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Figure  4.8 Heat transfer coefficient along z with various pressures 

 

To better show the subcooled flow region plot, the subcooled flow region in Figure 

4.8 is zoomed in on Figure 4.9. The variation of heat transfer coefficients at different 

pressures in the subcooled flow region is due to water inlet temperature to the tube and 

water thermal conductivity. Water saturation temperature decreases as pressure decrease. 

In this study, the water inlet temperature is set 5 
o
C below the saturation temperature to 

ensure pure water at the inlet. The water inlet and saturation temperatures at different 

pressures influences on the variation of the heat transfer coefficient (see Figure 4.10). As 

Figure 4.9 shows, the heat transfer coefficient is dependent on the temperature of inlet 

water and the pressure inside the tube. 
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Figure  4.9 Heat transfer coefficient in subcooled flow region at different pressures 

 

 

Figure  4.10 The temperature profile with different pressures; Tube diameter of 0.03m 

 

In the saturated flow-boiling region, the slope of the upward trend of the heat transfer 

coefficient increases as the pressure increases as shown in Figure 4.8. As pressure 

decreases, the specific density of liquid increases and specific density of vapor decreases 
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(see Table 4.1). Therefore, the increase of liquid density increases the local convective 

heat transfer coefficient based on Equation (3.10) and (3.11). In these two equations 

density ratio       increases that will cause an increase of heat transfer coefficients. 

At high pressure (such as 3531Pa), liquid boils at a higher temperature, so the 

nucleate boiling region has to be extended. The stronger and longer effect of the nucleate 

boiling region causes the less steep upward convective trend (see Figure 4.11).  

 

Figure  4.11 Effect of nucleate boiling dominant region in different pressures 

 

4.3.7 Analysis of heat flux with different pressures 

In Figure 4.12, heat fluxes with various pressures are shown. From Equation 3.1, the 

heat flux is related to the heat transfer coefficient. When the local heat transfer coefficient 

varies along the tube, the local heat flux along the tube also varies. Since the local heat 

transfer coefficient increases as pressure decreases along the tube in the saturation flow 

region, the local heat flux accordingly increases along the tube. From Equation 3.18, the 

total heat transfer rate  ̇( ) increases along the tube. 
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Figure  4.12 Variation of heat flux in different pressures 

 

4.4 Experiments’ Limitations 

An experiment was set to verify the simulation results. The test rig, that is a system 

with boiling–condensing cycle, consists of a heat exchanger connected to fresh water 

supply (as shown in Figure 6.1) and was used to simulate the situation of a constant heat 

flux boundary condition. However, due to missing data and unsteady boiling flow, the 

exact mass flow rate entering to the tube cannot be determined. The steady-state is 

difficult to be reached in the boiling natural circulation loop as mentioned in Goswami et 

al. (2011). Kandlikar correlations are used for simulating heat transfer coefficient along 

the tube in our case study. The correlation model has been widely verified (Kandlikar et 

al., 1999) with past experimental data. 
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4.5  Summary 

In this chapter, heat transfer coefficients and heat flux at different flow regions are 

analyzed based on a tube length of 2 m, tube diameter 0.03m, wall temperature of 

302.6K, and different pressure consisting of 3,531Pa, 2,617Pa, 1,917Pa, and 1,387Pa. 

The plots of heat flux versus tube length in a specific tube diameter and different 

pressures are presented. In each region, the characteristics of properties and parameters 

on the heat transfer coefficient and heat flux are discussed and analyzed. Based on the 

analysis of heat transfer coefficient and heat flux, it is shown that the low pressure of 

1387Pa among four pressures being considered is the best in terms of maximizing these 

two parameters. It is concluded that the total heat transfer rate in a solar collector tube at 

lower pressure should be increased with the proposed configuration. The next step of the 

analysis is to optimize the tube size to obtain a higher total heat transfer rate at a specific 

pressure. 
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Chapter 5 

5. Optimization Estimation 

5.1 Introduction 

A series of parametric studies are conducted with the developed model to optimize 

the two-phase solar collector tube for a specific case study, i.e. at the average temperature 

of -8
o
C in coldest months of Omaha, Nebraska. The parameters to be considered include 

the tube diameter, pressure, and tube length. The approach should be able to model the 

thermal behavior of the proposed system as a tool for design and optimization. The best 

tube size and pressure is discussed to maximize the total heat transfer rate through the 

tube for the possible average minimum temperature in Omaha, Nebraska.   

Mappings of total heat transfer rate of a 2m-length tube with a diameter of 0.03m are 

carried out with various lengths of a subcooled flow region and at various pressures 

(3,531, 2,617, 1,917, and 1,317Pa). Also, heat transfer coefficients at various locations 

along the tube with another tube diameter and pressure are plotted. Different lengths of 

subcooled flow regions are considered in order to investigate the optimized length of 

subcooled flow region and to produce the maximum heat transfer rate. 

5.2 Heat transfer rate based on variation of subcooled flow region in 

different pressures 

In Figure 5.1, the heat transfer rate is shown based on change of the lengths of the 

subcooled flow region and pressures with a tube diameter of 0.03m. The length of 

subcooled flow regions considered consists of 0.3m, 0.4m, 0.6m, 0.8m, 0.9m, 1.1m, 

1.2m, 1.5m and 2m, while the pressures are 3,531Pa, 2,617Pa, 1,917Pa and 1,387Pa. It is 
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assumed that inlet water temperature is 5 
o
C less than saturation temperature in each 

selected pressure. The wall temperature is 302.6K based on the average solar radiation in 

Omaha.  The reason for selecting the pressures above is that their saturation temperature 

is less than the estimated wall temperature, e.g. 302.6K (see Table 4.1). Therefore, the 

wall temperature can boil the water inside the tube in these pressures. 

The heat transfer rate,    ̇( ), will be computed and plotted in a contour plot, with the 

pressure in axis Y and tube coordinate in axis X. As shown in Figure 5.1, the total heat 

transfer rate increases as pressure inside the tube decreases. However, as the subcooled 

flow region decreases, for example to 0.3m, a decrease of the heat transfer rate occurs 

(between 1m and 1.2m but not exceeding 1.2m). The reason for the lower heat transfer 

rate with the smaller subcooled region is because of a smaller mass flow rate (see Table 

5.2). As shown in the figure, if the subcooled flow region extends over 1.2m at pressure 

of 1,387Pa, the heat transfer rate will decrease. It is because the 2m tube can only cover a 

part of the saturation flow boiling region where it has a higher heat transfer coefficient 

than when its length is smaller than 0.8 m. Wet vapor will be produced. Therefore, for a 

tube length of 2m, the best size for the subcooled flow region in order to get the highest 

heat transfer rate is in the range of 1m and 1.2m, which maximizes the subcooled flow 

and saturation flow region (In turn, minimize the vapor region). Table 5.1 shows the 

actual values of heat transfer rates in different tests presented above.  
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Figure  5.1 Heat transfer rate in a constant tube diameter (0.03m) with different 

pressures and length of the subcooled flow regions 
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                            Pressure 

 

Subcooled Flow Region  

P1=3531Pa 

 

   ̇(W) 

P1=2617Pa 

 

   ̇(W) 

P2=1917Pa 

 

   ̇(W) 

P3=1387Pa 

 

   ̇(W) 

   =0.3m 280 645 957 1229 

   =0.4m 380 867 1323 1660 

   =0.6m 556 1307 1952 2522 

   =0.8m 403 1749 2584 3553 

   =0.9m 242 1970 2946 3983 

   =1.1m 96 1019 3120 4845 

   =1.2m 68 594 1844 4530 

   =1.5m 60 154 344 732 

   =2m 55 127 194 258 

 

In the Table 5.2, the values of mass flow rate at different pressures with different 

subcooled flow regions are presented. At 3531Pa, as the subcooled flow region increases 

from 0.3 m to 2 m, the mass flow rate increases. Also, decreasing pressure from 3,531Pa 

to 1,387Pa with a fixed subcooled flow region, the mass flow rate increases due to 

reduced saturation temperature.  

 

 

 

 

 

 

Table 5.1 The total heat transfer rate in constant tube diameter 
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                                   Pressure 

 

Subcooled Flow Region  

P1=3531Pa 

 

 ̇(kg/s) 

P1=2617Pa 

 

 ̇(kg/) 

P2=191Pa 

 

 ̇(kg/s) 

P3=1387Pa 

 

 ̇(kg/s) 

   =0.3m 0.0004 0.000917 0.0014 0.0019 

   =0.4m 0.0005 0.0012 0.0019 0.0025 

   =0.6m 0.0008 0.0018 0.0028 0.0037 

   =0.8m 0.0011 0.0024 0.0037 0.005 

   =0.9m 0.0012 0.0028 0.0042 0.0056 

   =1.1m 0.0015 0.0034 0.0051 0.0058 

   =1.2m 0.0016 0.0037 0.0056 0.0074 

   =1.5m 0.002 0.0046 0.007 0.0093 

   =2m 0.0027 0.0061 0.0093 0.0124 

 

5.3 Heat transfer rate based on variation of subcooled flow region in 

constant pressure 

As shown in the Figure 5.2, the change of the subcooled flow region,   , in overall 

tube length, with a constant pressure and a constant tube diameter affects the amount of 

total heat transfer rate in a solar collector. The goal of this section is to maximize the heat 

trasfer rate in a solar collector with a length of 2m and a diameter of 0.03m at a pressure 

of 1387Pa. The reason of choosing this pressure, i.e. 1,387Pa, is that the saturation 

temperature of the pressure is 285K and can transfer heat energy to the potable water 

Table 5.2 Mass flow rate in constant tube diameter 
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supply at a temperature close to 275K. However, one limitation of this system is that it 

may superheat the water and there will be a large vapor region at a higher tempratures. It 

may cause the system to be inefficient at over time. Any pressure under this specified 

pressure (1387Pa) is not a proper pressure for the design of a solar system because the 

saturation tempressure would be less than 285K which may not be enough to heat inlet 

water temprature. We should note that this system is designed and optimized for a 

specific case study, i.e. the average minimum temprature in the coldest months in Omaha, 

Nebraska. The optimization of the system for hot temperature, e.g. summer, is left for 

future study and it is outside of the scope of this study. 

In the Figure 5.2, heat transfer coefficients are plotted along the tube. For maximizing 

the heat transfer rate, a tube with different initial subcooled flow region is considered in 

this figure for lengths varied from 0.3m to 2m. Referring to Figure 5.2, the best 

subcooled flow region is 1.15m which has a maximized heat transfer for this 

configuration. The vapor region that has the lowest heat transfer rate should be 

minimized. The saturated region which has the maximum heat transfer should be 

maximized. The subcooled region which governs the maximum mass flow should be 

maximized too. The Table 5.3 presents the value of the heat transfer rate along the tube 

with different subcooled flow regions. 

For the case with a subcooled flow region larger than 1.15m, the vapor region would 

diminish and the saturation region will gradually decrease as the total length of pipe 

cannot cover the whole development of saturation flow boiling region. The reduction of 

the saturation region results in a decrease of heat transfer. That is why the heat transfer 

rate will eventually decrease after this point.  
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Figure  5.2 Different sizes of subcooled flow region to obtain maximum heat transfer 

coefficients; Pressure 1387Pa; Tube diameter 0.03m 
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Table  5.3 Total heat transfer rate in constant pressure, tube diameter of 0.03m 

Subcooled Flow Region    ̇(W) 

   =0.3m 1228 

   =0.6m 2520 

   =1m 4114 

   =1.1m 4845 

   =1.15m 5145 

   =1.2m 4530 

   =1.5m 732 

   =2m 258 

 

In the next case, the tube diameter is enlarged to 0.06m. In Figure 5.3, a plot is 

created for heat transfer coefficients along the tube with various length of the subcooled 

flow region. The condition of given data in this test is the same as the 5.3 section test, 

except that the tube diameter is 0.06m. The goal of this test is to compare the estimated 

total heat transfer rate with the change in diameter from 0.03m to 0.06m. 

Table 5.4 presents the value of heat transfer rate overall for a tube length of 2m with 

different subcooled flow regions at a pressure of 1387Pa. The heat transfer rate increases 

as the subcooled flow region increases from 0.3m to 1.15m. When the subcooled flow 

region extended from 1.15m to 2m, the heat transfer rate decreases. Regard to the tube 

diameter change from 0.03m to 0.06m, the comparison of Figure 5.2 and Figure 5.3 

shows that the heat transfer coefficient along the tube as the diameter decreases from 

0.03m to 0.06m.  But the comparison of Table 5.4 with Table 5.3 shows that the total heat 
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transfer rate obtained with a diameter of 0.06m is more than the tube with diameter of 

0.03m. 

 

Table  5.4 Total heat transfer rate in constant pressure, tube diameter of 0.06m 

Subcooled Flow Region     ̇(W) 

   =0.3m 1263 

   =0.6m 2566 

   =1m 4466 

   =1.1m 4899 

   =1.15m 5200 

   =1.2m 4583 

   =1.5m 746 

   =2m 259 
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Figure  5.3 Heat transfer coefficients in different subcooled flow regions along a 2-m 

tube; Pressure 1387Pa; Tube diameter 0.06m 

 

5.4 Summary 

The objective of this chapter is to optimize the heat transfer rate in a case study of a 

low temperature, i.e. -8 
o
C, based on the variation of subcooled flow region along the 

tube at a pressure of 1,387Pa, to obtain a maximum heat transfer rate from a boiling-
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condensing cycle. Generally, the maximum heat transfer rate occurs when the subcooled 

flow and saturations flow regions can be maximized and the vapor regions minimized. In 

the case of a 2m length pipe, the studies show that there is a specific length for the 

subcooled flow region that produces the highest heat transfer rate. This number is around 

1m to 1.2m for a tube length of 2m. The heat transfer rate from the solar irradiation 

increases as the pressure decreases. 
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Chapter 6 

6. Conclusion and Future Work 

6.1 Summary 

This study have investigated the heat transfer process and thermodynamic behaviors 

of fluid flow patterns of single and two-phase flow boiling in a black lacquer copper solar 

collator tube. A series of parametric studies were conducted to optimize a two-phase solar 

collector for a case study that considers the minimum surrounding temperature of -8
o
C, 

which is the average minimum temperature of Omaha, Nebraska in the coldest months. 

Optimization of the heat transfer rate and prevention of freezing in solar collector 

pipe depend on tube diameter, the length of subcooled flow region and pressure. A 

simulation model programmed in MATLAB was developed for system design and 

operation. The solar collector was exposed average daily solar irradiation of 4.5 

kWh/m
2
/day in Omaha. The tube surface temperature was calculated to be 302.6K.  

The variation of local heat transfer coefficient and heat flux in subcooled flow region, 

saturated flow boiling region and vapor region were simulated in particular pressures 

with a fixed tube diameter. In chapter 4, the increase of thermal conductivity of water in 

the subcooled flow region and vapor flow region caused the convective heat transfer 

coefficient to increase for given pressure. However, heat flux decreases due to mild 

increases of convective the heat transfer coefficient and temperature difference, between 

the wall and water dramatically decreased. In the saturated flow boiling region, the two-

phase heat transfer coefficient in the nucleate boiling dominant region decreased due to 

reduction of the nucleate boiling component and the small difference of density between 
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water and vapor. Also, the heat flux dropped due to a decrease of the heat transfer 

coefficient.  After the nucleate boiling dominant region along the saturation region, there 

is a convective boiling dominant region in which the convective heat transfer coefficient 

increased due to an increase of vapor quality and a significant difference of density 

between water and vapor. The heat flux in this region dramatically increased because of 

an increase of the heat transfer coefficient. As presented in chapter 4, as pressure 

decreases inside the tube, the local heat transfer coefficient and local heat flux increases. 

In Chapter 5 (System Optimization), a contour plot was presented for optimization of 

heat transfer rate in a solar collector. The tube diameter was considered 0.03m. Different 

initial subcooled flow regions from 0.3m to 2m with overall tube length of 2m and 

pressures at 3,531Pa, 2,617Pa, 1,917Pa, and 1,387Pa were considered too. The result 

showed that a high heat transfer rate happens in the lowest pressure when the subcooled 

flow region is in the range of 1 to 1.2m, with an overall tube length of 2m. 

In chapter 5, the high heat transfer rate happens along the tube when the subcooled 

flow region is around 1.15m, while the saturation flow region and minimum portion of 

vapor region exist along the tube.  Based on the results of this research, the optimum 

design for subcooled, saturation, and vapor region happens in the case where the 

subcooled flow and saturation flow regions are maximized, and the vapor region is 

minimized. In this case, the mass flow and heat transfer are maximized for subcooled and 

saturation regions, respectively. Therefore, the total heat transfer rate increases in the 

overall size of the tube. 
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6.2 Future work 

There are several topics that can be expanded for the future research: 

A. A solar collector can be designed in different weather conditions, and the 

thermodynamic behavior of two-phase system can be simulated. For example, in 

this research, the solar collector system is designed and optimized based on 

coldest months in Omaha, Nebraska with a surrounding temperature of -8
o
C. 

However, if someone wants to use this system annually and optimize the heat 

transfer rate for all seasons, it is suggested that the system be designed and 

optimized for other surrounding temperatures.  Designing the system with a 

higher surrounding temperature may increase the optimal pressure inside the 

tube. In this case, the water inside the tube may freeze in the coldest temperature, 

e.g. -8
o
C More investigation about the optimal system in terms of annual energy 

saving can be done in future. 

 

B. Other parts of the domestic water heating system, such as heat exchanger, water 

return pipe and condensate return pipe can be designed and investigated as future 

research. For example, the proper heat exchanger and the number of tubes needed 

in the system should be investigated more in future study. 

 

 

C. An experimental case study can be developed to further study of the effectiveness 

of the proposed solar collector in improving the ability to save energy.  
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