were 1.6, 1.8 and 2.0 mm and thickness was 0.5 mm. 

   4) Total length of the pipe at the evaporator section was 850 mm. 

   5) Total length of the pipe at the condenser section was 850 mm. 

   6) Length of the adiabatic section was 50 mm. 

   7) Temperature of the water in the condenser section was 20oC. 

   8) Inclination angle was 90º from the horizontal. 

   9) Number of coils in the evaporator and the condenser sections were 5. 

   10) Diameter of coil was 50 mm. 

   11) Pitch was 10 mm. 

  Assumptions used in model were as follows: 

   1) Initial temperature of the working fluid was 25ºC. 

   2) Gravity does not effect on the HOHP. 

   3) The analysis assumed that the HOHP can be stretched in a straight 

line. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Mahasarakham University 



29 

 

   4) The convective heat transfer coefficient at the evaporator and the 

condenser sections were constant. 

   5) The working fluid in the HOHP was an idea gas. 

   6) The pressure in the HOHP was constant. 

   7) The temperatures of the evaporator and the condenser sections were 

constant. 

   8) The mass flow rate of the working fluid in the HOHP was constant. 

 

  From the assumptions above we can create the model for the analysis of the 

HOHP, as can be seen in figure 3.1(b). 

 

 3.1.2 Numerical solution 

  The numerical solution uses the numerical method with the temperature of 

the pipe wall and the temperature of the fluid within the HOHP, which can be seen in 

figure 3.1. The finite difference method is used for the solution of the conduction 

equation of the pipe wall and the flow equation of the vapor in the HOHP. The finite 

difference method divides the area into numerous small grids that have precise values in 

the calculation. The numerical solution of the HOHP is: 

 

  3.1.2.1 Condition in calculation 

   At the end of pipe ( 0x   and 
e a c

x L L L   ): 

 

0wv                                                   (3.1) 

 

   At the evaporator section: 
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   At the adiabatic section: 

 

initial

T
T

x





                                             (3.3) 

 

   At the condenser section: 

 

c

T
T

x





                                             (3.4) 

 

E
v

a
p

o
r
a

to
r

A
d

ia
b

a
tic

C
o

n
d

e
n

se
r

 

(a) The HOHP 
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(b) Schematic of the HOHP used in the model 

 

Figure 3.1 HOHP and schematic of HOHP used in analysis of model [21] 
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  3.1.2.2 Solution of conduction equation 

   From the energy conservation in equation (2.10) in chapter 2, the energy 

inflow can be calculated from equation (3.5). 

 

in sE q                                               (3.5) 

 

   where sq  is heat transfer rate in the s  direction. 

   The energy outflow can be calculated from equation (3.6). 

 

out s dsE q                                             (3.6) 

   when 

s
s ds s

q
q q ds

s



 


                                     (3.7) 

 

   where q  is heat transfer rate at s ds  in the s  direction. 

   Inside equation (2.10) has the energy term of the energy generation, 

which can be calculated from equation (3.8). 

 

 gE q ds                                              (3.8) 

 

   where q  is the energy rate in the volume ( 3/W m ). 

   A variation will occur in the quantity of the heat energy stored in the 

material at the control volume. If it is assumed that the material does not experience a 

state change, therefore the term of the energy storage can be calculated from equation 

(3.9). 

 

  st p

T
E c ds

t






                                      (3.9) 
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   where  p

T
c

t





 is the rate of the heat energy that is changed in an 

appropriate time per volume. 

   Substituting equations (3.5), (3.6), (3.8) and (3.9) into equation (2.10) in 

chapter 2, we obtain the energy conservation as: 

 

  s s ds p

T
q qds q c ds

t



  


                            (3.10) 

 

   Substituting equation (3.7) into equation (3.10), we obtain: 

 

 s
p

q T
ds qds c ds

s t


 
  
 

                              (3.11) 

 

   The conduction rate can be considered by Fourier’s Law in equation 

(3.12). 

 

 q kA T                                             (3.12) 

 

   where q  is the heat transfer rate, k  is the thermal conductivity,  A  is the 

area for the heat transfer and  T  is the difference in the temperature before and after 

the received heat, we obtain: 

 

s

T
q k

s


 


                                            (3.13) 

 

   Substituting equation (3.13) into equation (3.11), we obtain: 

 

 p

T T
k ds qds c ds

s s t


   
    
   

                           (3.14) 
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   Using ds  to divide every term in equation (3.14) and rearranging the 

equation, we obtain the conduction equation of the HOHP in the 1-D transient as: 

 

,  w p w w

T T
c k q

t s s


   
  

   
                               (3.15) 

 

  3.1.2.3 Solution of conservation of mass equation 

   From the conservation of mass equation in equation (2.11) in chapter 2, 

the first term is a variation in the rate of the mass in the control volume and when used 

with fluid particles can be obtain as: 

 

   ds
t





                                               (3.16) 

 

   The second term in equation (2.11) in chapter 2 is the variation in the rate 

of mass flow though the surface of the control volume, due to the density functions of 

distance and time, therefore the mass flow rate is: 

 

In axial direction s                    
 

s ds s

w
w w w ds

s


  



 
   

 
                      (3.17) 

 

   Substitution equation (3.16) and (3.17) into equation (2.11) in chapter 2, 

we obtain: 

 

  0
w

ds w ds
t s


 

  
   

  
                            (3.18) 

 

   Dividing equation (3.18) by ds , we obtain the continuity equation of the 

HOHP [1]: 
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0
rw

s





                                        (3.19) 

 

  3.1.2.4 Solution of conservation of momentum equation 

   From the conservation of momentum equation in equation (2.12) in 

chapter 2, when using ds  to divide the momentum equation and taking the limit of 

volume ds  into zero, to limit both equations, we obtain: 

 

0 0 0 0

 

 lim lim  lim limS cv csB

ds ds ds ds

V d V V dA
tF F

ds ds ds ds

 

   


 


  

 
            (3.20) 

 

   For the two terms on the left hand side of equation (3.20), which are the 

force at the surface and the force per volume on the surface of the fluid particle, the 

details are shown in figure 2.6 in chapter 2, and can be written as the force at the surface 

and the force of the mass in the s  direction as the following: 

 

    S B ss ss ss sss ds s s ds s
F F    

 
                                  (3.21) 

 

   When using the force in the s  direction and substituting in equation 

(3.21), we obtain: 

 

   
0 0 0 0

 lim lim  lim  lim
ss ss ss sss ds s s dsr sS B

ds ds ds ds

F F

ds ds ds ds

   
 

   

 
           (3.22) 

 

   Equation (3.22) can be written as: 

 

0 0
lim lim   S s sB

ds ds

F F

ds ds s s

 

 

 
  

 
                               (3.23) 
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   For the first term on the right hand side in equation (3.20), its variation 

rate of the momentum within the control volume per unit of volume can be calculated 

from equation (3.24). 

 

 
0 0

 

lim limcv

ds ds

V d
t Vds V

V V
ds t ds t t t


 

 
 




     
    

    


        (3.24) 

 

   The second term on the right hand side in equation (3.20) is the variation 

of the flow of the momentum though the surface of the control volume per unit of 

volume, which can be calculated from equation (3.25). 

 

 
0 0

lim lim
s ds scs

ds ds

V V dA Vw Vw

ds ds

  


 

 



                             (3.25) 

 

   Equation (3.25) can be written as: 

 

 
 

0 0
lim lim

s ds scs

ds ds

V V dA Vw Vw
Vw

ds ds s

  


 

  
 




               (3.26) 

 

   Re arranging equation (3.26), we obtain: 

 

 
0

lim cs

ds

V V dA
V

V w w
ds s s



 



   

        


                    (3.27) 

 

   From the continuity equation in equation (3.19). 

 

  0w
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   Therefore, equation (3.27) can be re written as: 

 

0
lim cs

ds

V V dA
V

V w
ds t s








   

         


                     (3.28) 

 

   Substituting equations (3.23), (3.24) and (3.28) into equation (3.20), we 

obtain: 

 

s sw w
w

t s s s

 


   
   

    
                              (3.29) 

 

   The momentum conservation in equation (3.29) can be written as the 

momentum equation of the flow of the HOHP in the 1-D transient as [1]: 

 

1 1 1 1 1sin( ) cos( )

Res s
s s s s

w p rww s s
w w

t h hh s h s h s rh s

          
     

    

   
    
    

 

(3.30) 

 

  3.1.2.5 Solution of conservation of energy equation 

   From the conservation of energy equation in equation (2.13) in chapter 2, 

multiplying by the velocity of flow, it will become rate of work as: 

 

f Vds                                                   (3.31) 

 

   From figure 2.7 in chapter 2, the rate of work occurring in the s  

direction can be calculated from equation (3.32). 

 

     
.

ss sswp w w
ds f vds

s s s

 


   
    

   
                 (3.32) 
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   The heat flux occurring from the mass can be calculated from equation 

(3.33). 

 

 Q ds                                                   (3.33) 

 

   The total heat flux from the heat transfer in the s  direction can be 

calculated from equation (3.34). 

 

 s
s s

q
q q ds

s

  
   

  
                                      (3.34) 

 

   Therefore, the total heat flux on the mass can be calculated from equation 

(3.35). 

 

-  sq
Q ds

s


 
  

                                            (3.35) 

 

   From Fourier’s Law, the heat flux sq  variation on the slope of the 

temperature can be seen in equation (3.36). 

 

s

T
q k

s


 


                                               (3.36) 

 

   Substituting equation (3.35) into equation (3.36), we can calculate the 

total heat flux from equation (3.37). 

 

 
T

Q k ds
s s


   

   
   

                                      (3.37) 

 

   Substituting equation (3.37) into the conservation of energy equation in 

equation (2.13) in chapter 2, we obtain the energy equation of the HOHP as:  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Mahasarakham University 



38 

 

 

2

 
2

D V T
e ds Q k ds f Vds

Dt s s
  

     
        

    
                (3.38) 

 

   The equation (3.38) is in the form of absolute derivatives, which can be 

changed into simple derivatives for use with the conduction, the continuity and the 

momentum equations. The energy equation of the flow of the HOHP in the 1-D 

transient can be calculated from equation (3.39) [1]. 

 

1

Re Prs s s

T w T r T

t h s h r s h s

    
   

    
                           (3.39) 

 

  3.1.2.6 Solution of heat transfer equation of HOHP 

   From the heat transfer equations in equations (2.14) and (2.15) in chapter 

2, they can be changed to the finite difference method form, as is shown in equations 

(3.40) and (3.41). 

 

,

new

v v fg iQ m h                                              (3.40) 

 

, ,( )
out

new

c v i w iQ Dh T T                                      (3.41) 

 

  3.1.2.7 Flow chart of program 

   The numerical procedure is illustrated in figure 3.2. The calculation 

procedure of the simulation program is as follows: 

    1) Input the lengths of the evaporator section ( eL ), the adiabatic 

section ( eL ) and the condenser section ( cL ); the outer diameter ( oD ) and inner diameter 

( iD ); the temperatures of the evaporator ( eT ) and the condenser sections ( cT ); and the 

working fluid within the HOHP. 

    2) Start calculation at the first point 1i  . 
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    3) Input the initial temperature of the pipe wall of the HOHP (
,w iniT ), 

the thermal conductivity of the pipe wall ( wk ), the density of the pipe wall ( w ), the 

specific heat (
,p wC ) and the grid size in the s  direction ( s ), and then calculate the 

temperature of the pipe wall in the conduction equation. 

    4) Input the initial velocity of the vapor in the HOHP ( iniw ), the grid 

size in the s  direction ( s ), the scale factor ( sh ), the pressure ( p ), the Reynolds 

number ( Re ), the curvature ratio ( ), the inclination angle ( ) and the density of the 

working fluid (  ), and then calculate the velocity of the vapor in the continuity and 

momentum equations. 

    5) Input the initial temperature of the vapor in the HOHP (
,v iniT ), the 

velocity of the vapor ( w ), the grid size in the s  direction ( s ), the scale factor ( sh ), the 

Reynolds number ( Re ), the Prandtl number ( Pr ) and the radial of the HOHP ( r ), and 

then calculate the temperature of the vapor in the energy equation. 

    6) Receive the data of the temperature: the temperature of the pipe 

wall ( wT ) and the temperature of the vapor ( vT ) from the conduction and energy 

equations. 

    7) Input the inner diameter of the HOHP ( iD ) and the convection heat 

transfer coefficient ( h ) and then calculate the heat transfer of the HOHP in the heat 

transfer equation. 

    8) Calculate the next point 1i i  , and check the last point in the 

calculation as to whether this is equal to the maximum point or not. 

    9) If the last point is equal to the maximum point, stop the calculation, 

or if it is not equal to the maximum point, return to the first step. 

   When the calculation is finished, the working fluid should be changed 

from water into ethanol and R11. 
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START

Input Le, La, Lc, Do, Di, Te, Tc 

and working fluid

 Data accuracy  
checking

i = i+1 

END

No

Yes

Yes

No

i = 1 

Results Tw

                          Calculation 

- Velocity of vapor in continuity equation

- Velocity of vapor in momentum equation

                          Calculation 

- Temperature of vapor in energy equation

Receive data of temperature: Tw and Tv, from 

conduction equation and energy equation

                                    Calculation 

- Heat transfer rate of a HOHP in heat transfer equation

             Input data

- Tw,ini, kw, ρw, Cp,w and ∆s

                          Calculation 

- Temperature of pipe wall in conduction equation

Results w

Results Tv

  Input data

- Di, h 

i = imax 

Results QHOHP

           Input data

- Tv,ini,w, ∆s, hs, Re, Pr, r 

             Input data

- wini, ∆s, hs, p, Re, , ,   

 

Figure 3.2 Flow chart for calculation of HOHP 

 

3.2 Experimental evaluation 

 

 3.2.1 Variables in experiment 

  3.2.1.1 Dependent variables 

   1) Working fluids were water, ethanol and R11. 

   2) Temperatures of the evaporator section were 60, 70 and 80oC. 

   3) HOHP made from copper pipe with inner diameters of 1.6, 1.8 and 2.0 

mm and thickness of 0.5 mm. 
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  3.2.1.2 Dependent parameters 

   1) Temperature of the HOHP. 

   2) Heat transfer of the HOHP. 

  3.2.1.3 Control parameters 

   1) Total length of the pipe at the evaporator section was 850 mm. 

   2) Total length of the pipe at the condenser section was 850 mm. 

   3) Length of the adiabatic section was 50 mm. 

   4) Temperature of the water in the condenser section was 20oC. 

   5) Mass flow rate of the water at the evaporator and the condenser 

sections was 0.25 kg/min. 

   6) Filling ratio was 80% with respect to the total volume of the HOHP. 

   7) Inclination angle was 90º to the horizontal. 

   8) Number of coils in the evaporator and the condenser sections were 5. 

   9) Diameter of coil was 50 mm. 

   10) Pitch was 10 mm. 

 

 3.2.2 HOHP in experimental evaluation 

  3.2.2.1 The HOHP was made from copper pipe. The HOHP had three 

section: the evaporator, the adiabatic and the condenser sections, and is shown in figure 

3.3. 
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Figure 3.3 HOHP 
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 3.2.3 Equipment and measurements used during experiment 

  3.2.3.1 Data logger 

   The data logger measured the temperature at any point and recorded the 

data. The data logger is a Yokogawa DX200 with ±0.1°C accuracy, 20 channel input 

and a -200°C to 1100°C measurement temperature range, as shown in figure 3.4. 

 

 

Figure 3.4 Data logger 

 

  3.2.3.2 Thermocouples 

   The thermocouples used in the experimental were type K (OMEGA with 

±0.1°C accuracy); the range of the operating temperature was between -100 and 

1300°C, as shown in figure 3.5. 

 

 

Figure 3.5 Thermocouples 
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  3.2.3.3 Working fluid filling set 

   The working fluid filling set consisted of four valves: a burette or pipette 

was connected to valve A for filling the working fluid, valve B was connected to a 

vacuum pump, valve C was connected to the heat pipe or tube and valve D was 

connected to a pressure gauge for measuring the pressure in the tube, as shown in figure 

3.6. 

 

 

Figure 3.6 Working fluid filling set 

 

  3.2.3.4 Hot water bath 

   A hot water bath was used to control the temperature of the water and to 

heat it to set the temperature. This study used a TECHNE TE-10D with an operating 

range of -40 to 120°C and ±0.1°C accuracy, as shown in figure 3.7. 

 

 

Figure 3.7 Hot bath 
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  3.2.3.5 Cold water bath 

   The cold water bath was used to control the temperature and cool down 

the water to the set-up temperature. This study used an six liters EYELA CA -1111 with 

an operating temperature range of -20 to 30°C and ±2°C accuracy, as shown in figure 

3.8. 

 

 

Figure 3.8 Cool bath 

 

  3.2.3.6 Flow meter 

   The flow meter was used for measuring and controlling the flow rate of 

the water into the condenser and evaporator sections. This study used a PLATON PTF2 

ASS-C with a flow rate of 0.2-1.5 liter/min. A floating rotameter was applied, as shown 

in figure 3.9. 

 

 

Figure 3.9 Flow meter 
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  3.2.3.7 Vacuum pump 

   A vacuum pump was used with the HOHP to create a vacuum before 

filling the working fluid shown in figure 3.10. 

 

 

Figure 3.10 Vacuum pump 

 

 3.2.4 Experimental setup 

  The experimental setup of the HOHP is shown in figure 3.11, and a 

photograph of the experimental setup is shown in figure 3.12. 
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Figure 3.11 Schematic diagram of experimental setup of HOHP 
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Figure 3.12 Experimental setup of HOHP 

 

 3.2.5 Experimental procedure 

  3.2.5.1 The HOHP was made from copper pipe with an inner diameter 

determined from the scope of the experiment. 

  3.2.5.2 Fill the working fluid into the HOHP using the working fluid filling 

set as shown in figure 3.6, for which the procedure is as follows: 

   1) Close valves A, B and C, then join the HOHP into the working fluid 

set. 

   2) Open the vacuum pump and open valves A, B, D, and C for suction of 

the air out of the HOHP. When the HOHP has a vacuum, which can be seen from the 

pressure gauge, close valves A, B and D. 

   3) Fill the working fluid into the glass tube, then open valve C for the 

working fluid to flow into the filling working fluid set, and then open valve B and the 

working fluid will be able to flow to the HOHP. 

   4) When the working fluid has flown into the HOHP, then close valve B 

and close the end of the pipe by welding it. We have the HOHP for the experiments. 

  3.2.5.3 Set up the HOHP with the experimental platform, which can be 

seen in figure 3.13. 
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  3.2.5.4 Set the hot water bath for boiling the water to the temperature of 

60ºC and open the pump that will pump the hot water to the evaporator section of the 

HOHP. At the condenser section, set the cold water bath for the cool water to the 

temperature of 20ºC and open the pump that will pump the cooling water to the 

condenser section of the HOHP. 

  3.2.5.5 Set the flow meter to 0.25 kg/min for the water at the inlets of the 

evaporator and the condenser sections. 

  3.2.5.6 Open the data logger to save the pipe wall temperature at the 

evaporator, the adiabatic and the condenser sections and the inlet and outlet 

temperatures of the condenser section. 

  3.2.5.7 Perform the experimental from the first step to the last step, for 

which the working fluids, the temperatures of the evaporator section and the inner 

diameters are as shown in the scope of the experiment. 

 

 

 

Figure 3.13 Filling working fluid procedure 

 

 3.2.6 Data analysis 

  The heat transfer of the HOHP can be calculated from equation (3.42). 

 

( )p out inQ mc T T                                        (3.42) 
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 where Q  is the heat transfer of the HOHP (W). 

    m  is the mass flow rate of the cooling water (kg/s). 

    
pc  is the specific heat of the cooling water (J/kgºC). 

    inT  is the inlet temperature of the cooling water at the condenser (ºC). 

    outT  is the outlet temperature of the cooling water at the condenser 

(ºC). 

 

3.3 HOHP application to a HOHP heat exchanger 

 

 In the application of the heat exchanger, we want the heat exchange from the 

heat exchanger to be 1000 W, which has the details as in the following: 

 

 3.3.1 Scope of HOHP heat exchanger 

  3.3.1.1 Working fluid that provided the best heat transfer from the scope of 

the experiment in topic 1.3.2 in chapter 1. 

  3.3.1.2 Temperature that provided the best heat transfer from the scope of 

the experiment in topic 1.3.2 in chapter 1. 

  3.3.1.3 HOHP made from copper pipe that provided the best heat transfer 

from the scope of the experiment in topic 1.3.2 in chapter 1. 

  3.3.1.4 Temperature of the water in the condenser section was 20oC. 

  3.3.1.5 Mass flow rates of the water at the evaporator and the condenser 

sections were 0.25 kg/min. 

  3.3.1.6 Total length of the pipe at the evaporator section that provided the 

best heat transfer from the scope of the experiment in topic 1.3.2 in chapter 1. 

  3.3.1.7 Total length of the pipe at the condenser section that provided the 

best heat transfer from the scope of the experiment in topic 1.3.2 in chapter 1. 

  3.3.1.8 Length of the adiabatic section was 50 mm. 

  3.3.1.9 Inclination angle was 90º from the horizontal. 

  3.3.1.10 Heat exchanger had counter flow arrangement. 
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Figure 3.14 Schematic diagram of experimental setup of HOHP heat exchanger 

 

 

 

Figure 3.15 Experimental setup of HOHP heat exchanger 
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 3.3.2 Experimental procedure of heat exchanger 

  3.3.2.1 Create the heat exchanger from the HOHP with the number of 

tubes as calculated by the model and with the inner diameter that performs the best heat 

transfer. 

  3.3.2.2 Filling of the working fluid that has best heat transfer into the 

HOHP, for which the procedure will be the same as with filling the working fluid of the 

HOHP. 

  3.3.2.3 Setup the heat exchanger with the experimental platform, which is 

shown in figure 3.14 and figure 3.15. 

  3.3.2.4 Open the hot water bath for the boiling water to the temperature 

has the highest heat transfer, and open the pump that pumps the hot water to the 

evaporator section of the heat exchanger. At the condenser section, open the cold water 

bath for cooling the water to the temperature of 20ºC, and open the pump that pumps 

the cooling water to the condenser section of the heat exchanger. 

  3.3.2.5 Set the flow meter to 0.25 kg/min for the water at the inlets of the 

evaporator and the condenser sections. 

  3.3.2.6 Open the data logger to save the temperatures at the inlet and outlet 

of the condenser section. 

 

 3.3.3 Data analysis of heat exchanger 

  The heat transfer of the heat exchanger can be calculated: 

 

maxQ Q                                                (3.43) 

 

  where Q  is the actual heat transfer (W). 

     maxQ  is the maximum heat transfer (W). 

       is the effectiveness of the heat exchanger. 
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CHAPTER 4 

 

RESULTS AND DISCUSSION 

 

 This chapter describes the results and discussions about the temperature and 

the heat transfer of the HOHP when studying the mathematical model under the 

transient condition. It is divided into three parts as follows: 

  1. Results from mathematical model. 

  2. Results from experimental evaluation. 

  3. Comparison of results from model and experiment. 

 

4.1 Results from mathematical model 

 

 4.1.1 Temperature at pipe wall of HOHP from model 

  Figure 4.1 shows the temperature profiles at the pipe wall of the HOHP at 

the evaporator, the adiabatic and the condenser sections from the numerical model with 

the outer wall temperatures at the evaporator section of 60, 70 and 80°C, and water as 

the working fluid. The transient temperature profiles were plotted as functions of time. 

It was found that the transient temperature profiles in the evaporator section increased 

from the initial temperature at the outer pipe wall (25°C) to the temperatures that were 

input at the evaporator section (60, 70 and 80°C). Since the material of the pipe wall 

was copper, thermal conduction was induced from the outer wall of the pipe to the inner 

wall of the pipe. In the adiabatic section, heat was induced by thermal conduction from 

the evaporator section. The temperature of the adiabatic section increased until it 

reached a steady state, at which it was close to the working temperatures (the average 

value of the temperatures between the evaporator and the condenser sections). However, 

the transient temperature profiles in the condenser section decreased because the initial 

temperature of the outer pipe wall (25°C) was more than the temperature of the 

condenser section (20ºC). The times required to reach the steady state temperature at the 

end of the runs from the numerical model were about 1300, 1600 and 2000 s for the 

temperatures at the evaporator section of 60, 70 and 80ºC, respectively. As seen from 

figure 4.1, the temperature at the evaporator section increased, and the time required to 
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reach the steady state temperature was increased because the temperature was 

dependent on the time. 

 

 

 

Figure 4.1 Temperature profiles at pipe wall of HOHP from model  

at Te = 60, 70 and 80ºC with working fluid of water 

 

  Figure 4.2 shows the temperature profiles at the pipe wall of the HOHP at 

the evaporator, the adiabatic and the condenser sections from the numerical model with 

the outer wall temperatures at the evaporator section of 60, 70 and 80°C, and ethanol as 

the working fluid. The transient temperature profiles were plotted as functions of time. 

It was found that the transient temperature profiles in the evaporator section increased 

from the initial temperature at the outer pipe wall (25°C) to the temperatures that were 

input at the evaporator section (60, 70 and 80°C). Since the material of the pipe wall 

was copper, thermal conduction was then induced from the outer wall of the pipe to the 

inner wall of the pipe. In the adiabatic section, heat was induced by thermal conduction 

from the evaporator section. The temperature of the adiabatic section increased until it 

reached a steady state, in which it was close to the working temperatures (the average 
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value of the temperatures between the evaporator and the condenser sections). However, 

the transient temperature profiles in the condenser section decreased because the initial 

temperature of the outer pipe wall (25°C) was more than the temperature of the 

condenser section (20ºC). The times required to reach the steady state temperature at the 

end of the runs from the numerical model were about 1200, 1500 and 1900 s for the 

temperatures at the evaporator section of 60, 70 and 80ºC, respectively. As seen from 

figure 4.2, the temperature at the evaporator section increased, and the time required to 

reach the steady state temperature was increased because the temperature was 

dependent on the time. 

 

 

Figure 4.2 Temperature profiles at pipe wall of HOHP from model  

at Te = 60, 70 and 80ºC with working fluid of ethanol 
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Figure 4.3 Temperature profiles at pipe wall of HOHP from model  

at Te = 60, 70 and 80ºC with working fluid of R11 

 

  Figure 4.3 shows the temperature profiles at the pipe wall of the HOHP at 

the evaporator, the adiabatic and the condenser sections from the numerical model with 

the outer wall temperatures at the evaporator section of 60, 70 and 80°C, and R11 as the 

working fluid. The transient temperature profiles were plotted as functions of time. It 

was found that the transient temperature profiles in the evaporator section increased 

from the initial temperature at the outer pipe wall (25°C) to the temperatures that were 

input at the evaporator section (60, 70 and 80°C). Since the material of the pipe wall 

was copper, thermal conduction was then induced from the outer wall of the pipe to the 

inner wall of the pipe. In the adiabatic section, heat was induced by thermal conduction 

from the evaporator section. The temperature of the adiabatic section increased until it 

reached a steady state, at which it was close to the working temperatures (the average 

value of the temperatures between the evaporator and the condenser sections). However, 

the transient temperature profiles in the condenser section decreased because the initial 

temperature of the outer pipe wall (25°C) was more than the temperature of the 

condenser section (20ºC). The times required to reach the steady state temperature at the 
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end of the runs from the numerical model were about 1100, 1400 and 1800 s for the 

temperatures at the evaporator section of 60, 70 and 80ºC, respectively. As seen from 

figure 4.3, the temperature at the evaporator section increased, and the time required to 

reach the steady state temperature was increased because the temperature was 

dependent on the time. 

  It can be concluded that the times required to reach the steady state 

temperature at the end of the runs from the numerical model of the HOHP with the 

working fluid of R11 required times that were less than the working fluids of ethanol 

and water. 

 

 4.1.2 Heat transfer of HOHP from model 

  Figure 4.4 shows the heat transfer profiles from the numerical model under 

the transient condition of the HOHP with the outer wall temperatures at the evaporator 

section of 60, 70 and 80°C, and water as the working fluid. It was found that the times 

to start-up for the heat transfer of the HOHP from the numerical model were about 700, 

800 and 900 s for the temperatures at the evaporator section of 60, 70 and 80ºC, 

respectively. Moreover, this figure also shows the times required to reach the steady 

state heat transfer from the numerical model for the outer wall temperatures of 60, 70 

and 80ºC, for which the times required to reach the steady heat transfer were about 

2000, 2200 and 2400 s, respectively. The temperature at the evaporator section of 60ºC 

gave a time to reach the steady state heat transfer that was less than the temperatures at 

the evaporator section of 70 and 80 ºC. The temperature for the evaporator section of 

80ºC had a higher heat transfer than the temperatures for the evaporator section of 70 

and 60ºC. When the temperature of the evaporator section was 80ºC the heat transferred 

to the HOHP was more than the temperatures at the evaporator section of 70 and 60ºC. 

As can be seen from figure 4.4, the time required to reach the steady state heat transfer 

and the heat transfer of the HOHP depend on the outer wall temperatures at the 

evaporator section of the HOHP. 
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Figure 4.4 Heat transfer of HOHP from model at Te = 60, 70 and 80ºC  

with working fluid of water 

 

 

Figure 4.5 Heat transfer of HOHP from model at Te = 60, 70 and 80ºC  

with working fluid of ethanol 

 

  Figure 4.5 shows the heat transfer profiles from the numerical model under 

the transient condition of the HOHP with the outer wall temperatures at the evaporator 

section of 60, 70 and 80°C, and ethanol as the working fluid. It was found that the times 
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to start-up for the heat transfer of the HOHP from the numerical model were about 500, 

600 and 700 s for the temperatures at the evaporator section of 60, 70 and 80ºC, 

respectively. Moreover, this figure also shows the times required to reach the steady 

state heat transfer from the numerical model for the outer wall temperatures of 60, 70 

and 80ºC, for which the times required were about 1900, 2100 and 2300 s, respectively. 

The temperature at the evaporator section of 60ºC gave a time to reach the steady state 

heat transfer that was less than the temperatures at the evaporator section of 70 and 80 

ºC. The temperature at the evaporator section of 80ºC had a higher heat transfer that is 

more than the temperatures at the evaporator section of 70 and 60ºC. The temperature at 

the evaporator section of 80ºC had a greater heat at the HOHP than with the 

temperatures at the evaporator section of 70 and 60ºC. As seen from figure 4.5, the time 

required to reach the steady state heat transfer and the heat transfer of the HOHP depend 

on the outer wall temperatures at the evaporator section of the HOHP. 

  Figure 4.6 shows the heat transfer profiles from the numerical model under 

the transient condition of the HOHP with the outer wall temperatures at the evaporator 

section of 60, 70 and 80°C, and R11 as the working fluid. It was found that the times to 

start-up for the heat transfer of the HOHP from the numerical model were about 400, 

500 and 600 s for the temperatures at the evaporator section of 60, 70 and 80ºC, 

respectively. Moreover, this figure also shows the times required to reach the steady 

state heat transfer from the numerical model for the outer wall temperatures of 60, 70 

and 80ºC, for which the times required to reach the steady heat transfer were about 

1700, 1900 and 2100 s, respectively. The temperature at the evaporator section of 60ºC 

gave a time to reach the steady state heat transfer that was less than the temperatures at 

the evaporator section of 70 and 80 ºC. The temperature at the evaporator section of 

80ºC has a higher heat transfer than the temperatures at the evaporator section of 70 and 

60ºC. The temperature at the evaporator section of 80ºC has a temperature for the 

HOHP that is more than the temperatures at the evaporator section of 70 and 60ºC. As 

seen from figure 4.6, the time required to reach the steady state heat transfer and the 

heat transfer of the HOHP depend on the outer wall temperatures at the evaporator 

section of the HOHP. 
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Figure 4.6 Heat transfer of HOHP from model at Te = 60, 70 and 80ºC  

with working fluid of R11 

 

  It can be concluded that the times required to reach the steady state heat 

transfer at the end of the runs from the numerical model of the HOHP used with the 

working fluid of R11 required a time that was less than the working fluids of ethanol 

and water. The HOHP used with the working fluid of R11 has a higher heat transfer 

than the working fluids of ethanol and water. Due to the working fluid of R11 having a 

lower boiling point than the working fluids of ethanol and water, it has a latent heat of 

vaporization that is more than those of ethanol and water. When the working fluid of 

R11 received the heat, it had faster evaporation and more convection than with ethanol 

and water. Therefore, the working fluid of R11 has a higher heat transfer that is more 

than the working fluids of ethanol and water. 

 

 4.1.3 Heat transfer of HOHP heat exchanger from model 

  Figure 4.7 shows the heat transfer profiles from the numerical model under 

the transient condition of the HOHP heat exchanger with the outer wall temperatures at 

the evaporator section of 60, 70 and 80°C and water as the working fluid. It was found 

that the times required from start-up to heat transfer for the temperatures at the 

evaporator section of 60, 70 and 80°C were about 700, 800 and 900 s, respectively. 
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Moreover, this figure shows that the times required to reach the steady state heat 

transfer from the numerical model with the temperatures at the evaporator section of 60, 

70 and 80ºC were about 2100, 2300 and 2700 s, respectively. The temperature at the 

evaporator section of 80ºC had a higher heat transfer than the temperatures at the 

evaporator section of 70 and 60ºC. The temperature at the evaporator section of 60ºC 

gave a time to reach the steady state heat transfer that was less than the temperatures at 

the evaporator section of 70 and 80ºC. As seen from figure 4.7, the time required to 

reach the steady state heat transfer and the heat transfer of the HOHP heat exchanger 

depend on the temperatures input into the evaporator section of the HOHP heat 

exchanger. 

 

 

Figure 4.7 Heat transfer of HOHP heat exchanger from model  

at Te = 60, 70 and 80ºC with working fluid of water 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Mahasarakham University 



60 

 

 

Figure 4.8 Heat transfer of HOHP heat exchanger from model  

at Te = 60, 70 and 80ºC with working fluid of ethanol 

 

  Figure 4.8 shows the heat transfer profiles from the numerical model under 

the transient condition of the HOHP heat exchanger with the temperatures at the 

evaporator section of 60, 70 and 80°C and ethanol as the working fluid. It was found 

that the times required from start-up to heat transfer for the temperatures at the 

evaporator section of 60, 70 and 80°C were about 500, 600 and 700 s, respectively. 

Moreover, this figure shows that the times required to reach the steady state heat 

transfer from the numerical model with the temperatures at the evaporator section of 60, 

70 and 80ºC were about 1900, 2100 and 2600 s, respectively. The temperature at the 

evaporator section of 80ºC had a higher heat transfer than the temperatures at the 

evaporator section of 70 and 60ºC, respectively. The temperature at the evaporator 

section of 60ºC gave a time to reach the steady state heat transfer that was less than the 

temperatures at the evaporator section of 70 and 80ºC. As seen from figure 4.8, the time 

required to reach the steady state heat transfer and the heat transfer of the HOHP heat 

exchanger depend on the temperatures that are input to the evaporator section of the 

HOHP heat exchanger. 
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Figure 4.9 Heat transfer of HOHP heat exchanger from model  

at Te = 60, 70 and 80ºC with working fluid of R11 

 

  Figure 4.9 shows the heat transfer profiles from the numerical model under 

the transient condition of the HOHP heat exchanger with the temperatures at the 

evaporator section of 60, 70 and 80°C and R11 as the working fluid. It was found that 

the times required from start-up to heat transfer for the outer wall temperatures at the 

evaporator section of 60, 70 and 80°C were about 400, 500 and 600 s, respectively. 

Moreover, this figure shows that the times required to reach the steady state heat 

transfer from the numerical model with the temperatures at the evaporator section of 60, 

70 and 80ºC were about 1700, 2000 and 2500 s, respectively. The temperature at the 

evaporator section of 80ºC has a higher heat transfer than the temperatures at the 

evaporator section of 70 and 60ºC. The temperature at the evaporator section of 60ºC 

gave a time to reach the steady state heat transfer that was less than the temperatures at 

the evaporator section of 70 and 80ºC. As seen from figure 4.9, the time required to 

reach the steady state heat transfer and the heat transfer of the HOHP heat exchanger 

depend on the temperatures that are input to the evaporator section of the HOHP heat 

exchanger. 
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4.2 Results from experimental evaluation 

 

 4.2.1 Temperature at pipe wall of HOHP from experiment 

  Figure 4.10 shows the temperature profiles at the pipe wall of the HOHP at 

the evaporator, the adiabatic and the condenser sections from the experimental data with 

outer wall temperatures at the evaporator section of 60, 70 and 80°C, water as the 

working fluid and the inner diameter of 1.6 mm. The transient temperature profiles from 

the figure were plotted as functions of time. It was found that the transient temperature 

profiles in the evaporator section increased from the initial temperature at the outer pipe 

wall (25°C) to the temperatures that were input at the evaporator section (60, 70 and 

80°C). Since the material of the pipe wall was copper, the thermal conduction was then 

induced from the outer wall of the pipe to the inner wall of the pipe. In the adiabatic 

section, heat was induced by thermal conduction from the evaporator section. The 

temperature of the adiabatic section increased until it reached a steady state, at which it 

was close to the working temperatures (the average value of the temperatures between 

the evaporator and the condenser sections). However, the transient temperature profiles 

in the condenser section decreased because the initial temperature of the outer pipe wall 

(25°C) was more than the temperature of the condenser section (20ºC). The times 

required to reach the steady state temperature at the end of the runs from the 

experimental data were about 996, 1256 and 1534 s for the temperatures at the 

evaporator section of 60, 70 and 80ºC, respectively. As seen from figure 4.10, the 

temperature at the evaporator section increased, and the time required to reach the 

steady state temperature was increased because the temperature was dependent on the 

time. 
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Figure 4.10 Temperature profiles at pipe wall of HOHP from experiment  

at Te = 60, 70 and 80ºC with working fluid of water and Di = 1.6 mm 

 

 

Figure 4.11 Temperature profiles at pipe wall of HOHP from experiment  

at Te = 60, 70 and 80ºC with working fluid of water and Di = 1.8 mm 
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  Figure 4.11 shows the temperature profiles at the pipe wall of the HOHP at 

the evaporator, the adiabatic and the condenser sections from the experimental data with 

outer wall temperatures at the evaporator section of 60, 70 and 80°C, water as the 

working fluid and the inner diameter of 1.8 mm. The transient temperature profiles from 

the figure were plotted as functions of time. It was found that the transient temperature 

profiles in the evaporator section increased from the initial temperature at the outer pipe 

wall (25°C) to the temperatures that were input at the evaporator section (60, 70 and 

80°C). Since the material of the pipe wall was copper, the thermal conduction was then 

induced from the outer wall of the pipe to the inner wall of the pipe. In the adiabatic 

section, heat was induced by thermal conduction from the evaporator section. The 

temperature of the adiabatic section increased until it reached a steady state, at which it 

was close to the working temperatures (the average value of the temperatures between 

the evaporator and the condenser sections). However, the transient temperature profiles 

in the condenser section decreased because the initial temperature of the outer pipe wall 

(25°C) was more than the temperature of the condenser section (20ºC). The times 

required to reach the steady state temperature at the end of the runs from the 

experimental data were about 1196, 1274 and 1648 s for the temperatures at the 

evaporator section of 60, 70 and 80ºC, respectively. As seen from figure 4.11, the 

temperature at the evaporator section increased, and the time required to reach the 

steady state temperature was increased because the temperature was dependent on the 

time. 

  Figure 4.12 shows the temperature profiles at the pipe wall of the HOHP at 

the evaporator, the adiabatic and the condenser sections from the experimental data with 

the outer wall temperatures at the evaporator section of 60, 70 and 80°C, water as the 

working fluid and the inner diameter of 2.0 mm. The transient temperature profiles from 

the figure were plotted as functions of time. It was found that the transient temperature 

profiles in the evaporator section increased from the initial temperature at the outer pipe 

wall (25°C) to the temperatures that were input at the evaporator section (60, 70 and 

80°C). Since the material of the pipe wall was copper, the thermal conduction was then 

induced from the outer wall of the pipe to the inner wall of the pipe. In the adiabatic 

section, heat was induced by thermal conduction from the evaporator section. The 
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temperature of the adiabatic section increased until it reached a steady state, at which it 

was close to the working temperature (the average value of the temperature between the 

evaporator and the condenser sections). However, the transient temperature profiles in 

the condenser section decreased because the initial temperature of the outer pipe wall 

(25°C) was more than the temperature of the condenser section (20ºC). The times 

required to reach the steady state temperature at the end of the runs from the 

experimental data were about 1216, 1368 and 1698 s for the temperatures at the 

evaporator section of 60, 70 and 80ºC, respectively. As seen from figure 4.12, the 

temperature at the evaporator section increased, and the time required to reach the 

steady state temperature was increased because the temperature was dependent on the 

time. 

 

 

Figure 4.12 Temperature profiles at pipe wall of HOHP from experiment  

at Te = 60, 70 and 80ºC with working fluid of water and Di = 2.0 mm 
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Figure 4.13 Temperature profiles at pipe wall of HOHP from experiment  

at Te = 60, 70 and 80ºC with working fluid of ethanol and Di = 1.6 mm 

 

  Figure 4.13 shows the temperature profiles at the pipe wall of the HOHP at 

the evaporator, the adiabatic and the condenser sections from the experimental data with 

the outer wall temperatures at the evaporator section of 60, 70 and 80°C, ethanol as the 

working fluid and the inner diameter of 1.6 mm. The transient temperature profiles from 

the figure were plotted as functions of time. It was found that the transient temperature 

profiles in the evaporator section increased from the initial temperature at the outer pipe 

wall (25°C) to the temperatures that were input at the evaporator section (60, 70 and 

80°C). Since the material of the pipe wall was copper, the thermal conduction was then 

induced from the outer wall of the pipe to the inner wall of the pipe. In the adiabatic 

section, heat was induced by thermal conduction from the evaporator section. The 

temperature of the adiabatic section increased until it reached a steady state, at which it 

was close to the working temperatures (the average value of the temperatures between 

the evaporator and the condenser sections). However, the transient temperature profiles 

in the condenser section decreased because the initial temperature of the outer pipe wall 

(25°C) was more than the temperature of the condenser section (20ºC). The times 

required to reach the steady state temperature at the end of the runs from the 
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experimental data were about 940, 1316 and 1704 s for the temperatures at the 

evaporator section of 60, 70 and 80ºC, respectively. As seen from figure 4.13, the 

temperature at the evaporator section increased, and the time required to reach the 

steady state temperature was increased because the temperature was dependent on the 

time. 

  Figure 4.14 shows the temperature profiles at the pipe wall of the HOHP at 

the evaporator, the adiabatic and the condenser sections from the experimental data with 

the outer wall temperatures at the evaporator section of 60, 70 and 80°C, ethanol as the 

working fluid and the inner diameter of 1.8 mm. The transient temperature profiles from 

the figure were plotted as functions of time. It was found that the transient temperature 

profiles in the evaporator section increased from the initial temperature at the outer pipe 

wall (25°C) to the temperatures that were input at the evaporator section (60, 70 and 

80°C). Since the material of the pipe wall was copper, the thermal conduction was then 

induced from the outer wall of the pipe to the inner wall of the pipe. In the adiabatic 

section, heat was induced by thermal conduction from the evaporator section. The 

temperature of the adiabatic section increased until it reached a steady state, at which it 

was close to the working temperatures (the average value of the temperatures between 

the evaporator and the condenser sections). However, the transient temperature profiles 

in the condenser section decreased because the initial temperature of the outer pipe wall 

(25°C) was more than the temperature of the condenser section (20ºC). The times 

required to reach the steady state temperature at the end of the runs from the 

experimental data were about 1032, 1360 and 1746 s for the temperatures at the 

evaporator section of 60, 70 and 80ºC, respectively. As seen from figure 4.14, the 

temperature at the evaporator section increased, and the time required to reach the 

steady state temperature was increased because the temperature was dependent on the 

time. 
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Figure 4.14 Temperature profiles at pipe wall of HOHP from experiment  

at Te = 60, 70 and 80ºC with working fluid of ethanol and Di = 1.8 mm 

 

  Figure 4.15 shows the temperature profiles at the pipe wall of the HOHP at 

the evaporator, the adiabatic and the condenser sections from the experimental data with 

the outer wall temperatures at the evaporator section of 60, 70 and 80°C, ethanol as the 

working fluid and the inner diameter of 2.0 mm. The transient temperature profiles from 

the figure were plotted as functions of time. It was found that the transient temperature 

profiles in the evaporator section increased from the initial temperature at the outer pipe 

wall (25°C) to the temperatures that were input at the evaporator section (60, 70 and 

80°C). Since the material of the pipe wall was copper, the thermal conduction was then 

induced from the outer wall of the pipe to the inner wall of the pipe. In the adiabatic 

section, heat was induced by thermal conduction from the evaporator section. The 

temperature of the adiabatic section increased until it reached a steady state, at which it 

was close to the working temperatures (the average value of the temperatures between 

the evaporator and the condenser sections). However, the transient temperature profiles 

in the condenser section decreased because the initial temperature of the outer pipe wall 

(25°C) was more than the temperature of the condenser section (20ºC). The times 
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required to reach the steady state temperature at the end of the runs from the 

experimental data were about 1130 1430, and 1806 s for the temperatures at the 

evaporator section of 60, 70 and 80ºC, respectively. As seen from figure 4.15, the 

temperature at the evaporator section increased, and the time required to reach the 

steady state temperature was increased because the temperature was dependent on the 

time. 

 

 

Figure 4.15 Temperature profiles at pipe wall of HOHP from experiment  

at Te = 60, 70 and 80ºC with working fluid of ethanol and Di = 2.0 mm 
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Figure 4.16 Temperature profiles at pipe wall of HOHP from experiment  

at Te = 60, 70 and 80ºC with working fluid of R11 and Di = 1.6 mm 

 

  Figure 4.16 shows the temperature profiles at the pipe wall of the HOHP at 

the evaporator, the adiabatic and the condenser sections from the experimental data with 

the outer wall temperatures at the evaporator section of 60, 70 and 80°C, R11 as the 

working fluid and the inner diameter of 1.6 mm. The transient temperature profiles from 

the figure were plotted as functions of time. It was found that the transient temperature 

profiles in the evaporator section increased from the initial temperature at the outer pipe 

wall (25°C) to the temperatures that were input at the evaporator section (60, 70 and 

80°C). Since the material of the pipe wall was copper, the thermal conduction was then 

induced from the outer wall of the pipe to the inner wall of the pipe. In the adiabatic 

section, heat was induced by thermal conduction from the evaporator section. The 

temperature of the adiabatic section increased until it reached a steady state, at which it 

was close to the working temperatures (the average value of the temperatures between 

the evaporator and the condenser sections). However, the transient temperature profiles 

in the condenser section decreased because the initial temperature at the outer pipe wall 

(25°C) was more than the temperature of the condenser section (20ºC). The times 
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required to reach the steady state temperature at the end of the runs from the 

experimental data were about 906, 1282 and 1556 s for the temperatures at the 

evaporator section of 60, 70 and 80ºC, respectively. As seen from figure 4.16, the 

temperature at the evaporator section increased, and the time required to reach the 

steady state temperature was increased because the temperature was dependent on the 

time. 

 

 

Figure 4.17 Temperature profiles at pipe wall of HOHP from experiment  

at Te = 60, 70 and 80ºC with working fluid of R11 and Di = 1.8 mm 

 

  Figure 4.17 shows the temperature profiles at the pipe wall of the HOHP at 

the evaporator, the adiabatic and the condenser sections from the experimental data with 

the outer wall temperatures at the evaporator section of 60, 70 and 80°C, R11 as the 

working fluid and the inner diameter of 1.8 mm. The transient temperature profiles from 

the figure were plotted as functions of time. It was found that the transient temperature 

profiles in the evaporator section increased from the initial temperature at the outer pipe 

wall (25°C) to the temperatures that were input at the evaporator section (60, 70 and 

80°C). Since the material of the pipe wall was copper, the thermal conduction was then 
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induced from the outer wall of the pipe to the inner wall of the pipe. In the adiabatic 

section, heat was induced by thermal conduction from the evaporator section. The 

temperature of the adiabatic section increased until it reached a steady state, at which it 

was close to the working temperatures (the average value of the temperatures between 

the evaporator and the condenser sections). However, the transient temperature profiles 

in the condenser section decreased because the initial temperature of the outer pipe wall 

(25°C) was more than the temperature of the condenser section (20ºC). The times 

required to reach the steady state temperature at the end of the runs from the 

experimental data were about 922, 1294 and 1586 s for the temperatures at the 

evaporator section of 60, 70 and 80ºC, respectively. As seen from figure 4.17, the 

temperature at the evaporator section increased, and the time required to reach the 

steady state temperature was increased because the temperature was dependent on the 

time. 

 

 

Figure 4.18 Temperature profiles at pipe wall of HOHP from experiment  

at Te = 60, 70 and 80ºC with working fluid of R11 and Di = 2.0 mm 
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  Figure 4.18 shows the temperature profiles at the pipe wall of the HOHP at 

the evaporator, the adiabatic and the condenser sections from the experimental data with 

the outer wall temperatures at the evaporator section of 60, 70 and 80°C, R11 as the 

working fluid and the inner diameter of 2.0 mm. The transient temperature profiles from 

the figure were plotted as functions of time. It was found that the transient temperature 

profiles in the evaporator section increased from the initial temperature at the outer pipe 

wall (25°C) to the temperatures that were input at the evaporator section (60, 70 and 

80°C). Since the material of the pipe wall was copper, the thermal conduction was then 

induced from the outer wall of the pipe to the inner wall of the pipe. In the adiabatic 

section, heat was induced by thermal conduction from the evaporator section. The 

temperature of the adiabatic section increased until it reached a steady state, at which it 

was close to the working temperatures (the average value of the temperatures between 

the evaporator and the condenser sections). However, the transient temperature profiles 

in the condenser section decreased because the initial temperature of the outer pipe wall 

(25°C) was more than the temperature of the condenser section (20ºC). The times 

required to reach the steady state temperature at the end of the runs from the 

experimental data were about 1010, 1380 and 1618 s for the temperatures at the 

evaporator section of 60, 70 and 80ºC, respectively. As seen from figure 4.18, the 

temperature at the evaporator section increased, and the time required to reach the 

steady state temperature was increased because the temperature was dependent on the 

time. 

 

 4.2.2 Heat transfer of HOHP from experiment 

  Figure 4.19 shows the heat transfer profiles from the experimental data 

under the transient condition of the HOHP with the temperatures at the evaporator 

section of 60, 70 and 80°C, water as the working fluid and the inner diameter of 1.6 

mm. It was found that when the temperatures were applied to the evaporator section of 

the HOHP, the heat transfer did not occur at the start-up of the experiment. The heat 

transfer occurred at the times of 640, 752 and 880 s for the temperatures at the 

evaporator section of 60, 70 and 80ºC, respectively. Due to the working fluid within the 

HOHP not receiving the heat from the outer wall of the evaporator section of the HOHP 
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to boil the working fluid within the HOHP. When the working fluid received enough 

heat, the working fluid will boil and there will be convection of the heat from the 

evaporator section to the condenser section of the HOHP. Moreover, this figure shows 

that the times required to reach the steady state heat transfer from the experimental data 

with the temperatures at the evaporator section of 60, 70 and 80ºC were about 1724, 

1934 and 2132 s, respectively. As seen from figure 4.19, the time required to reach the 

steady state heat transfer depends on the temperatures that are input to the evaporator 

section of the HOHP. It should be mentioned that the heat recovered at the condenser 

section is always lower than the heat added to the evaporator section due to 

uncontrolled heat losses from the experimental setup. 

 

 

Figure 4.19 Heat transfer of HOHP from experiment at Te = 60, 70 and 80ºC  

with working fluid of water and Di = 1.6 mm 

 

  Figure 4.20 shows the heat transfer profiles from the experimental data 

under the transient condition of the HOHP with the temperatures at the evaporator 

section of 60, 70 and 80°C, water as the working fluid and the inner diameter of 1.8 

mm. It was found that when applying the temperatures to the evaporator section of the 

HOHP, the heat transfer did not occur at the start-up of the experiment. The heat 
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transfer occurs at the times of 610, 776 and 894 s for the temperatures at the evaporator 

section of 60, 70 and 80ºC, respectively. Due to the working fluid within the HOHP not 

receiving heat from the outer wall of the evaporator section of the HOHP to boil the 

working fluid within the HOHP. When the working fluid has received enough heat, the 

working fluid will boil and there will be convection of the heat from the evaporator 

section to the condenser section of the HOHP. Moreover, this figure shows that the 

times required to reach the steady state heat transfer from the experimental data with the 

temperatures at the evaporator section of 60, 70 and 80ºC were about 1800, 2082 and 

2210 s, respectively. As seen from figure 4.20, the time required to reach the steady 

state heat transfer depends on the temperatures that are input to the evaporator section 

of the HOHP. It should be mentioned that the heat recovered at the condenser section is 

always lower than the heat added to the evaporator section due to uncontrolled heat 

losses from the experimental setup. 

 

 

Figure 4.20 Heat transfer of HOHP from experiment at Te = 60, 70 and 80ºC  

with working fluid of water and Di = 1.8 mm 
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Figure 4.21 Heat transfer of HOHP from experiment at Te = 60, 70 and 80ºC  

with working fluid of water and Di = 2.0 mm 

 

  Figure 4.21 shows the heat transfer profiles from the experimental data 

under the transient condition of the HOHP with the temperatures at the evaporator 

section of 60, 70 and 80°C, water as the working fluid and the inner diameter of 2.0 

mm. It was found that when applying the temperatures to the evaporator section of the 

HOHP, the heat transfer did not occur at the start-up of the experiment. The heat 

transfer occurred at the times of 644, 742 and 852 s for the temperatures at the 

evaporator section of 60, 70 and 80ºC, respectively. Due to the working fluid within the 

HOHP not receiving the heat from the outer wall of the evaporator section of the HOHP 

for the boiling of the working fluid within the HOHP. When the working fluid has 

received enough heat, the working fluid will boil and there is convection of the heat 

from the evaporator section to the condenser section of the HOHP. Moreover, this 

figure shows that the times required to reach the steady state heat transfer from the 

experimental data with the temperatures at the evaporator section of 60, 70 and 80ºC 

were about 1826, 2116 and 2290 s, respectively. As seen from figure 4.21, the time 

required to reach the steady state heat transfer depends on the temperatures that are 

input to the evaporator section of the HOHP. It should be mentioned that the heat 
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recovered at the condenser section is always lower than the heat added to the evaporator 

section due to uncontrolled heat losses from the experimental setup. 

 

 

Figure 4.22 Heat transfer of HOHP from experiment at Te = 60, 70 and 80ºC  

with working fluid of ethanol and Di = 1.6 mm 

 

  Figure 4.22 shows the heat transfer profiles from the experimental data 

under the transient condition of the HOHP with the temperatures at the evaporator 

section of 60, 70 and 80°C, ethanol as the working fluid and the inner diameter of 1.6 

mm. It was found that when applying the temperatures to the evaporator section of the 

HOHP, the heat transfer did not occur at the start-up of the experiment. The heat 

transfer occurred at the times of 502, 592 and 602 s for the temperatures at the 

evaporator section of 60, 70 and 80ºC, respectively. Due to the working fluid within the 

HOHP not receiving the heat from the outer wall of the evaporator section of the HOHP 

to boil the working fluid within the HOHP. When the working fluid has received the 

enough heat, the working fluid will boil and there is convection of the heat from the 

evaporator section to the condenser section of the HOHP. Moreover, this figure shows 

that the times required to reach the steady state heat transfer from the experimental data 

with the temperatures at the evaporator section of 60, 70 and 80ºC were about 1620, 
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1836 and 2002 s, respectively. As seen from figure 4.22, the time required to reach the 

steady state heat transfer depends on the temperatures that are input to the evaporator 

section of the HOHP. It should be mentioned that the heat recovered at the condenser 

section is always lower than the heat added to the evaporator section due to 

uncontrolled heat losses from the experimental setup. 

 

 

Figure 4.23 Heat transfer of HOHP from experiment at Te = 60, 70 and 80ºC  

with working fluid of ethanol and Di = 1.8 mm 

 

  Figure 4.23 shows the heat transfer profiles from the experimental data 

under the transient condition of the HOHP with the temperatures at the evaporator 

section of 60, 70 and 80°C, ethanol as the working fluid and the inner diameter of 1.8 

mm. It was found that when applying the temperatures to the evaporator section of the 

HOHP, the heat transfer did not occur at the start-up of the experiment. The heat 

transfer occurred at the times of 504, 600 and 650 s for the temperatures at the 

evaporator section of 60, 70 and 80ºC, respectively. Due to the working fluid within the 

HOHP not receiving the heat from the outer wall of the evaporator section of the HOHP 

enough to boil the working fluid within the HOHP. When the working fluid has 

received enough heat, the working fluid will boil and there is convection of the heat 
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from the evaporator section to the condenser section of the HOHP. Moreover, this 

figure shows that the times required to reach the steady state heat transfer from the 

experimental data with the temperatures at the evaporator section of 60, 70 and 80ºC 

were about 1754, 1866 and 2092 s, respectively. As seen from figure 4.23, the time 

required to reach the steady state heat transfer depends on the temperatures that are 

input to the evaporator section of the HOHP. It should be mentioned that the heat 

recovered at the condenser section is always lower than the heat added to the evaporator 

section due to uncontrolled heat losses from the experimental setup. 

 

 

Figure 4.24 Heat transfer of HOHP from experiment at Te = 60, 70 and 80ºC  

with working fluid of ethanol and Di = 2.0 mm 

 

  Figure 4.24 shows the heat transfer profiles from the experimental data 

under the transient condition of the HOHP with the temperatures at the evaporator 

section of 60, 70 and 80°C, ethanol as the working fluid and the inner diameter as 2.0 

mm. It was found that when applying the temperatures to the evaporator section of the 

HOHP, the heat transfer did not occur at the start-up of the experiment. The heat 

transfer occurred at the times of 514, 554 and 630 s for the temperatures at the 

evaporator section of 60, 70 and 80ºC, respectively. Due to the working fluid within the 
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HOHP not receiving the heat from the outer wall of the evaporator section of the HOHP 

to boil the working fluid within the HOHP. When the working fluid has received 

enough heat, the working fluid will boil and there is convection of the heat from the 

evaporator section to the condenser section of the HOHP. Moreover, this figure shows 

that the times required to reach the steady state heat transfer from the experimental data 

with the temperatures of the evaporator section of 60, 70 and 80ºC were about 1786, 

1880 and 2142 s, respectively. As seen from figure 4.24, the time required to reach the 

steady state heat transfer depends on the temperatures that are input to the evaporator 

section of the HOHP. It should be mentioned that the heat recovered at the condenser 

section is always lower than the heat added to the evaporator section due to 

uncontrolled heat losses from the experimental setup. 

 

 

Figure 4.25 Heat transfer of HOHP from experiment at Te = 60, 70 and 80ºC  

with working fluid of R11 and Di = 1.6 mm 

 

  Figure 4.25 shows the heat transfer profiles from the experimental data 

under the transient condition of the HOHP with the temperatures at the evaporator 

section of 60, 70 and 80°C, R11 as the working fluid and the inner diameter of 1.6 mm. 

It was found that when applying the temperatures to the evaporator section of the 
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HOHP, the heat transfer did not occur at the start-up of the experiment. The heat 

transfer occurred at the times of 388, 410 and 480 s for the temperatures at the 

evaporator section of 60, 70 and 80ºC, respectively. Due to the working fluid within the 

HOHP not received the heat from the outer wall of the evaporator section of the HOHP 

to boil the working fluid within the HOHP. When the working fluid has received 

enough heat, the working fluid will boil and there is convection of the heat from the 

evaporator section to the condenser section of the HOHP. Moreover, this figure shows 

that the times required to reach the steady state heat transfer from the experimental data 

with the temperatures at the evaporator section of 60, 70 and 80ºC were about 1584, 

1760 and 1890 s, respectively. As seen from figure 4.25, the time required to reach the 

steady state heat transfer depends on the temperatures that are input to the evaporator 

section of the HOHP. It should be mentioned that the heat recovered at the condenser 

section is always lower than the heat added to the evaporator section due to 

uncontrolled heat losses from the experimental setup. 

 

 

Figure 4.26 Heat transfer of HOHP from experiment at Te = 60, 70 and 80ºC  

with working fluid of R11 and Di = 1.8 mm 
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  Figure 4.26 shows the heat transfer profiles from the experimental data 

under the transient condition of the HOHP with the temperatures at the evaporator 

section of 60, 70 and 80°C, R11 as the working fluid and the inner diameter of 1.8 mm. 

It was found that when applying the temperatures to the evaporator section of the 

HOHP, the heat transfer did not occur at the start-up of the experiment. The heat 

transfer occurred at the times of 384, 444 and 504 s for the temperatures at the 

evaporator section of 60, 70 and 80ºC, respectively. Due to the working fluid within the 

HOHP not receiving the heat from the outer wall of the evaporator section of the HOHP 

to boil the working fluid within the HOHP. When the working fluid has received 

enough heat, the working fluid will boil and there is convection of the heat from the 

evaporator section to the condenser section of the HOHP. Moreover, this figure shows 

that the times required to reach the steady state heat transfer from the experimental data 

with the temperatures at the evaporator section of 60, 70 and 80ºC were about 1612, 

1790 and 1915 s, respectively. As seen from figure 4.26, the time required to reach the 

steady state heat transfer depends on the temperatures that are input to the evaporator 

section of the HOHP. It should be mentioned that the heat recovered at the condenser 

section is always lower than the heat added to the evaporator section due to 

uncontrolled heat losses from the experimental setup. 

  Figure 4.27 shows the heat transfer profiles from the experimental data 

under the transient condition of the HOHP with the temperatures at the evaporator 

section of 60, 70 and 80°C, R11 as the working fluid and the inner diameter of 2.0 mm. 

It was found that when applying the temperatures to the evaporator section of the 

HOHP, the heat transfer did not occur at the start-up of the experiment. The heat 

transfer occurred at the times of 396, 464 and 520 s for the temperatures at the 

evaporator section of 60, 70 and 80ºC, respectively. Due to the working fluid within the 

HOHP not receiving the heat from the outer wall of the evaporator section of the HOHP 

to boil the working fluid within the HOHP. When the working fluid has received 

enough heat, the working fluid will boil and there is convection of the heat from the 

evaporator section to the condenser section of the HOHP. Moreover, this figure shows 

that the times required to reach the steady state heat transfer from the experimental data 

with the temperatures at the evaporator section of 60, 70 and 80ºC were about 1634, 
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1818 and 1952 s, respectively. As seen from figure 4.27, the time required to reach the 

steady state heat transfer depends on the temperatures that are input to the evaporator 

section of the HOHP. It should be mentioned that the heat recovered at the condenser 

section is always lower than the heat added to the evaporator section due to 

uncontrolled heat losses from the experimental setup. 

 

 

Figure 4.27 Heat transfer of HOHP from experiment at Te = 60, 70 and 80ºC  

with working fluid of R11 and Di = 2.0 mm 

 

 4.2.3 Heat transfer of HOHP heat exchanger from experiment 

  Figure 4.28 shows the heat transfer profiles from the experimental data 

under the transient condition of the HOHP heat exchanger with the temperatures at the 

evaporator section of 60, 70 and 80°C, R11 as the working fluid and the inner diameter 

of 2.0 mm. It was found that the times to start-up for the heat transfer of the HOHP heat 

exchanger with the temperatures at the evaporator section of 60, 70 and 80°C were 

about 368, 456 and 544 s, respectively. Moreover, this figure shows that the times 

required to reach the steady state heat transfer of the HOHP heat exchanger for the 

temperatures at the evaporator section of 60, 70 and 80ºC were about 1634, 1912 and 

2378 s, respectively. As seen from the figure, the times required to reach the steady 
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state heat transfer depend on the temperatures that are input to the evaporator section of 

the HOHP heat exchanger. 

 

 

Figure 4.28 Heat transfer of HOHP heat exchanger from experiment at Te = 60, 70 and 

80ºC with working fluid of R11 and Di = 2.0 mm 

 

4.3 Comparison of results from model and experiment 

 

 4.3.1 Comparison of temperature at pipe wall of HOHP 

  The results of the temperatures for the pipe wall of the HOHP at the 

evaporator, the adiabatic and the condenser sections from the numerical model are 

compared with the experimental data, and are presented in figures 4.29, 4.30 and 4.31, 

respectively, for the outer wall temperatures at the evaporator section of 60, 70 and 

80°C, working fluid of water and the inner diameter of 2.0 mm. The transient condition 

temperature profiles from the numerical model and the experimental data were plotted 

as functions of time. The temperatures from the experimental data were the average 

values for the evaporator, the adiabatic and the condenser sections. It was found that the 

transient temperature profiles in the evaporator section increased from the initial 

temperature of the pipe wall (25ºC) to the outer wall temperatures that were input to the 

evaporator section (60, 70 and 80°C). Since the pipe wall was copper, the thermal 
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conduction was then induced from the outer wall of the pipe to the inner wall of the 

pipe. In the adiabatic section, heat was induced by thermal conduction from the 

evaporator section, and the temperature of the adiabatic section increased until it 

reached a steady state temperature, at which it was close to the working temperatures 

(the average value of the temperatures between the evaporator and the condenser 

sections). However, the transient temperature profiles for the condenser section 

decreased because the initial temperature (25ºC) was more than the outer wall 

temperature of the condenser section (20ºC). The times required to reach the steady 

state temperature at the end of the runs from the numerical model were about 1300, 

1600 and 2000 s for the outer wall temperatures at the evaporator section of 60, 70 and 

80°C, respectively. As seen from the figures, when the temperatures at the evaporator 

section increased, the time required to reach the steady state temperature increased 

because the temperature was dependent on the time. The times required to reach the 

steady state temperature from the experiment were about 1216, 1368 and 1698 s for the 

outer wall temperatures at the evaporator section of 60, 70 and 80°C, respectively. 

  The solid lines correspond to the temperatures of the evaporator, the 

adiabatic, and the condenser sections from the numerical model predicting the response 

of the temperature with time, and the symbols correspond to the experimentally 

measured temperature average values. As seen from figures 4.29, 4.30 and 4.31, it was 

found that the comparisons between the results from the numerical model and the 

experimental data response curves are excellent for all three sections. The time required 

to reach the steady state temperature for the numerical model was not equal to the 

experiment because the numerical model was assumed to have no losses in the 

calculation, but the experiment had errors from some uncontrollable parameters. As 

seen from all figures, the time required to reach the steady state temperature between 

the numerical model and the experiment results was different, and the differences were 

6.6%, 14.5% and 15.1% for the outer wall temperatures at the evaporator section of 60, 

70 and 80°C, respectively. The time required to reach the steady state temperature is an 

important parameter for the start-up of the HOHP. The two values from the numerical 

model and the experimental data are in good agreement. 
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Figure 4.29 Compared temperature profiles at pipe wall of HOHP from model and 

experiment at Te = 60ºC with working fluid of water 

 

 

Figure 4.30 Compared temperature profiles at pipe wall of HOHP from model and 

experiment at Te = 70ºC with working fluid of water 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Mahasarakham University 



87 

 

 

Figure 4.31 Compared temperature profiles at pipe wall of HOHP from model and 

experiment at Te = 80ºC with working fluid of water 

 

  The results of the temperatures of the pipe wall of the HOHP at the 

evaporator, the adiabatic and the condenser sections from the numerical model are 

compared with the experimental data, and are presented in figures 4.32, 4.33 and 4.34, 

respectively, for the outer wall temperatures at the evaporator section of 60, 70 and 

80°C, the working fluid as ethanol and the inner diameter of 2.0 mm. The transient 

condition temperature profiles from the numerical model and the experimental data 

were plotted as functions of time. The temperature from the experimental data was the 

average values for the evaporator, the adiabatic and the condenser sections. It was 

found that the transient temperature profiles in the evaporator section increased from 

the initial temperature of the pipe wall (25ºC) to the outer wall temperatures that were 

input to the evaporator section (60, 70 and 80°C). Since the pipe wall was copper, the 

thermal conduction was then induced from the outer wall of the pipe to the inner wall of 

the pipe. In the adiabatic section, heat was induced by thermal conduction from the 

evaporator section, and the temperature of the adiabatic section increased until it 

reached a steady state temperature, at which it was close to the working temperatures 

(the average value of the temperatures between the evaporator and the condenser 

sections). However, the transient temperature profiles in the condenser section 
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decreased because the initial temperature (25ºC) was more than the outer wall 

temperature of the condenser section (20ºC). The times required to reach the steady 

state temperature at the end of the runs from the numerical model were about 1200, 

1500 and 1900 s for the outer wall temperatures at the evaporator section of 60, 70 and 

80°C, respectively. As seen from the figures, when the temperatures at the evaporator 

section increased, the time required to reach the steady state temperature was increased 

because the temperature was dependent on the time. The times required to reach the 

steady state temperature from the experiment were about 1130, 1430 and 1806 s for the 

outer wall temperatures at the evaporator section of 60, 70 and 80°C, respectively. 

  The solid lines correspond to the temperatures of the evaporator, the 

adiabatic and the condenser sections from the numerical model predicting the response 

of the temperature with time and the symbols correspond to the experimentally 

measured temperature average values. As seen from figures 4.32, 4.33 and 4.34, it was 

found that the comparisons between the results from the numerical model and the 

experimental data response curves are excellent for all three sections. The time required 

to reach the steady state temperature for the numerical model was not equal to the 

experiment because the numerical model was assumed to have no losses in the 

calculation, but the experiment had errors from some uncontrollable parameters. As 

seen from all figures, the time required to reach the steady state temperature between 

the numerical model and the experiment results was different, and the differences were 

5.8%, 4.7% and 4.9% for the outer wall temperatures at the evaporator section of 60, 70 

and 80°C, respectively. The time required to reach the steady state temperature is an 

important parameter for the start-up of the HOHP. The two values from the numerical 

model and the experimental data are in good agreement. 
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Figure 4.32 Compared temperature profiles at pipe wall of HOHP from model and 

experiment at Te = 60ºC with working fluid of ethanol 

 

 

Figure 4.33 Compared temperature profiles at pipe wall of HOHP from model and 

experiment at Te = 70ºC with working fluid of ethanol 
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Figure 4.34 Compared temperature profiles at pipe wall of HOHP from model and 

experiment at Te = 80ºC with working fluid of ethanol 

 

  The results of the temperatures for the pipe wall of the HOHP at the 

evaporator, the adiabatic and the condenser sections from the numerical model are 

compared with the experimental data and are presented in figures 4.35, 4.36 and 4.37, 

respectively, for the outer wall temperatures at the evaporator section of 60, 70 and 

80°C, the working fluid as R11 and the inner diameter of 2.0 mm. The transient 

condition temperature profiles from the numerical model and the experimental data 

were plotted as functions of time. The temperature from the experimental data was the 

average values for the evaporator, the adiabatic and the condenser sections. It was 

found that the transient temperature profiles in the evaporator section increased from 

the initial temperature of the pipe wall (25ºC) to the outer wall temperatures that were 

input to the evaporator section (60, 70 and 80°C). Since the pipe wall was copper, the 

thermal conduction was then induced from the outer wall of the pipe to the inner wall of 

the pipe. In the adiabatic section, heat was induced by thermal conduction from the 

evaporator section, and the temperature of the adiabatic section increased until it 

reached a steady state temperature, at which it was close to the working temperatures 

(the average value of the temperatures between the evaporator and the condenser 

sections). However, the transient temperature profiles in the condenser section 
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decreased because the initial temperature (25ºC) was more than the outer wall 

temperature of the condenser section (20ºC). The times required to reach the steady 

state temperature at the end of the runs from the numerical model were about 1100, 

1400 and 1800 s for the outer wall temperatures at the evaporator section of 60, 70 and 

80°C, respectively. As seen from the figures, when the temperatures of the evaporator 

section increased, the time required to reach the steady state temperature was increased 

because the temperature was dependent on the time. The times required to reach the 

steady state temperature from the experiment were about 1010, 1380 and 1618 s for the 

outer wall temperatures at the evaporator section of 60, 70 and 80°C, respectively. 

  The solid lines correspond to the temperatures of the evaporator, the 

adiabatic and the condenser sections from the numerical model predicting the response 

of the temperature with time and the symbols correspond to the experimentally 

measured temperature average values. As seen from figures 4.35, 4.36 and 4.37, it was 

found that the comparisons between the results from the numerical model and the 

experimental data response curves are excellent for all three sections. The time required 

to reach the steady state temperature for the numerical model was not equal to the 

experiment because the numerical model was assumed to have no losses in the 

calculation, but the experiment had errors from some uncontrollable parameters. As 

seen from all the figures, the time required to reach the steady state temperature 

between the numerical model and the experimental results was different, and the 

differences were 8.2%, 1.4% and 10.1% for the outer wall temperatures at the 

evaporator section of 60, 70 and 80°C, respectively. The time required to reach the 

steady state temperature is an important parameter for the start-up of the HOHP. The 

two values from the numerical model and the experimental data are in good agreement. 
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Figure 4.35 Compared temperature profiles at pipe wall of HOHP from model and 

experiment at Te = 60ºC with working fluid of R11 

 

 

Figure 4.36 Compared temperature profiles at pipe wall of HOHP from model and 

experiment at Te = 70ºC with working fluid of R11 
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Figure 4.37 Compared temperature profiles at pipe wall of HOHP from model and 

experiment at Te = 80ºC with working fluid of R11 

 

 4.3.2 Comparison of heat transfer of HOHP 

  Figure 4.38 shows the comparisons of the heat transfer profiles from the 

numerical model and the experimental data under the transient condition of the HOHP 

with the temperatures at the evaporator section of 60, 70 and 80ºC, the working fluid as 

water and the inner diameter of 2.0 mm. The figure identifies that the times to start-up 

for the heat transfer of the HOHP from the numerical model and the experimental data 

with the temperature at the evaporator section of 60ºC were 700 and 644 s, respectively. 

The times to start-up for the heat transfer of the HOHP from the numerical model and 

the experimental data with the temperature at the evaporator section of 70ºC were 800 

and 742 s, respectively. The times to start-up for the heat transfer of the HOHP from the 

numerical model and the experimental data with the temperature at the evaporator 

section of 80ºC were 900 and 852 s, respectively. Moreover, this figure shows that the 

times required to reach the steady state heat transfer from the numerical model and the 

experimental data with the temperature at the evaporator section of 60ºC were 2000 and 

1826 s, respectively. The times required to reach the steady state heat transfer from the 

numerical model and the experimental data with the temperature at the evaporator 

section of 70ºC were 2200 and 2116 s, respectively. The times required to reach the 
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steady state heat transfer from the numerical model and the experimental data with the 

temperature at the evaporator section of 60ºC were 2400 and 2290 s, respectively. As 

seen from the figure, the time required to reach the steady state heat transfer depends on 

the temperatures that are input to the evaporator section of the HOHP. The heat transfer 

profiles between the numerical model and the experimental data were very similar, with 

the differences being 8.7%, 3.8% and 4.6% for the temperatures at the evaporator 

section of 60, 70 and 80ºC, respectively. 

 

 

Figure 4.38 Compared heat transfer of HOHP from model and experiment  

at Te = 60, 70 and 80ºC with working fluid of water 

 

  Figure 4.39 shows the comparisons of the heat transfer profiles from the 

numerical model and the experimental data under the transient condition of the HOHP 

with the temperatures at the evaporator section of 60, 70 and 80ºC, the working fluid as 

ethanol and the inner diameter of 2.0 mm.  The figure identifies that the times to start-

up for the heat transfer of the HOHP from the numerical model and the experimental 

data with the temperature at the evaporator section of 60ºC were 500 and 514 s, 

respectively. The times to start-up for the heat transfer of the HOHP from the numerical 

model and the experimental data with the temperature at the evaporator section of 70ºC 

were 600 and 554 s, respectively. The times to start-up for the heat transfer of the 
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HOHP from the numerical model and the experimental data with the temperature at the 

evaporator section of 80ºC were 700 and 630 s, respectively. Moreover, this figure 

shows that the times required to reach the steady state heat transfer from the numerical 

model and the experimental data with the temperature at the evaporator section of 60ºC 

were 1900 and 1786 s, respectively. The times required to reach the steady state heat 

transfer from the numerical model and the experimental data with the temperature at the 

evaporator section of 70ºC were 2100 and 1880 s, respectively. The times required to 

reach the steady state heat transfer from the numerical model and the experimental data 

with the temperature at the evaporator section of 60ºC were 2300 and 2142 s, 

respectively. As seen from the figure, the time required to reach the steady state heat 

transfer depends on the temperatures that are input to the evaporator section of the 

HOHP. The heat transfer profiles between the numerical model and the experiment data 

were very similar, with the differences being 6.0%, 10.5% and 6.9% for the 

temperatures at the evaporator section of 60, 70 and 80ºC, respectively. 

 

 

Figure 4.39 Compared heat transfer of HOHP from model and experiment  

at Te = 60, 70 and 80ºC with working fluid of ethanol 
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Figure 4.40 Compared heat transfer of HOHP from model and experimental  

at Te = 60, 70 and 80ºC with working fluid of R11 

 

  Figure 4.40 shows the comparisons of the heat transfer profiles from the 

numerical model and the experimental data under the transient condition of the HOHP 

with the temperatures at the evaporator section of 60, 70 and 80ºC, the working fluid as 

R11 and the inner diameter of 2.0 mm. The figure identifies that the times to start-up for 

the heat transfer of the HOHP from the numerical model and the experimental data with 

the temperature at the evaporator section of 60ºC were 400 and 396 s, respectively. The 

times to start-up for the heat transfer of the HOHP from the numerical model and the 

experimental data with the temperature at the evaporator section of 70ºC were 500 and 

464 s, respectively. The times to start-up for the heat transfer of the HOHP from the 

numerical model and the experimental data with the temperature at the evaporator 

section of 80ºC were 600 and 520 s, respectively. Moreover, this figure shows that the 

times required to reach the steady state heat transfer from the numerical model and the 

experimental data with the temperature at the evaporator section of 60ºC were 1700 and 

1634 s, respectively. The times required to reach the steady state heat transfer from the 

numerical model and the experimental data with the temperature at the evaporator 

section of 70ºC were 1900 and 1818 s, respectively. The times required to reach the 

steady state heat transfer from the numerical model and the experimental data with the 
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temperature at the evaporator section of 60ºC were 2100 and 1952 s, respectively. As 

seen from the figure, the time required to reach the steady state heat transfer depends on 

the temperatures that are input into the evaporator section of the HOHP. The heat 

transfer profiles between the numerical model and the experiment data were very 

similar, with the differences being 3.9%, 4.3% and 7.0% for the temperatures at the 

evaporator section of 60, 70 and 80ºC, respectively. 

 

 4.3.3 Comparison of heat transfer of HOHP heat exchanger 

  Figure 4.41 shows the comparison of the heat transfer profiles from the 

numerical model and the experimental data under the transient condition of the HOHP 

heat exchanger with the temperatures at the evaporator section of 60, 70 and 80ºC, the 

working fluid as R11 and the inner diameter of 2.0 mm. The figure identified that the 

times to start-up for the heat transfer of the HOHP heat exchanger from the numerical 

model and the experimental data for the temperature at the evaporator section of 60ºC 

were 400 and 368 s, respectively; for the temperature at the evaporator section of 70ºC 

were 500 and 456 s, respectively; and for the temperature at the evaporator section of 

80ºC were 600 and 544 s, respectively. Moreover, this figure shows that the times 

required to reach the steady state heat transfer from the numerical model and the 

experimental data for the temperature at the evaporator section of 60ºC were 1700 and 

1634 s, respectively; for the temperature at the evaporator section of 70ºC were 2000 

and 1912 s, respectively; and for the temperature at the evaporator section of 60ºC were 

2500 and 2378 s, respectively. As seen from the figure, the time required to reach the 

steady state heat transfer depends on the temperatures that are input to the evaporator 

section of the HOHP heat exchanger. The heat transfer profiles between the numerical 

model and the experiment data were very similar, with the differences being 3.9%, 4.6% 

and 4.9% for the temperatures at the evaporator section of 60, 70 and 80ºC, 

respectively. 
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Figure 4.41 Compared heat transfer of HOHP heat exchanger from model and 

experiment at Te = 60, 70 and 80ºC with working fluid  

of R11 and Di = 2.0 mm 
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CHAPTER 5 

 

CONCLUSIONS AND SUGGESTIONS 

 

 Following the objectives of this research to develop a mathematical model for 

the transient condition to prediction the heat transfer of the HOHP and to perform an 

experiment in which a HOHP under various conditions was studied, as well as to apply 

the HOHP results to the HOHP heat exchanger and design a HOHP heat exchanger 

from the simulation model, and to solve the equations and processes, the findings were 

presented in the results chapters. The summary of this thesis is presented in this chapter. 

 

5.1 Conclusions 

 

 5.1.1 Conclusions from mathematical model 

  5.1.1.1 Temperature at pipe wall of HOHP from model 
   The temperature for the HOHP at the evaporator section of 60ºC gave the 

lowest time to reach a steady state temperature, follow by the temperatures at the 

evaporator section of 70 and 80ºC. The working fluid of R11 gave the lowest time to a 

steady state temperature, follow by the working fluids of ethanol and water. 
 

  5.1.1.2 Heat transfer of HOHP from model 

   The temperature at the evaporator section of 80ºC had the highest heat 

transfer for the HOHP, follow by the temperatures at the evaporator section of 70 and 

60ºC. The working fluid of R11 had the highest heat transfer for the HOHP, follow by 

the working fluids of ethanol and water. 

 

  5.1.1.3 Heat transfer of HOHP heat exchanger from model 

   The temperature at the evaporator section of 80ºC had the highest heat 

transfer for the HOHP heat exchanger, follow by the temperatures at the evaporator 

section of 70 and 60ºC. 
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 5.1.2 Conclusions from experiment 

  5.1.2.1 The working fluid has the major effect on the heat transfer of the 

HOHP. The working fluid of R11 was the best working fluid that had the highest heat 

transfer. The working fluid of R11 had the highest heat transfer when compared to the 

working fluids of ethanol and water. 

 

  5.1.2.2 The temperature at the evaporator section of 80ºC was the best 

temperature that gave the highest heat transfer. The temperature at the evaporator 

section of 80ºC had the highest heat transfer when compared to the temperatures at the 

evaporator section of 70 and 60ºC. 

 

  5.1.2.3 The inner diameter for the pipe of 2.0 mm was the best inner 

diameter that gave the highest heat transfer. The inner diameter for the pipe of 2.0 mm 

had the highest heat transfer when compared to the inner diameters for the pipe of 1.8 

and 1.6 mm. 

 

 5.1.3 Conclusions from HOHP heat exchanger 

  5.1.3.1 The best temperature for the evaporator section from the numerical 

model and the experimental evaluation to give the highest heat transfer for the HOHP 

heat exchanger was the temperature at the evaporator section of 80ºC, follow by the 

temperatures at the evaporator section of 70 and 60ºC. 

 

  5.1.3.2 The results from the comparison of the heat transfer of the HOHP 

heat exchanger from the numerical model and the experimental data shows that the heat 

transfer from the numerical model had shorter times to the steady state heat transfer and 

had higher heat transfers than the results from the experimental evaluation, but the two 

values were in good agreement. 
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5.2 Suggestions 

 

 5.2.1 The simulation codes in this work can be used to predict the temperature 

and the heat transfer during the start-up operation of a HOHP in the future. 

 

 5.2.2 The numerical simulation in this study can be used to predict the 

temperature and the heat transfer from the working fluids, the temperatures at the 

evaporator section and the inner diameters of the pipe that are different from this study. 

 

 5.2.3 The numerical simulation of the HOHP heat exchanger in this study can 

be used to design heat exchangers in the future. 

 

 5.2.4 In future work, the HOHP can have many applications. 
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Example calculation 

 

Example calculation heat transfer of HOHP from model 

 Consider the HOHP with the physical dimensions are lengths of the evaporator 

section 50 eL mm , lengths of the adiabatic section 50 aL mm , lengths of the 

condenser section 50 cL mm , total lengths of pipe in the evaporator section 

850 es mm , total lengths of the condenser section 850 cs mm , outer diameters 

3.0 oD mm , inner diameters 2.0 iD mm , diameters of coil 50 coilD mm , pitch 

10 sp mm  and inclinations angle 90   . The temperatures of the evaporator section 

of 80ºC and the adiabatic section of 20ºC. The heat transfer of the HOHP can be 

calculated as following: 

 

 The equation in calculation the heat transfer of the HOHP as 

 

, ,( )
out

new

c v i w iQ Dh T T   

 

 Where  D  is inner diameter of pipe (m). 

     ch  is convective heat transfer coefficient (J/kg). 

     
,v iT  is temperature of vapor (ºC). 

     
,w iT  is temperature of pipe wall (ºC). 

 

 Calculated the convective heat transfer coefficient of the cooling water at the 

condenser section ch  as 

 

  c

kNu
h

D
  

  1 3Pr

n

vD
Nu C





 
  

 
 

 

 The value of C  depend on Re  
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 The properties of cooling water at 20ºC are 

  0.5984 ck W m C  , Pr 7.01 , 3998.2 c kg m  , 

  61002.1 10  Pa.sc
  . 

 

 From the model we obtained 

  21.30wT C   and 23.24vT C   

 

 Calculated Re  as 

  
6

998.2 0.3 0.0020
Re 597.66

1002.1 10

vD

 

 
  


 

 

 The Re  value used to open the C  and n  value from table in Table E4, and has 

the 0.683,C  0.466n  . 

 

 Then Nu  can be calculated as 

   
0.4661 3 1 3Pr 0.683 597.66 7.01

n

vD
Nu C





 
  

 
 

  25.71Nu   

 

 Therefore the ch  can be calculated as 

  
0.5984 25.71

0.0020
c

kNu
h

D


   

  6921.13ch J kg  

 

 Calculated the heat transfer of the HOHP from model 

  ( )c v wQ Dh T T   

  0.0016 6921.13 (23.24 21.30)Q       

  84.36 Q W  
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Example calculated heat transfer of HOHP from model 

 The heat transfer of the HOHP from the model equal 84.36 W, then we 

calculated the heat transfer of the HOHP heat exchanger from the model as following: 

 

 From scope of research of the heat exchanger to provide the HOHP heat 

exchanger can be exchanger heat of 1000W, then calculated the number of turn as 

  
Theory

Q
N

Q
  

  
1000 

84.36 

W
N

W
  

  11.85 12 N tube   

 

 The properties of hot water in the evaporator section (80ºC). 

  3971.8 h kg m  , 0.000355 Pa.sh  , 
, 4197 p hC J kg C  ,  

  0.67 hk W m C  , and Pr 2.22h  ,  

 

 The properties of cooling water in the condenser section (20ºC). 

  3998 c kg m  , 0.001002 Pa.sc  , 
, 4182 p cC J kg C  ,  

  0.598 ck W m C  , and Pr 7.01c  ,  

 

 Calculated the maximum heat transfer from the evaporator and the condenser 

sections as 

  max min ( )hi ciQ C T T   

 

 Calculated minC , when 74.27hiT C   (from the model), 20ciT C  , 

0.00417hm kg s  and 0.00417cm kg s . 

  
,c c p cC m C  

  0.00417 4182cC    

  17.4 cC W C   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Mahasarakham University 



111 

 

 

  
,h h p hC m C  

  0.00417 4185cC    

  17.5 cC W C   

 

 Then we have the minC  as 

  min 17.4 cC C W C    

 

 Therefore we can calculated maxQ  as 

  max min ( )hi ciQ C T T   

  max 17.4(74.27 20)Q    

  max 946.50 Q W  

 

 Calculated the overall heat transfer of HOHP heat exchanger as 

  
1 1

1 1e c

U
h h

   

 

 Calculated eh  at the evaporator section as 

  ,
h

e D h

o

k
h Nu

D
  

 

 Calculated the velocity of hot water in the evaporator section as 

  h
h

h h

m
v

A
  

  
2

0.00417

971.8 0.005
hv




 
 

  0.055 hv m s  
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 From calculation the number of tube, we set the 75 T LS S mm   and 

62.5 DS mm . Therefore we can calculated the maximum velocity as 

  max,
2( )

T
h h

D o

S
v v

S D



 

  max,

0.075
0.055

2(0.0625 0.003)
hv 


 

  
max, 0.034 hv m s  

 

 Calculated the Reynold Number as 

  max,

,max,Re
h h o

D h

h

V D


  

  ,max,

971.8 0.034 0.003
Re

0.000355
D h

 
  

  
,max,Re 282.93D h   

 

 The staggered arrangement with the number of tube more than 10 tube, when 

T oS D  and 2.5L oS D   we can open 1.hC , 2.hC  and hm  from Table 2.1 and Table 2.2 

and we have 1. 0.497hC  , 
2, 0.92hC   and 0.558hm  . 

 

 The Nussult Number of the HOHP heat exchanger at the evaporator section can 

be calculated as 

  , 1, 2, ,max,Re hm

D h h h D hNu C C  

  0.558

, 0.497 0.92 282.93D hNu     

  
, 15.32D hNu   

 

 Therefore eh  can be calculated as 

  ,
h

e D h

o

k
h Nu

D
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0.67

15.32
0.003

eh   

  23420.71 eh W m C   

 

 Calculated ch  at the condenser section as 

  ,
c

c D c

o

k
h Nu

D
  

 

 Calculated the velocity of cooling water in the condenser section as 

  c
c

c c

m
v

A
  

  
2

0.00417

998 0.005
cv




 
 

  0.053 cv m s  

 

 From calculation the number of tube, we set the 75 T LS S mm   and 

62.5 DS mm . Therefore we can calculated the maximum velocity as 

  max,
2( )

T
c c

D o

S
v v

S D



 

  max,

0.075
0.053

2(0.0625 0.003)
hv 


 

  
max, 0.034 cv m s  

 

 Calculated the Reynold Number as 

  max,

,max,Re
c c o

D c

c

V D


  

  ,max,

998 0.034 0.003
Re

0.001002
D c

 
  

  
,max,Re 100.24D c   
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 The staggered arrangement with the number of tube more than 10 tube, when 

T oS D  and 2.5L oS D   we can open 1.cC , 2.cC  and cm  from Table 2.1 and Table 2.2 

and we have 1. 0.497cC  , 
2, 0.92cC   and 0.558cm  . 

 

 The Nussult Number of the HOHP heat exchanger at the condenser section can 

be calculated as 

  , 1, 2, ,max,Re cm

D c c c D cNu C C  

  0.558

, 0.497 0.92 100.24D cNu     

  
, 12.12D cNu   

 

 The ch  can be calculated as 

  ,
c

c D c

o

k
h Nu

D
  

  
0.598

12.12
0.003

ch   

  22415.99 ch W m C   

 

 Therefore the can be calculated as 

  
1 1

1 1e c

U
h h

   

  
1 1

1 1

3420.71 2415.99

U    

  21415.94 U W m C   

 

 Calculated the area of pipe in heat transfer at the evaporator and the condenser 

sections can be calculated as 

  ( )o e cA N D s s   

  12 0.003 (0.85 0.85)A       

  20.19 A m  
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 Calculated the NTU as 

  
min

UA
NTU

C
  

  
1415.94 0.19

17.4
NTU


  

  15.39NTU   

 

 The HOHP heat exchanger has staggered flow arrangement can be calculated 

C  value as 

  min

max

C
C

C
  

  17.4

17.5
C   

  0.99C   

 

 Calculated the effectiveness of the HOHP heat exchanger as 

  
1 exp[ (1 )]

1 exp[ (1 )]

NTU C

C NTU C


  


  
 

  
1 exp[ 15.39(1 0.99)]

1 0.99exp[ 15.39(1 0.99)]


  


  
 

  0.94   

 

 Therefore the heat transfer of the HOHP heat exchanger can be calculated as 

  maxQ Q  

  0.94 946.50Q    

  889.0 Q W  
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Example calculated heat transfer of HOHP from experimental 

 Consider the HOHP with the physical dimensions as same with the model. The 

calculation of the heat transfer of the HOHP can be calculated as following: 

 

 The equation in calculation the heat transfer of the HOHP as 

 

( )p out inQ mc T T   

 

 Where Q  is heat transfer of the HOHP (W). 

    m  is mass flow rate of cooling water (kg/s). 

    
pc  is specific heat of cooling water (J/kgºC). 

    inT  is inlet temperature of cooling water at the condenser (ºC). 

    outT  is outlet temperature of cooling water at the condenser (ºC). 

 

 The properties of cooling water at 20ºC as 

  
, 4183 p cC J kg C   

 

 In experimental of the HOHP we set the mass flow rate as 

  0.00417 m kg s  

 

 From the experimental we obtained 

  20.1inT C   and 24.8outT C   

 

 Calculated the heat transfer of the HOHP from experimental as 

  ( )p out inQ mc T T   

  0.00417 4183 (24.8 20.1)Q      

  81.98 Q W  
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Example calculation heat transfer of HOHP heat exchanger from experimental 

 

 Consider the HOHP heat exchanger with designed by best working fluid and 

best inner diameter, we have the physical dimension of the HOHP heat exchanger as 

length of the evaporator section 50 eL mm , length of the adiabatic section 

50 aL mm , length of the condenser section 50 cL mm , total length of pipe in the 

evaporator section 850 es mm , total length of the condenser section 850 cs mm , 

outer diameter 3.0 oD mm , inner diameter 2.0 iD mm , diameter of coil 

50 coilD mm , pitch 10 sp mm  and inclination angle 90   . The temperature of the 

evaporator section of 80ºC and the adiabatic section of 20ºC. The calculation of the heat 

transfer of the HOHP can be calculated as following: 

 

 The equation in calculation the heat transfer of the HOHP heat exchanger as 

 

( )p out inQ mc T T   

 

 Where Q  is heat transfer of the HOHP heat exchanger (W). 

    m  is mass flow rate of cooling water (kg/s). 

    pc  is specific heat of cooling water (J/kgºC). 

    inT  is inlet temperature of cooling water at the condenser (ºC). 

    outT  is outlet temperature of cooling water at the condenser (ºC). 

 

 The properties of water at 20ºC as 

  
, 4183 p cC J kg C   

 

 In experimental of the HOHP heat exchanger we set the mass flow rate as 

  0.025 m kg s  
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 From the experimental we obtained: 

  19.8inT C   and 27.8outT C   

 

 Calculated the heat transfer of the HOHP heat exchanger from experimental as 

  ( )p out inQ mc T T   

  0.025 4183 (27.8 19.8)Q      

  836.40 Q W  
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Table B.1  Results of temperatures from model and experimental of HOHP  

 with working fluid of water, Te = 60ºC and Di = 2.0 mm 

Time  Model (°C) Experimental (°C) 

(sec.) Evaporator Adiabatic Condenser Evaporator Adiabatic Condenser 

0 25.00 25.00 25.00 25.0 25.0 25.0 

100 27.61 25.20 21.85 29.8 25.5 24.5 

200 30.45 26.37 21.34 35.0 26.9 24.1 

300 33.42 28.00 21.18 38.6 27.2 23.7 

400 36.66 29.59 21.20 40.0 28.0 22.9 

500 40.01 31.02 21.33 43.9 29.4 21.8 

600 43.12 32.26 21.51 47.9 31.1 21.0 

700 45.99 33.33 21.71 50.4 32.7 20.6 

800 48.83 34.26 21.90 51.9 33.9 20.2 

900 51.29 35.05 22.08 55.6 35.4 20.0 

1000 53.01 35.74 22.25 55.6 35.4 20.0 

1100 54.22 36.05 22.32 55.6 35.4 20.0 

1200 55.06 36.05 22.32 55.6 35.4 20.0 

1300 55.63 36.05 22.32 55.6 35.4 20.0 

1400 55.63 36.05 22.32 55.6 35.4 20.0 

1500 55.63 36.05 22.32 55.6 35.4 20.0 

1600 55.63 36.05 22.32 55.6 35.4 20.0 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Mahasarakham University 



121 

 

Table B.2  Results of temperatures from model and experimental of HOHP  

 with working fluid of water, Te = 70ºC and Di = 2.0 mm 

Time  Model (°C) Experimental (°C) 

(sec.) Evaporator Adiabatic Condenser Evaporator Adiabatic Condenser 

0 25.00 25.00 25.00 25.0 25.0 25.0 

100 29.56 25.09 22.11 29.1 26.8 24.8 

200 33.32 25.90 21.53 33.3 27.9 24.4 

300 37.01 27.36 21.28 38.7 28.4 24.0 

400 40.87 29.00 21.20 44.6 29.8 23.6 

500 44.63 30.61 21.24 47.0 31.0 23.0 

600 48.28 32.10 21.36 50.5 33.3 22.6 

700 51.56 33.46 21.53 53.6 35.4 22.4 

800 54.75 34.68 21.72 56.2 36.8 22.0 

900 57.41 35.77 21.92 58.0 37.8 21.6 

1000 59.48 36.75 22.12 60.6 39.3 21.2 

1100 61.29 37.62 22.32 62.4 41.2 20.5 

1200 62.88 38.40 22.50 63.7 42.4 20.1 

1300 64.16 39.10 22.67 65.6 42.5 20.0 

1400 64.45 39.73 22.82 65.6 42.5 20.0 

1500 64.45 39.73 22.82 65.6 42.5 20.0 

1600 64.45 39.73 22.82 65.6 42.5 20.0 

1700 64.45 39.73 22.82 65.6 42.5 20.0 

1800 64.45 39.73 22.82 65.6 42.5 20.0 
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Table B.3  Results of temperatures from model and experimental of HOHP  

 with working fluid of water, Te = 80ºC and Di = 2.0 mm 

Time  Model (°C) Experimental (°C) 

(sec.) Evaporator Adiabatic Condenser Evaporator Adiabatic Condenser 

0 25.00 25.00 25.00 25.0 25.0 25.0 

100 29.31 25.02 22.52 32.6 25.9 24.7 

200 33.05 25.67 21.66 38.6 26.8 24.4 

300 36.98 26.68 21.43 40.4 27.8 24.0 

400 40.60 27.94 21.29 45.2 28.9 23.8 

500 43.99 29.31 21.23 50.7 29.7 23.5 

600 47.34 31.35 21.26 54.0 30.3 23.2 

700 50.62 32.65 21.34 56.2 32.5 22.7 

800 53.90 33.88 21.46 58.0 33.7 22.5 

900 57.51 35.03 21.60 62.9 35.1 22.2 

1000 61.20 36.60 21.85 64.8 35.9 21.6 

1100 64.49 37.57 22.02 67.2 36.4 21.4 

1200 67.39 38.46 22.19 70.2 37.8 21.1 

1300 69.76 39.29 22.36 72.7 39.5 20.7 

1400 71.27 40.06 22.53 74.4 41.1 20.5 

1500 72.23 41.11 22.76 75.7 42.6 20.2 

1600 72.96 41.75 22.91 76.5 43.6 20.0 

1700 73.06 42.35 23.05 76.5 43.6 20.0 

1800 73.27 43.41 23.31 76.5 43.6 20.0 

1900 73.27 43.41 23.31 76.5 43.6 20.0 

2000 73.27 43.41 23.31 76.5 43.6 20.0 

2100 73.27 43.41 23.31 76.5 43.6 20.0 

2200 73.27 43.41 23.31 76.5 43.6 20.0 
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Table B.4  Results of temperatures from model and experimental of HOHP 

 with working fluid of ethanol, Te = 60ºC and Di = 2.0 mm 

Time  Model (°C) Experimental (°C) 

(sec.) Evaporator Adiabatic Condenser Evaporator Adiabatic Condenser 

0 25.00 25.00 25.00 25.0 25.0 25.0 

100 28.70 25.20 21.85 28.2 26.9 24.5 

200 32.36 26.37 21.34 31.5 27.5 24.1 

300 36.23 28.00 21.18 34.0 28.2 23.5 

400 39.87 29.59 21.20 38.5 29.0 22.8 

500 43.49 31.02 21.33 42.0 29.8 22.1 

600 46.83 32.26 21.51 45.8 30.1 21.5 

700 49.89 33.33 21.71 48.7 31.7 20.8 

800 52.31 34.26 21.90 51.2 32.9 20.3 

900 53.92 35.05 22.08 55.4 34.4 20.0 

1000 55.26 35.74 22.25 55.4 34.4 20.0 

1100 56.13 36.05 22.32 55.4 34.4 20.0 

1200 56.73 36.05 22.32 55.4 34.4 20.0 

1300 56.73 36.05 22.32 55.4 34.4 20.0 

1400 56.73 36.05 22.32 55.4 34.4 20.0 

1500 56.73 36.05 22.32 55.4 34.4 20.0 

1600 56.73 36.05 22.32 55.4 34.4 20.0 
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Table B.5  Results of temperatures from model and experimental of HOHP 

 with working fluid of ethanol, Te = 70ºC and Di = 2.0 mm 

Time  Model (°C) Experimental (°C) 

(sec.) Evaporator Adiabatic Condenser Evaporator Adiabatic Condenser 

0 25.00 25.00 25.00 25.0 25.0 25.0 

100 29.56 25.09 22.11 27.9 25.7 24.5 

200 33.32 25.90 21.53 28.8 26.6 24.1 

300 37.01 27.36 21.28 32.7 27.0 23.8 

400 40.87 29.00 21.20 35.3 27.8 23.3 

500 44.63 30.61 21.24 39.2 29.0 22.7 

600 48.28 32.10 21.36 44.0 30.6 22.4 

700 51.56 33.46 21.53 47.2 31.9 21.9 

800 54.75 34.68 21.72 51.9 32.4 21.3 

900 57.41 35.77 21.92 55.3 34.5 20.9 

1000 59.48 36.75 22.12 58.7 37.9 20.7 

1100 61.29 37.62 22.32 61.2 39.7 20.4 

1200 62.88 38.40 22.50 63.7 41.2 20.1 

1300 64.16 39.10 22.67 66.1 42.9 20.0 

1400 64.45 39.73 22.82 66.1 42.9 20.0 

1500 64.45 39.73 22.82 66.1 42.9 20.0 

1600 64.45 39.73 22.82 66.1 42.9 20.0 

1700 64.45 39.73 22.82 66.1 42.9 20.0 

1800 64.45 39.73 22.82 66.1 42.9 20.0 
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Table B.6  Results of temperatures from model and experimental of HOHP  

 with working fluid of ethanol, Te = 80ºC and Di = 2.0 mm 

Time  Model (°C) Experimental (°C) 

(sec.) Evaporator Adiabatic Condenser Evaporator Adiabatic Condenser 

0 25.00 25.00 25.00 25.0 25.0 25.0 

100 29.31 25.12 22.11 28.4 25.5 24.8 

200 33.05 25.67 21.66 31.4 26.2 24.3 

300 36.98 26.68 21.43 36.8 26.7 23.9 

400 40.60 27.94 21.29 41.7 27.5 23.5 

500 43.99 30.00 21.23 45.6 28.2 23.2 

600 47.34 31.35 21.26 49.6 29.5 22.7 

700 50.62 32.65 21.34 53.1 31.0 22.4 

800 53.90 33.88 21.46 55.7 32.9 21.9 

900 57.51 35.03 21.60 58.1 33.6 21.5 

1000 61.20 36.60 21.85 61.0 34.7 21.2 

1100 64.49 37.57 22.02 64.0 35.8 20.8 

1200 67.39 38.46 22.19 67.0 37.7 20.5 

1300 69.76 39.29 22.36 70.0 39.5 20.4 

1400 71.27 40.78 22.69 72.8 41.5 20.3 

1500 72.23 41.44 22.84 75.7 42.8 20.1 

1600 72.96 42.35 23.05 77.1 44.0 20.0 

1700 73.06 42.90 23.19 77.1 44.0 20.0 

1800 73.27 43.41 23.31 77.1 44.0 20.0 

1900 73.27 43.41 23.31 77.1 44.0 20.0 

2000 73.27 43.41 23.31 77.1 44.0 20.0 

2100 73.27 43.41 23.31 77.1 44.0 20.0 

2200 73.27 43.41 23.31 77.1 44.0 20.0 
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Table B.7  Results of temperatures from model and experimental of HOHP  

 with working fluid of R11, Te = 60ºC and Di = 2.0 mm 

Time  Model (°C) Experimental (°C) 

(sec.) Evaporator Adiabatic Condenser Evaporator Adiabatic Condenser 

0 25.00 25.00 25.00 25.0 25.0 25.0 

100 30.10 25.20 21.85 27.0 26.2 24.4 

200 34.36 26.37 21.34 31.6 26.9 23.9 

300 38.23 28.00 21.18 34.8 27.0 23.1 

400 42.07 29.59 21.20 38.6 28.8 22.2 

500 45.69 31.02 21.33 42.7 30.4 21.3 

600 48.83 32.26 21.51 46.2 31.9 21.0 

700 51.89 33.33 21.71 49.3 33.6 20.8 

800 54.21 34.26 21.90 52.1 35.8 20.8 

900 55.82 35.05 22.08 53.5 36.6 20.9 

1000 57.06 35.74 22.25 54.8 37.7 20.1 

1100 57.52 36.05 22.32 56.9 38.8 20.0 

1200 57.52 36.05 22.32 56.9 38.8 20.0 

1300 57.52 36.05 22.32 56.9 38.8 20.0 

1400 57.52 36.05 22.32 56.9 38.8 20.0 

1500 57.52 36.05 22.32 56.9 38.8 20.0 

1600 57.52 36.05 22.32 56.9 38.8 20.0 
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Table B.8  Results of temperatures from model and experimental of HOHP  

 with working fluid of R11, Te = 70ºC and Di = 2.0 mm 

Time  Model (°C) Experimental (°C) 

(sec.) Evaporator Adiabatic Condenser Evaporator Adiabatic Condenser 

0 25.00 25.00 25.00 25.0 25.0 25.0 

100 29.56 25.09 22.11 27.5 26.4 24.6 

200 33.32 25.90 21.53 29.6 27.0 24.3 

300 37.01 27.36 21.28 33.3 29.7 23.9 

400 40.87 29.00 21.20 36.9 31.1 23.7 

500 44.63 30.61 21.24 38.7 33.9 22.9 

600 48.28 31.62 21.31 41.7 34.7 22.5 

700 51.56 33.02 21.47 45.5 36.0 21.6 

800 54.75 34.28 21.65 48.1 38.2 20.7 

900 57.41 35.42 21.86 50.0 40.1 20.5 

1000 59.48 36.11 21.99 54.3 41.8 20.5 

1100 61.29 37.05 22.19 56.1 43.0 20.2 

1200 62.88 37.89 22.38 59.8 44.2 20.1 

1300 64.16 38.65 22.56 65.0 44.5 20.1 

1400 64.45 39.73 22.82 65.4 44.7 20.0 

1500 64.45 39.73 22.82 65.4 44.7 20.0 

1600 64.45 39.73 22.82 65.4 44.7 20.0 

1700 64.45 39.73 22.82 65.4 44.7 20.0 

1800 64.45 39.73 22.82 65.4 44.7 20.0 
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Table B.9  Results of temperatures from model and experimental of HOHP  

 with working fluid of R11, Te = 80ºC and Di = 2.0 mm 

Time  Model (°C) Experimental (°C) 

(sec.) Evaporator Adiabatic Condenser Evaporator Adiabatic Condenser 

0 25.00 25.00 25.00 25.0 25.0 25.0 

100 29.31 25.02 22.52 27.5 26.7 24.7 

200 33.05 25.33 21.85 28.6 26.8 24.5 

300 36.98 26.13 21.53 30.8 27.7 24.2 

400 40.60 27.29 21.35 33.8 29.1 24.0 

500 43.99 29.31 21.23 36.9 32.4 23.7 

600 47.34 30.68 21.24 39.3 34.8 23.4 

700 50.62 33.27 21.40 42.8 36.1 23.2 

800 53.90 34.46 21.53 47.4 38.0 23.0 

900 57.51 35.57 21.68 51.5 40.8 22.6 

1000 61.20 36.60 21.85 56.7 42.7 22.3 

1100 64.49 38.02 22.10 59.9 44.8 21.4 

1200 67.39 38.88 22.27 64.3 46.0 21.0 

1300 69.76 39.68 22.44 68.6 47.5 20.7 

1400 71.27 41.11 22.76 72.6 47.6 20.3 

1500 72.23 41.75 22.91 75.2 48.0 20.2 

1600 72.96 42.63 23.12 77.6 48.7 20.0 

1700 73.06 43.16 23.25 77.6 48.9 20.0 

1800 73.27 43.41 23.31 77.6 48.9 20.0 

1900 73.27 43.41 23.31 77.6 48.9 20.0 

2000 73.27 43.41 23.31 77.6 48.9 20.0 

2100 73.27 43.41 23.31 77.6 48.9 20.0 

2200 73.27 43.41 23.31 77.6 48.9 20.0 
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Table B.10  Results of heat transfer from model and experimental of HOHP  

  with working fluid of water, Te = 60, 70 and 80ºC, and Di = 2.0 mm 

Time  Model Experimental 

(sec.) 60ºC 70ºC 80ºC 60ºC 70ºC 80ºC 

0 0.00 0.00 0.00 0.00 0.00 0.00 

100 0.00 0.00 0.00 0.00 0.00 0.00 

200 0.00 0.00 0.00 0.00 0.00 0.00 

300 0.00 0.00 0.00 0.00 0.00 0.00 

400 0.00 0.00 0.00 0.00 0.00 0.00 

500 0.00 0.00 0.00 0.00 0.00 0.00 

600 0.00 0.00 0.00 0.00 0.00 0.00 

700 1.74 0.00 0.00 0.00 0.00 0.00 

800 3.49 5.23 0.00 3.31 0.00 0.00 

900 8.72 10.47 6.98 7.85 2.77 0.00 

1000 12.21 17.44 13.95 15.59 8.12 4.62 

1100 17.44 22.68 19.19 21.56 14.03 13.15 

1200 22.68 24.42 27.91 26.26 18.31 19.59 

1300 26.16 27.91 34.89 30.26 24.85 26.03 

1400 27.91 31.40 38.37 33.11 28.59 32.55 

1500 29.65 33.14 40.12 35.36 33.56 37.36 

1600 32.40 34.89 43.61 37.08 37.76 42.19 

1700 35.63 36.63 45.35 38.34 41.26 46.22 

1800 38.37 38.37 48.84 39.78 44.11 49.99 

1900 38.37 40.86 50.59 40.06 46.36 53.07 

2000 38.37 43.61 54.07 40.26 47.08 55.39 

2100 36.63 45.35 55.82 40.26 48.06 57.01 

2200 36.63 45.35 57.56 40.26 48.34 58.44 

2300 38.37 45.35 57.56 40.26 48.34 59.37 

2400 38.37 43.61 55.82 40.26 48.34 60.25 

2500 38.37 43.61 55.82 40.26 48.34 60.25 

2600 38.37 45.35 57.56 40.26 48.34 60.25 

2700 38.37 43.61 55.82 40.26 48.34 60.25 

2800 36.63 43.61 55.82 40.26 48.34 60.25 
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Table B.11  Results of heat transfer from model and experimental of HOHP  

  with working fluid of ethanol, Te = 60, 70 and 80ºC, and Di = 2.0 mm 

Time  Model Experimental 

(sec.) 60ºC 70ºC 80ºC 60ºC 70ºC 80ºC 

0 0.00 0.00 0.00 0.00 0.00 0.00 

100 0.00 0.00 0.00 0.00 0.00 0.00 

200 0.00 0.00 0.00 0.00 0.00 0.00 

300 0.00 0.00 0.00 0.00 0.00 0.00 

400 0.00 0.00 0.00 0.00 0.00 0.00 

500 0.00 0.00 0.00 0.00 0.00 0.00 

600 1.74 0.00 0.00 6.53 0.00 0.00 

700 5.23 6.98 8.72 12.51 6.96 0.00 

800 13.95 15.70 15.70 17.85 11.95 4.62 

900 17.44 19.19 20.93 22.89 18.23 11.12 

1000 20.93 24.42 27.91 26.16 24.59 17.35 

1100 24.42 29.65 33.14 30.26 29.56 24.23 

1200 29.65 34.89 38.37 33.26 34.76 30.33 

1300 34.14 38.37 43.61 36.11 40.26 37.50 

1400 37.37 41.86 48.84 40.06 45.51 44.69 

1500 40.12 45.35 50.59 42.88 50.08 50.89 

1600 43.61 50.84 54.07 45.84 53.34 56.13 

1700 45.35 54.07 57.56 47.82 56.68 60.46 

1800 45.35 57.56 60.31 48.26 58.66 63.97 

1900 45.35 59.31 64.54 48.66 60.13 66.73 

2000 45.35 59.31 66.28 48.66 61.27 69.32 

2100 43.61 59.31 68.03 48.66 61.68 70.00 

2200 43.61 59.31 68.03 48.66 61.68 70.27 

2300 45.35 57.56 68.03 48.66 61.68 70.46 

2400 45.35 55.82 68.03 48.66 61.68 70.46 

2500 45.35 55.82 64.54 48.66 61.68 70.46 

2600 43.61 59.31 66.28 48.66 61.68 70.46 

2700 43.61 59.31 66.28 48.66 61.68 70.46 

2800 43.61 59.31 66.28 48.66 61.68 70.46 
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Table B.12  Results of heat transfer from model and experimental of HOHP  

  with working fluid of R11, Te = 60, 70 and 80ºC, and Di = 2.0 mm 

Time  Model Experimental 

(sec.) 60ºC 70ºC 80ºC 60ºC 70ºC 80ºC 

0 0.00 0.00 0.00 0.00 0.00 0.00 

100 0.00 0.00 0.00 0.00 0.00 0.00 

200 0.00 0.00 0.00 0.00 0.00 0.00 

300 0.00 0.00 0.00 0.00 0.00 0.00 

400 0.00 0.00 0.00 0.00 0.00 0.00 

500 3.49 0.00 0.00 9.31 0.00 0.00 

600 8.72 10.47 1.74 15.85 9.96 0.00 

700 13.95 17.44 10.47 22.59 20.35 4.62 

800 22.68 24.42 17.44 28.96 28.23 17.15 

900 27.91 31.40 24.42 33.76 35.33 29.59 

1000 34.63 38.37 31.40 38.26 41.50 41.43 

1100 38.12 43.61 41.86 42.11 47.29 52.35 

1200 41.86 47.10 47.10 45.66 51.89 60.16 

1300 47.10 50.59 61.05 48.44 55.53 66.79 

1400 50.59 55.31 66.28 52.34 59.46 71.82 

1500 52.33 59.31 71.52 55.18 62.97 75.49 

1600 54.07 62.80 76.75 57.66 65.73 78.17 

1700 54.07 64.54 78.49 58.08 67.82 80.14 

1800 54.07 68.03 80.24 58.08 69.11 82.11 

1900 55.82 68.03 81.98 58.08 70.46 83.85 

2000 55.82 68.03 81.98 58.08 70.46 84.27 

2100 55.82 66.28 81.98 58.08 70.46 84.49 

2200 54.07 64.54 80.24 58.08 70.46 84.49 

2300 54.07 66.28 81.98 58.08 70.46 84.49 

2400 54.07 64.54 78.49 58.08 70.46 84.49 

2500 55.82 62.80 80.24 58.08 70.46 84.49 

2600 55.82 64.54 76.75 58.08 70.46 84.49 

2700 38.37 43.61 55.82 40.26 48.34 60.25 

2800 36.63 43.61 55.82 40.26 48.34 60.25 
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Table B.13  Results of heat transfer from model and experimental  

  of HOHP heat exchanger with working fluid of R11, Te = 60, 70  

  and 80ºC and Di = 2.0 mm 

Time  Model Experimental 

(sec.) 60ºC 70ºC 80ºC 60ºC 70ºC 80ºC 

0 0 0 0 0 0 0 
100 0 0 0 0 0 0 
200 0 0 0 0 0 0 
300 0 0 0 0 0 0 
400 0 0 0 0 0 0 
500 86.61 0 0 83.64 0 0 
600 174.05 86.56 0 160.28 83.64 0 
700 246.18 164.13 86.92 209.10 146.37 83.64 

800 311.12 227.37 160.30 282.29 209.10 135.92 

900 375.18 288.93 222.66 334.56 261.38 198.65 

1000 435.28 352.81 287.01 397.29 334.56 261.38 

1100 487.09 414.57 345.40 460.02 386.84 334.56 

1200 537.41 474.34 400.00 512.30 449.57 386.84 

1300 575.30 528.01 453.65 554.12 512.30 439.11 

1400 600.73 579.73 506.14 575.03 554.12 480.93 

1500 620.17 622.55 558.89 585.48 606.39 533.21 

1600 621.75 655.53 617.21 595.94 637.76 585.48 

1700 626.56 684.62 676.93 606.39 658.67 637.76 

1800 626.56 710.36 730.00 606.39 690.03 690.03 

1900 626.56 730.72 776.63 606.39 710.94 731.85 

2000 626.56 735.61 815.26 606.39 721.40 763.22 

2100 626.56 735.61 839.81 606.39 721.40 784.13 

2200 626.56 735.61 855.60 606.39 721.40 805.04 

2300 626.56 735.61 867.45 606.39 721.40 815.49 

2400 626.56 735.61 879.22 606.39 721.40 825.95 

2500 626.56 735.61 889.05 606.39 721.40 836.40 

2600 626.56 735.61 889.05 606.39 721.40 836.40 

2700 626.56 735.61 889.05 606.39 721.40 836.40 

2800 626.56 735.61 889.05 606.39 721.40 836.40 

2900 626.56 735.61 889.05 606.39 721.40 836.40 

3000 626.56 735.61 889.05 606.39 721.40 836.40 
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Simulation source code 
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Simulation source code 

 

clear all 

clc 

close all 

 

fprintf('Program Calculate of a Helical Oscillating Heat Pipe\n') 

 

%% Input data %% 

 

T_e=60; T_c=20; T_iv=35; T_iw=25; 

p_s=0.01; zeta=90; D_coil=0.05; D_o=0.0026; D_i=0.0016; 

L_e=0.05; L_a=0.05; L_c=0.05;s_e=0.850; s_c=0.850; 

m_e=0.00417; m_c=0.00417; 

S_T=0.02; S_L=0.02; Q_want=1000; 

C1=0.4; C2=0.8; mm=0.5; %h = 456; 

ns = 12; tmax = 10; 

 

%% Calculate Working Temperature %% 

T_work = (T_e+T_c)/2; 

T_work_v = (T_e+T_iv)/2; 

 

% Properties of pipe wall (T_work)  

Ro_w=8933; Cp_w=385; k_w=401; %%%%%%% load properties of copper 

  

% Properties of working fluid at working temperature (water) 

Ro_work=992.2; Mew_work=653.2*10^(-6); Cp_work=4182; k_work=0.6305; 

h_fg = 2405900; 
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% Properties of water at evaporator section % (T_e=60) 

Ro_e=983.2; Mew_e=466.5*10^(-6); Cp_e=4183; k_e=0.6543; 

 

% Properties of water at condenser section % (T_c=20) 

Ro_c=998.2; Mew_c=1002.1*10^(-6); Cp_c=4183; k_c=0.5984; 

 

%% Calculation grid 

s = s_e+L_a+s_c; 

 

ds = s/ns 

dt = 0.01 

s0 = 0; t0 = 0; 

sx = s0:ds:s; 

n = length(sx);  

tx = t0:dt:tmax; 

tst = length(tx);  

 

%% Constant in calculation of HOHP 

r_a = D_coil/2; 

 

% Loop for V_in 

if D_i == 0.0016 

    V_in = 0.3; 

elseif D_i == 0.0018 

    V_in = 0.4; 

else 

    V_in = 0.5; 

end 
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A_v = (pi*D_i^2)/4; 

m_v = Ro_work*V_in*A_v; 

Curv = r_a^2/(r_a^2+p_s^2); 

Tor = p_s^2/(r_a^2+p_s^2); 

hs = 1+Curv*(D_i/2)*sin(zeta-Tor*(s/(D_o/2))); 

Re_work = (Ro_work*V_in*D_i)/Mew_work; 

Pr_work = (Cp_work*Mew_work)/k_work; 

 

%% Constant in calculation of equation 

alpha_w = (k_w*dt)/(Ro_w*Cp_w*ds^2); 

alpha_v1 = dt/(2*hs*ds); 

alpha_v2 = ((dt*Curv)/hs)*(sin(zeta-Tor*s)+cos(zeta-Tor*s)); 

alpha_v3 = dt/(hs^2*ds^2); 

alpha_v4 = (dt)/(2*hs*ds); 

alpha_v5 = dt/(Re_work*Pr_work*hs^2*ds^2); 

 

%% Initial condition of temperature and velocity at wall and vapor 

 for i = 1:tst, 

    for j = 1, 

        Tw(i,j) = 60; 

        Wv(i,j) = 0.3; 

        Tv(i,j) = 60; 

    end 

    for j = 2:n-1 

        Tw(i,j) = 25; 

        Wv(i,j) = 0.3; 

        Tv(i,j) = 25; 

    end 

    for j = n, 

        Tw(i,j) = 20; 

        Wv(i,j) = 0.3; 
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        Tv(i,j) = 20; 

    end 

 end 

 

%% Check error of data 

err = 1e-9; 

chk_err_Tw = 1; 

chk_err_Wv = 1; 

chk_err_Tv = 1; 

Twn = Tw; 

Wvn = Wv; 

Tvn = Tv; 

k = 1; 

 

%% Loop in calculation 

 

 while max(max(chk_err_Tw) > err) 

     for t = 2:tst, 

         for i = 2:n-1, 

             Twn(t,i) = (alpha_w*Tw(t-1,i-1) + 2*(1-alpha_w)*Tw(t-1,i) +  

      alpha_w*Tw(t-1,i+1)+alpha_w*Tw(t,i-1) +  

      alpha_w*Tw(t,i+1))/(2*(1+alpha_w)); 

             Wvn(t,i) = ((alpha_v1+alpha_v3)*Wv(t-1,i-1) +  

      (2-alpha_v2-2*alpha_v3)*Wv(t-1,i) –  

      (alpha_v1-alpha_v3)*Wv(t-1,i+1) +  

      (alpha_v1+alpha_v3)*Wv(t,i-1) –  

      (alpha_v1-alpha_v3)*Wv(t,i+1))/(2+alpha_v2+2*alpha_v3); 

             Tvn(t,i) = ((alpha_v4*(Wvn(t,i)-Wvn(t-1,i))+alpha_v5)*Tv(t-1,i-1) + 

      2*(1-alpha_v5)*Tv(t-1,i) –  

      (alpha_v4*(Wvn(t,i)-Wvn(t-1,i))-alpha_v5)*Tv(t-1,i+1) +  

      (alpha_v4*(Wvn(t,i)-Wvn(t-1,i))+alpha_v5)*Tv(t,i-1) –  
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      (alpha_v4*(Wvn(t,i)-Wvn(t-1,i))-alpha_v5)*Tv(t,i+1))/ 

      (2*(1+alpha_v5)); 

         end 

     end 

chk_err_Tw = (abs(Twn - Tw)./Twn)*100; 

Tw = Twn; 

Wv = Wvn; 

Tv = Tvn; 

k = k+1 

end 

 

%% Plot Tw Wv and Tv by s Compare dt = 0.01 %% 

  figure(1) 

  plot(sx,Tw(t,:)','-b','LineWidth',1,'MarkerEdgeColor','k','MarkerFaceColor','y', 

  'MarkerSize',6); 

  xlabel('s'); ylabel('Temperature(C)'); 

  title('Temperature of Wall') 

 

  figure(2) 

  plot(sx,Wv(t,:)','-b','LineWidth',1,'MarkerEdgeColor','k','MarkerFaceColor','y', 

  'MarkerSize',6);  

  xlabel('s'); ylabel('Velocity(m/s)'); 

  title('Velocity of Vapor') 

 

  figure(3) 

  plot(sx,Tv(t,:)','-b','LineWidth',1,'MarkerEdgeColor','k','MarkerFaceColor','y', 

  'MarkerSize',6);  

  xlabel('s'); ylabel('Temperature(C)'); 

  title('Temperature of Vapor') 
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Table E.1 Properties of water 

Temp

(°C) 

Pressure 

(Mpa) 

Density 

(kg/m3) 

Liquid 

Volume 

(m3/kg) 

Vapor 

Enthalpy 

(kJ/kg) 

Entropy 

(kJ/(kg.K)) 

Specific Heat 

Cp 

(kJ/ (kg.K)) 

Surface 

Tension 

(mN/m) 
Liquid Vapor Liquid Vapor Liquid Vapor 

0.01 0.00061 999.8 205.98 0.0 2500.5 0.0000 9.1541 4.229 1.868 75.65 

5.00 0.00087 999.9 147.02 21.0 2509.7 0.0763 9.0236 4.200 1.871 74.95 

10.00 0.00123 999.7 106.32 42.0 2518.9 0.1510 8.8986 4.188 1.874 74.22 

15.00 0.00171 999.1 77.900 62.9 2528.0 0.2242 8.7792 4.184 1.878 73.49 

20.00 0.00234 998.2 57.777 83.8 2537.2 0.2962 8.6651 4.183 1.882 72.74 

25.00 0.00317 997.0 43.356 104.8 2546.3 0.3670 8.5558 4.183 1.887 71.98 

30.00 0.00425 995.6 32.896 125.7 2555.3 0.4365 8.4513 4.183 1.892 71.20 

35.00 0.00563 994.0 25.221 146.6 2564.4 0.5050 8.3511 4.183 1.898 70.41 

40.00 0.00738 992.2 19.528 167.5 2573.4 0.5723 8.2550 4.182 1.905 69.60 

45.00 0.00959 990.2 15.263 188.4 2582.3 0.6385 8.1629 4.182 1.912 68.78 

50.00 0.01234 988.0 12.037 209.3 2591.2 0.7037 8.0745 4.182 1.919 67.95 

55.00 0.01575 985.6 9.5730 230.2 2600.0 0.7680 7.9896 4.182 1.928 67.10 

60.00 0.01993 983.2 7.6746 251.2 2608.8 0.8312 7.9080 4.183 1.937 66.24 

65.00 0.02502 980.5 6.1996 272.1 2617.5 0.8935 7.8295 4.184 1.947 65.37 

70.00 0.03118 977.8 5.0447 293.0 2626.1 0.9549 7.7540 4.187 1.958 64.49 

75.00 0.03856 974.8 4.1333 314.0 2634.6 1.0155 7.6813 4.190 1.970 63.59 

80.00 0.04737 971.8 3.4088 334.9 2643.1 1.0753 7.6112 4.194 1.983 62.68 

85.00 0.05781 968.6 2.8289 355.9 2651.4 1.1343 7.5436 4.199 1.996 61.76 

90.00 0.07012 965.3 2.3617 376.9 2659.6 1.1925 7.4784 4.204 2.011 60.82 

95.00 0.08453 961.9 1.9828 398.0 2667.7 1.2501 7.4154 4.210 2.027 59.88 

100.00 0.10132 958.4 1.6736 419.1 2675.7 1.3069 7.3545 4.217 2.044 58.92 

105.00 0.12079 954.8 1.4200 440.2 2683.6 1.3630 7.2956 4.224 2.062 57.95 

110.00 0.14324 951.0 1.2106 461.3 2691.3 1.4186 7.2386 4.232 2.082 56.97 

115.00 0.16902 947.1 1.0370 482.5 2698.8 1.4735 7.1833 4.240 2.103 55.98 

120.00 0.19848 943.2 0.89222 503.8 2706.2 1.5278 7.1297 4.249 2.126 54.97 

125.00 0.23201 939.1 0.77089 525.1 2713.4 1.5815 7.0777 4.258 2.150 53.96 

130.00 0.27002 934.9 0.66872 546.4 2720.4 1.6346 7.0272 4.268 2.176 52.94 

135.00 0.31293 930.6 0.58234 567.8 2727.2 1.6873 6.9780 4.278 2.203 51.91 

140.00 0.36119 926.2 0.50898 589.2 2733.8 1.7394 6.9302 4.288 2.233 50.86 

ASHRAE HANDBOOK, 1993 
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Properties of water (continuous) 

Temp

(°C) 

Pressure 

(Mpa) 

Density 

(kg/m3) 

Liquid 

Volume 

(m3/kg) 

Vapor 

Enthalpy 

(kJ/kg) 

Entropy 

(kJ/(kg.K)) 

Specific Heat 

Cp 

(kJ/ (kg.K)) 

Surface 

Tension 

(mN/m) 
Liquid Vapor Liquid Vapor Liquid Vapor 

165.00 0.70029 902.6 0.27270 697.4 2763.3 1.9927 6.7078 4.353 2.415 45.51 

170.00 0.79147 897.5 0.24283 719.3 2768.5 2.0421 6.6662 4.369 2.460 44.41 

175.00 0.89180 892.3 0.21679 741.2 2773.3 2.0910 6.6254 4.386 2.507 43.31 

180.00 1.0019 887.1 0.19406 763.2 2777.8 2.139 6.5853 4.403 2.558 42.20 

185.00 1.1225 881.7 0.17406 785.4 2782.0 2.1879 6.5459 4.423 2.612 41.08 

190.00 1.2542 876.1 0.15650 807.6 2785.8 2.2358 6.5071 4.443 2.670 39.95 

195.00 1.3976 870.5 0.14102 829.9 2789.4 2.2834 6.4689 4.465 2.731 38.82 

200.00 1.5536 864.7 0.12732 852.4 2792.5 2.3308 6.4312 4.489 2.797 37.68 

205.00 1.7229 858.9 0.11517 875.0 2795.3 2.3778 6.3940 4.515 2.867 36.54 

210.00 1.9062 852.8 0.10438 897.7 2797.7 2.4246 6.2572 4.542 2.943 35.39 

215.00 2.1042 846.6 0.09475 920.5 2799.7 2.4712 6.3208 4.572 3.023 34.24 

220.00 2.3178 840.3 0.08615 943.5 2801.3 2.5175 6.2847 4.604 3.109 33.08 

225.00 2.5749 833.9 0.07846 966.7 2802.4 2.5637 6.2488 4.638 3.201 31.91 

230.00 2.7951 827.2 0.07155 990.0 2803.1 2.6097 6.2131 4.675 3.300 30.75 

235.00 3.0604 820.5 0.06534 1013.5 2803.3 2.6556 6.1777 4.715 3.405 29.58 

240.00 3.3447 813.5 0.05974 1037.2 2803.0 2.7013 6.1423 4.759 3.519 28.40 

245.00 3.6488 806.4 0.05469 1061.2 2802.1 2.7470 6.1070 4.806 3.641 27.23 

250.00 3.9736 799.1 0.05011 1085.3 2800.7 2.7926 6.0717 4.857 3.772 26.05 

255.00 4.3202 791.5 0.04395 1109.7 2798.8 2.8382 6.0363 4.912 3.914 24.88 

260.00 4.6894 783.8 0.04219 1134.4 2796.2 2.8838 6.0009 4.973 4.069 23.70 

265.00 5.0823 775.9 0.03876 1159.3 2793.0 2.9294 5.9652 5.039 4.236 22.52 

270.00 5.4999 767.7 0.03564 1184.6 2789.1 2.9751 5.9293 5.111 4.418 21.35 

275.00 5.9431 759.2 0.03278 1210.1 2784.5 3.0209 5.8931 5.191 4.617 20.17 

280.00 6.4132 750.5 0.03016 1236.1 2779.2 3.0669 5.8565 5.279 4.835 19.00 

285.00 6.9111 741.5 0.02777 1262.4 2773.0 3.1131 5.8195 5.377 5.077 17.84 

290.00 7.4380 732.2 0.02556 1289.1 2765.9 3.1595 5.7818 5.485 5.345 16.68 

295.00 7.9952 722.5 0.02354 1316.3 2757.8 3.2062 5.7434 5.607 5.644 15.52 

300.00 8.5838 712.4 0.02167 1344.1 2748.7 3.2534 5.7042 5.746 5.981 14.37 

ASHRAE HANDBOOK, 1993 
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Table E.2 Properties of ethanol 

Temp 

(OC) 

Press 

PV 

x105 

(Pa) 

Latent 

hfg 

(kJ/kg) 

ρl 

x103 

(kg/m3) 

Liquid 

ρV 

(kg/m3) 

Vapor 

μl 

x10-3 

(N.s/m2) 

Liquid 

μV 

x10-5 

(N.s/m2) 

Vapor 

Kl 

(W/m.K) 

Liquid 

Kv 

(W/m.K) 

Vapor 

σ 

x10-3 

(N/m) 

Liquid 

CP,l 

(kJ/kg.K) 

Liguid 

CP,V 

(kJ/kg.K) 

Vapor 

0 0.012 1048.4 0.901 0.036 1.7990 0.774 0.183 0.0117 24.4 0.541 1.34 

20 0.058 1030.0 0.800 0.085 1.1980 0.835 0.179 0.0139 22.8 0.574 1.40 

40 0.180 1011.9 0.789 0.316 0.8190 0.900 0.175 0.160 21.0 0.615 1.48 

60 0.472 988.9 0.770 0.748 0.5880 0.959 0.171 0.0179 19.2 0.665 1.54 

80 1.086 960.0 0.757 1.430 0.4320 1.030 0.169 0.0199 17.3 0.723 1.61 

100 2.260 927.0 0.730 3.410 0.3180 1.092 0.167 0.0219 15.5 0.789 1.68 

120 4.290 885.5 0.710 6.010 0.2430 1.157 0.165 0.0238 13.4 0.863 1.75 

140 7.530 834.0 0.680 10.670 0.1900 1.219 0.163 0.0256 11.2 0.945  

160 12.756 772.9 0.650 17.450 0.1500 1.293 0.161 0.0272 9.0   

180 19.600 698.8 0.610 27.650 0.1200 1.369 0.159 0.0288 6.7   

200 29.400 598.3 0.564 44.480 0.0950 1.464 0.157 0.0395 4.3   

220 42.800 468.5 0.510 74.350 0.0725 1.618 0.155 0.0321 2.2   

240 60.200 280.5 0.415 135.500 0.0488 1.948 0.153  0.1   

Dunn P. and Reay D.A., 1982 
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Table E.3 Properties of R11 

Temp 

(ºC) 

Pressure 

(MPa) 

Density 

(kg/m3) 

Liquid 

Volume 

(m3/kg) 

Vapor 

Enthalpy 

(kJ/kg) 

Entropy 

(kJ/(kg.K)) 

Specific Heat 

Cp 

(kJ/ (kg.k)) 

Surface 

Tension 

x10-3 

(N/m) Liquid Vapor Liquid Vapor Liquid Vapor 

0 0.0402 1534.1 0.40328 200.00 389.77 1.0000 1.6947 0.859 0.576 21.04 

2 0.04377 1529.6 0.37264 201.72 390.80 1.0063 1.6935 0.861 0.578 20.77 

4 0.04759 1525.0 0.34479 203.44 391.83 1.0125 1.6922 0.862 0.581 20.51 

6 0.05167 1520.5 0.31943 205.17 392.86 1.0187 1.6911 0.864 0.584 20.25 

8 0.05603 1515.9 0.29630 206.90 393.89 1.0249 1.6900 0.865 0.586 19.98 

10 0.06068 1511.3 0.27518 208.64 394.92 1.0310 1.6889 0.867 0.589 19.72 

12 0.06562 1506.7 0.25587 210.38 395.95 1.0371 1.6879 0.869 0.592 19.46 

14 0.07088 1502.1 0.23819 212.12 396.99 1.0432 1.6970 0.871 0.595 19.20 

16 0.07647 1497.4 0.22198 213.86 398.02 1.0492 1.6861 0.872 0.597 18.93 

18 0.08240 1492.8 0.20710 215.61 399.05 1.0552 1.6853 0.874 0.600 18.67 

20 0.08868 1488.1 0.19342 217.36 400.08 1.0612 1.6845 0.876 0.603 18.42 

22 0.09534 1483.4 0.18083 219.12 401.10 1.0672 1.6838 0.878 0.606 18.16 

24 0.10238 1478.6 0.16922 220.88 402.13 1.0731 1.6831 0.880 0.608 17.90 

26 0.10982 1473.9 0.15852 222.64 403.16 1.0790 1.6824 0.882 0.611 17.64 

28 0.11767 1496.1 0.14864 224.41 404.18 1.0849 1.6818 0.884 0.614 17.39 

30 0.12596 1464.3 0.13950 226.19 405.28 1.0907 1.6813 0.886 0.617 17.13 

32 0.13470 1459.3 0.13104 227.96 406.23 1.0965 1.6807 0.888 0.620 16.87 

34 0.14389 1454.7 0.12320 229.74 407.25 1.1023 1.6803 0.890 0.622 16.62 

36 0.15357 1449.8 0.11593 231.53 408.27 1.1081 1.6798 0.892 0.625 16.37 

38 0.16374 1444.9 0.10918 233.32 409.28 1.1139 1.6794 0.894 0.628 16.11 

40 0.17743 1440.0 0.10290 235.11 410.30 1.1196 1.6790 0.896 0.631 15.86 

42 0.18564 1435.0 0.09706 236.91 411.31 1.1253 1.6787 0.899 0.634 15.61 

44 0.19740 1430.0 0.09162 238.71 412.31 1.1310 1.6784 0.901 0.637 15.36 

46 0.20973 1425.0 0.08656 240.52 413.32 1.1366 1.6781 0.903 0.640 - 

48 0.22263 1420.0 0.08183 242.33 414.32 1.1423 1.6778 0.906 0.643 - 

50 0.23614 1414.9 0.07741 244.15 415.32 1.1479 1.6776 0.908 0.646 - 

55 0.27264 1402.1 0.06758 248.72 417.80 1.1618 1.6771 0.914 0.654 - 

60 0.31329 1389.1 0.05924 253.32 420.25 1.1756 1.6767 0.921 0.662 - 

65 0.35837 1375.9 0.05212 257.95 422.68 1.1893 1.6765 0.928 0.670 - 

70 0.40818 1362.4 0.04601 262.62 425.08 1.2030 1.6764 0.935 0.679 - 

75 0.46303 1348.7 0.04075 267.33 427.44 1.2165 1.6763 0.943 0.688 - 

80 0.52323 1334.7 0.03620 272.08 429.76 1.2299 1.6764 0.951 0.698 - 

ASHRAE HANDBOOK, 1993 
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Table E.4 Constant values in calculation convective heat transfer coefficient 

ReD C n 

0.4 to 4 0.989 0.330 

4 to 40 0.911 0.385 

40 to 4,000 0.683 0.466 

4,000 to 40,000 0.193 0.618 

40,000 to 400,000 0.0266 0.805 
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