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Abstract 

Design and Development of an Experimental Apparatus for the Study of Heat Transfer 

and Friction Factor inside the Mini-Tubes with Different Inlet Configurations 

by Leong Ngok Lam (D-B2-2728-0), U Kun Wai (D-B2-2775-4) 

 Project Supervisor  

 Prof. L.M. Tam 

 

In this study, three types of inlet configurations (straight, 90o bend and 180o bend) 

were used in the heat transfer and friction factor experiments. The test section under 

the uniform wall heat flux boundary condition was a 2mm diameter stainless steel tube. 

The experimental range of Reynolds number is 1,000 to 10,000. There were 32 

thermocouples set on top and bottom of the test section at x/D of 5 to 400. In the 

laminar region, 180o bend had a different heat transfer behavior in the developing 

region compared with others. However, in the transition region, different inlets have the 

similar heat transfer characteristics. The 180o bend has a higher turbulent heat transfer 

in the developed region. In the isothermal friction factor results, all the inlets are 

basically the same from the laminar to turbulent flow region. 
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CHAPTER 1: INTRODUCTION AND OBJECTIVES 

 

 In thermal engineering, the effect of inlet on heat transfer was necessary to be 

concerned for design a heat exchanger. Since the engineers wanted to develop the 

miniaturization of devices and components such as heat exchanger [1], the different 

types of heat transfer observations in mini- or even micro- tubes is indispensable. In 

the past studies, there was a few researches discussed the study of different inlet 

configurations [2] [3]. According to others research [4], different inlets of macro-tube 

had different heat transfer characteristics in developing region in steam-heated air flow 

experiment. However, there was lack experimental research discussing the heat 

transfer in mini-tubes with different inlet configurations. Therefore, design and 

develop an experiment in of heat transfer inside the mini-tubes with inlets in different 

angles is necessary. Besides, the friction factor is influenced with different inlet 

configurations [5], so the observation of friction factor in different inlet configuration 

has been done in this study. 
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1.1 LITERATURE REVIEW 

Tam and Ghajar [2] had discussed the different effect of heat transfer in re-entrant, 

square-edged, bell-mouth three different inlet configurations. They had mentioned that 

the dip in the Nu-x/Di curve was causing by the boundary layer along the tube wall is 

at first laminar and then changes through a transition region to the turbulent condition 

for the bell-mouth inlet. (Shown in Figure 1-1). In Boelter, Young and Iversen’s 

steam-heated air flow experiment [4], had stated the difference in ratio of local Nusselt 

number and terminal Nusselt number of various inlet configurations in turbulent flow, 

as shown in Figure 1-2. It was shown that the local Nusselt number ratio of straight 

inlet was lower than 90o and 180o bend. Ghajar and Madon [5] had conducted an 

experiment about pressure drop measurements in the transition region. In Figure 1-3 

was shown their results that presented the influence of friction factor in different inlet 

configurations on transition region. Ghajar and Tam [6] had done an experiment of the 

heat transfer measurements and correlations in the transition region for a circular tube 

with three different inlet configurations. It was stated that the influence of different 

inlets on heat transfer transition region, as shown in Figure 1-4, which the results will 

be discussed in data verification. 
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Figure 1-1 Variation of local Nusselt number with length for three different inlet configurations in 

transition region [2] 

 

Figure 1-2 Measured local Nusselt numbers in the entry region of a circular tube for carious entry 

configurations, air with constant surface temperature [4] 
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Figure 1-3 Fully developed skin friction coefficients for three different inlet configurations in all flow 

regimes [5] 

 

Figure 1-4 Heat transfer for different inlet configurations in the transition region [6] 

  



5 

 

1.2 OBJECTIVES 

Based on the literature review, the heat transfer and friction factor of macro-tubes 

were affected by the inlet configurations. However, the effect of inlets on mini-tubes 

in heat transfer and friction factor was not investigated. Therefore, the objectives of 

this study are summarized below: 

i. Design and development of a simultaneous heat transfer and friction factor 

experimental setup for the horizontal mini-tube with different inlets (straight 

inlet, 90o bend, 180o bend). 

ii. Collect the experimental data and verify the reliability of the whole 

experimental system. 

iii. Analyze the effect of different inlets on heat transfer and friction factor in the 

entire flow regime. 

iv. Compare the heat transfer and friction factor of different inlets from 

developing to fully developed region 
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CHAPTER 2: EXPERIMENTAL SETUP 

 

All friction factor and heat transfer experimental data used in this study were 

obtained from the experimental apparatus shown in Figure 2-1. In this Figure, the 

setups with three inlet configurations (straight, 90º bend and 180º bend) were installed 

before the test section. The experimental setup contain four components, named as test 

section assembly, fluid delivery system, data acquisition system, as also shown in 

Figure 2-1. 

 

2.1 TEST SECTION ASSEMBLY 

 In this study, stainless steel tube was used as the test section and using different 

fittings to connect different parts of the test section. The test section was used copper 

wires to connect DC power supply. Copper wires were soldered on both sides of tube. 

The tube length between two soldered positions is the heating length. The 

specification of test section shows in Table 2-1. A pressure transducer was also 

connected to the inlet and outlet of the test section. High purity Dupont PFA (Figure 

2-2) was connected on both sides of test section in order to be insulated current. 
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(a) 

 

(b) 

 

(c) 

Figure 2-1 Experimental setup for different inlet configurations: (a) straight, (b) 90o bend, (c)180o bend 
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Table 2-1 Specifications of test section 

Inner diameter 

(mm) 

Outer diameter 

(mm) 

Total tube length 

(mm) 

Heating length 

(mm) 

2.0 3.1 955 900 

 

Figure 2-2 High purity Dupont PFA 

 Figure 2-3 shows the thermocouples (TC) denoted as TC1, TC2 were placed on 

top and bottom of the tube and the axial location on x/Di = 5, 10, 20, 30, 40, 50, 60, 80, 

100, 120, 140, 160, 200, 250, 300, 400. From the local peripheral wall temperature 

measurements at each axial location, the inside wall temperatures and local heat 

transfer coefficients were calculated by Ghajar and Kim [7]. In the present study, the 

experiment covered a local bulk Reynolds number range of 1,000 to 10,000 in laminar 

regions, a local bulk Nusselt number range of 5.1 to 121, a local bulk Prandtl number 

range of 5.4 to 6.4, inlet temperature and outlet temperature difference between 5.5°C 

to 6.0°C in turbulent and transition region, 6.8°C to 7.0°C in laminar region, and the 

heat balance errors within ±10%. 
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Figure 2-3 Arrangement of the thermocouples on the test section 

 

2.1.1 Inlet 

There are three types of inlet configurations in this study: straight, 90º and 180º 

bend, shown in Figure 2-4. The 90º and 180º bend inlet were made by bending the 

straight tube with a tube bender (Figure 2-5). The bending radius of the tube bender is 

9/16 inch. A suitable wire was needed to put inside the tube before bending in order to 

ensure the tube will not be deformed during be bend. 
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Figure 2-4 Three types of inlet configurations in this study 

 

Figure 2-5 Tube bender 
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2.1.2 Thermocouples and Required Equipment 

Thermocouples were used to measure the inlet, outlet and the surface of test 

section for the heat transfer experiment. There are three kinds of Type-T 

thermocouples used in this study. 

I. Self-adhesive thermocouple (SA1XL-T, Figure 2-6) was used to measure the 

upper and the bottom surface temperature of the test section. 

 

Figure 2-6 Omega SA1XL-T 

II. Thermocouple probe (TMQss-020U-6, Figure 2-7) was used to measure the inlet 

and outlet liquid temperature of the test section. 

 

Figure 2-7 Omega TMQss-020U-6 
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III. Thermocouple probe (TJ36-CPSS-18U-12-CC, Figure 2-8) was used as a reference 

temperature for doing the calibration of other types of thermocouples and it have 

the calibration certificate from Omega Company. 

 

Figure 2-8 Omega TJ36-CPSS-18U-12-CC 

 In this study, the Omega bond 101(Figure 2-9) was used to let the thermocouples 

place to the surface of the test section steady and safely. The Omega bond 101 is the 

mixture of the Thermally Conductive Epoxies and the Thermally Conductive Grease. 

The reason to choose this bond was it is thermally conductive, which is kept the 

conductivity to 105oC. It is also electrical insulated, tensile shear resistant and resist 

oils, solvents, most of acids. And the most important is it adheres to most surfaces. 

 

Figure 2-9 Omega bond 101 
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 To connect the flow meter, valves, test section and pressure transducer, just using 

tubes and pipes were not enough because they cannot connect each other themselves. 

The tube fittings were used to connect two or more tubes. And there were different 

types of tube fittings in order to connect tubes in different situation. In this study, 

union cross, 90o elbow union, straight union and straight union with two different tube 

outside diameter were used (see Figure 2-10). And all the connection of the fittings 

and the tubes were needed to use the ferrules (see Figure 2-11) which were used to 

avoid the leakage of test fluid from the fittings.  

 

Figure 2-10 Different types of fittings 

 

Figure 2-11 Details of ferrule set 
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The rubber foam insulation roll (Figure 2-12) was used as insulation material. It 

was placed on plastic sheet then covered at the top and bottom of the test section in 

order to avoid the heat release by air convection. 

 

Figure 2-12 Rubber foam insulation roll 

2.1.3 DC Power Supply 

 A ZHAOZIN KXN-30100D (Figure 2-13) DC power supply is used in this study 

to provide a uniform wall heat flux condition. Copper wires were used to connect the 

DC power supply to test section. The FLUKE 376 (Figure2-14), AC/DC clamp meter, 

was used to measure the accurate current, and FLUKE 17B (Figure 2-15), Digital 

multimeter, was used to measure the accurate voltage. 

 In this experiment, the DC power supply is used to control the inlet and outlet 

temperature difference between 5.5°C to 6.0°C in turbulent and transition region, 

6.8°C to 7.0°C in laminar region. 

  

Figure 2-13 ZHAOZIN KXN-30100D DC power supply 
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Figure 2-14 FLUKE 376 AC/DC Clamp meter    Figure 2-15 FLUKE 17B digital multimeter 

2.2 FLUID DELIVERY SYSTEM 

The fluid deliver system is used to provide test fluid flow through the test section. 

The fluid delivery system includes high pressure nitrogen tank, high pressure vessel, 

flow controlling valves, receiving tank and submerge pump. 

2.2.1 Test Fluid 

 According to the references, most of experiments were using water as the test 

fluid. Therefore, distilled water was used as test fluid in this experiment, as shown in 

Figure 2-16. The test fluid will re-pump to the high pressure vessel in order to reuse at 

most three times. 

 

Figure 2-16 Test fluid 
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2.2.2 High Pressure Nitrogen Tank 

 The high pressure nitrogen tank (Figure 2-17) was the pressure source to push the 

test fluid to the test section. The reason to used nitrogen is that will not dissolvable in 

water and affect the fluid properties. A pressure regulating valve was connected with 

the tank shown in Figure 2-18. And the tank used in this study can contain 9.3m3 and 

maximum 200 Bar gas in room temperature. 

      

Figure 2-17 High pressure Nitrogen tank    Figure 2-18 Pressure regulating valve 

2.2.3 Pressure Vessel 

 The pressure vessel was connected with the pressure regulating valve outlet to 

receive the nitrogen. The tank can bear a maximum pressure of 400psi and this 

experiment used 200psi to keep the test fluid flow though the test section at constant 

speed. This pressure vessel has four control valves which pressure inlet valve, high 

pressure water outlet valve, pressure release valve, water inlet valve. As shown in 

Figure 2-19. 
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Figure 2-19 High Pressure vessel 

 

2.2.4 Flow Controlling Valves 

 There are two types of valves in this experiment. The two port valves (Figure 

2-20) can start and stop the flow immediately. The WALEY Stainless Steel 

Screwed-Bonnet Needle Valve (Figure 2-21) can control the accurate flow rate. 

          

Figure 2-20 Two port valves      Figure 2-21 WALEY Screwed-Bonnet Needle Valve 

 



18 

 

2.2.5 Receiving Tank and Submerge Pump 

 This experiment is an open loop system, after the test fluid flow though the test 

section, it flows into the receiving tank (Figure 2-22). And the test fluid is pumped 

back to the high pressure vessel by using submerged pump (Figure 2-23) after the 

pressure inside the vessel is released. 

    

Figure 2-22 Receiving tank        Figure 2-23 Submerged pump 

2.3 DATA ACQUISITION SYSTEM 

 The National Instruments Data Acquisition System was used to record and store 

the data measured in this study. All the data such as the temperatures measured by the 

thermocouples, the pressure difference measured by the pressure transducer and the 

flow rate measured by the flow meter were recorded and stored by this system. 

2.3.1 Ni DAQ Chassis 

 An AC powered four-slot SCXI 1000 chassis (Figure 2-24) serves signal 

conditioning, supplying power and control circuitry. In this study two SCXI 1303 
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32-Channel Isothermal Terminal Blocks were connected to two SCXI 1102 Modules, 

shown in Figure 2-25. SCXI 1000 chassis have a high accuracy thermistor, 

cold-junction temperature sensor and an isothermal copper plane to minimize the 

temperature gradient across the screw terminals, which are used to attach the blocks to 

the terminals. The signals from flow meter, thermocouples, pressure transducer are 

connected to the screw terminals inside the SCXI 1303 Block, which are used to attach 

the blocks to the terminals, and transfer to computer programmer LabVIEW to record 

and store the data. 

          

Figure 2-24 SCXI 1000 Chassis    Figure 2-25 SCXI 1303 with two SCXI 1102Modules 

 

2.3.2 Flow Meter 

Micro motion F series flow meter (Figure 2-26) was used to measure flow rate in 

this study. The Micro motion F series flow meter was calibrated by the manufacturer. 

The accuracy of the mass flow rate is within ±1.75%. Flow meter was connected to the 
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NI SCXI 1303 to record flow rate, which using in computer programmer LabVIEW. 

The flow rate shown in the display of the meter was chosen for reference to tuning the 

reading in the LabVIEW program 

 

Figure 2-26 Micro motion F series flow meter 

2.3.4 Pressure Transducer 

 In this study, Validyne DP15 pressure transducer (Figure 2-27) was used to 

measure the pressure difference between two input pressure and give out a voltage 

signal by CD15 Carrier Demodulator (Figure 2-28). And the range of the voltage signal 

provided by the Demodulator was ±10 Vdc. The two inputs of this transducer were 

connected with the inlet and outlet of the test section by pipes and fittings. There were 

different diaphragms required to measure the different range of the pressure difference 

precisely (Figure 2-29). 

This study was chosen No. 36 and 44 diaphragms which the pressure range was 

between 0 to 35kPa and 0 to 220kPa, where No. 36 was for laminar and transition 

regions, No. 44 for transition and turbulent region. 
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Figure 2-27 Validyne DP15 pressure transducer  Figure 2-28 Validyne CD15 Carrier Demodulator 

 

Figure 2-29 Pressure range chart of different diaphragms 

2.3.5 Calibration 

 In this study, thermocouples and pressure transducer were required to be 

calibrated before the experiment in order to ensure the accuracy. And there the 

methods of calibration of thermocouples and pressure transducer stated below: 

2.3.5.1 Thermocouple Calibration 

The Omega TMQss-020U-6 thermocouple probe (Figure 2-30) is used to calibrate the 

thermocouples. This probe is used with a HCT-3030 constant temperature circulating 

bath (Figure 2-30) for calibration. As the working range of the thermocouples is 15oC 
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to 60oC, the calibration data was taken each 5oC from 15oC to 60oC. The calibrating 

data was processed in LabVIEW program, by creating a linear equation of each 

thermocouple. After calibration a calibration report can be generated by the LabVIEW 

program to prove those thermocouples have been calibrated shown as Figure 2-31. 

 

Figure 2-30 Omega TMQss-020U-6 thermocouple probe and HCT-3030 constant temperature 

circulating bath 

 

Figure 2-31 LabVIEW calibration interface 
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2.3.5.2 Pressure Transducer Calibration 

To calibrate the pressure transducer, a pneumatic pressure and vacuum pump is 

needed and GE Druck PV211 (Figure 2-32) was used in this study. The pressure range 

that the pump can generate is 0 to 600 psi. And the calibration needs to be finished 

with the LabVIEW which can display the voltage signal of the pressure transducer. 

 

Figure 2-32 GE Druck PV211 

 First, connect the pressure transducer and the hose of the pump, then close the 

pressure release valve. Before pressing the handles, there was no pressure added to the 

pressure transducer so the voltage in LabVIEW should be zero so that tuned the “zero” 

switch of the demodulator to make the reading of the voltage in LabVIEW be 0V.  

Then press the handle of the pump to create a maximum operational pressure of the 

diaphragm. At that time the voltage reading of LabVIEW may not be the full scale 

voltage (10V), so tune the “span” switch to make the reading be 10V. 
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This process must be done at least three times in order to reduce the voltage 

reading of the zero pressure to 0.001V. 

2.3.6 Computer Program 

 In this study, LabVIEW (Laboratory Virtual Instrumentation Engineering 

Workbench) and MATLAB (Matrix Laboratory) were the mainly computer programs 

used to collect and analysis the experimental data. By connecting NI DAQ Device 

(National Instruments Data acquisition Device) and computer to record the 

experimental data by LabVIEW, the data was acquired, analyzed and presented by 

MATLAB. 

2.3.6.1 Labview Program 

LabVIEW was used to record and analysis experimental data, besides it also 

presented the experimental condition and calibration equipment. LabVIEW received 

the temperatures, pressure drop and flow rate from the sensors by using data 

acquisition system. 
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Figure 2-33 User interface of LabVIEW 

In the Figure, red box A to F was used to analysis the whole experimental 

condition.  

A: Parameters control. Input the diameter of the testing pipe, length of the testing pipe 

and maximum pressure of the diaphragm used to measure in the experiment. The 

maximum pressure of the diaphragm used in this experiment were 8psi and 220psi 

for laminar and turbulence flow. 

B: Settings. Input the heating length of the testing section, voltage and current used for 

heating. In this experiment, the heating length was set to 900mm. Voltage and 

current needed to input during the experiment. 

A 
B 

C D 

E 
F 
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C: Descriptions of various variables. Mainly focus on the heat balance error and it was 

within ±10% during the experimental process. 

D: Parameters monitoring. Friction factor, flow rate, pressure drop and Reynolds 

number were presented in here. 

E: Inlet temperature, outlet temperature and difference between the inlet and outlet 

temperature. In this experiment, inlet and outlet temperature were needed to be 

control in different between 5.5°C to 6.0°C. 

F: Flow rate monitor. Ensure and monitor the stability of the flow rate.  

 

Figure 2-34  The interface of thermocouple in LabVIEW 
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The Figure 2-34 shown that the temperature of thermocouples in different test 

section, it was used to observe the temperature in each location during the 

experimental process. 

2.3.6.2 MATLAB Program 

Data was collected and stored in a file after the experiment. Therefore, MATLAB 

was used to deal with these files from LabVIEW and done the data reduction. The 

report files, sorted data and figures were generated after typing the specified 

parameters. 

 

Figure 2-35  User interface of MATLAB 
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Figure 2-36 Data reduction file generated by MATLAB 

 

 

Figure 2-37 Data analysis report file by MATLAB 
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Figure 2-38 Data analysis report file by MATLAB 

 

2.4 EXPERIMENTAL PROCEDURES 

 In this study, the experiment was performed with a 316-stainless steel straight 

smooth tube and parts of different angle inlet which are also made by 316-stainless 

steel. And distilled water is the working fluid. The procedure of heat transfer 

measurements and isothermal pressure drop is similar, just a heating process needs to 

be done in heat transfer measurements which the isothermal pressure drop do not need. 

The experiments involve 5 major steps. 

Step 1: preparation for the test section 

Step 2: fill test fluid to the pressure vessel 

Step 3: increase the pressure in the pressure vessel 

Step 4: pump the test fluid to the test section 

Step 5: start the experiment 



30 

 

2.4.1 Preparation for the Test Section 

The preparation for the test section is included the experiment setup, the devices 

and the calibration of them, and the computer programs. 

2.4.2 Fill Test Fluid to the Pressure Vessel 

First switch on the valves of “test fluid input” and “gas release” on the pressure 

vessel, then turn on the electronic pump to pump the test fluid into the vessel from 

receiving tank. Even the test fluid is fresh from the distilled water bottle we still flow 

them to receiving tank to convenient the pump work. There is 6 Liters of distilled 

water pumped into the pressure vessel for the experiment run. 

2.4.3 Increase the Pressure in the Pressure Vessel 

Switch on the main valve of the nitrogen tank and the “gas input” valve of the 

pressure vessel; make sure other valves on the pressure vessel are closed. Then tune 

the pressure regulating valve to release the nitrogen into the pressure vessel until the 

inside pressure of the pressure vessel reach 200 psi. 

2.4.4 Pump the Test Fluid to the Test Section 

Switch on the “test fluid output” valve on the pressure vessel to let the test fluid 

flow though the test section before the experiment run. This process is used to remove 

the air bubble in the test section, so tune the metering valve at the back of the test 

section to make the flow faster in order to remove the air bubble easily. 
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2.4.5 Start the Experiment 

The experiment measurements are conducted as following: 

i. Turn on the flow meter, Carrier Demodulator, NI data acquisition system, 

power supply and the computer which connecting the NI system and 

containing the LabVIEW program. 

ii. Tune the metering valve to control the flow rate of the test fluid in certain 

Reynolds number. Then tune the power supply to heat up the test section until 

the temperature difference between the inlet and outlet temperature is 

continuously in certain level. 

iii. After the experimental condition is stable, which the amplitude of change in 

flow rate is under 0.01mL/s and that of temperature difference on inlet and 

outlet is under 0.3oC, run the corresponding program to collect the 

experimental data. Each data needs to be collected about 1 minute. 
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CHAPTER 3: VERIFICATION FOR THE EXPERIMENTAL SETUP 

 

To verify the experimental setup and to compare with the different inlet tube data 

in the following, the experiments for straight mini-tube were conducted in order to 

prove its accuracy. 

 

3.1 VERIFICATION FOR THE HEAT TRANSFER 

The recent mini-tube heat transfer data for the straight inlet which collected by 

this experimental setup were compared with those of square edged collected by Ghajar 

and Tam [6]. In this study, the most comment variable to discuss the behavior of heat 

transfer is the Colburn j factor (j=StPr0.67). Figure 3-1 showed the j factors of this 

study which the range of Reynolds number from 1,000 to 10,000, and the j factors of 

[6] which the range of Reynolds number from 300 to 40,000. It is reasonable that the 

difference between the current data and data of [6] is within 20% in the laminar and 

turbulent regions. However, it can easily see that there was a parallel shift from the 

classical fully developed value of Nu = 4.364, the buoyancy effect given a larger 

mixed convection on the laminar flow [3]. Therefore, in this study, the data was 

shifted because of the buoyancy effect on laminar flow was more than the square-edged 

inlet data [6].  
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Figure 3-1 Comparison of the present heat transfer data at x/Di of 160 with experimental data of 

[3] at x/Di of 200 

 

3.2 VERIFICATION FOR THE ISOTHERMAL PRESSURE DROP  

The measurements of friction factor collected by this study were verified by 

comparing with the classical friction factor equations for laminar (f = 64/Re) and 

turbulent flows (f = 0.316/Re0.25). 
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Figure 3-2 Friction factor characteristics for mini-tube under isothermal boundary condition 

As shown in Figure 3-2, all the recent friction factor data in laminar and turbulent 

flow were close (within 5%) with the classical equations for laminar and turbulent 

flow. It shown the experiment of friction factor data was reliable. 
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CHAPTER 4: RESULTS AND DISCUSSION 

 

 After verifications of the experimental setup, the heat transfer and pressure drop 

experiments for the mini-tube in different inlet configurations were conducted. The 

data results were measured and discussed in the following. 

 

4.1 RESULTS OF HEAT TRANSFER 

 At first, the heat transfer data of the three types of inlet configurations were 

collected separately in uniform wall heat flux boundary condition. Figure 4-1 to Figure 

4-3 shows the Nusselt number of the three inlet configurations in different flow 

regions, laminar, transition and turbulent flow. 

straight

x/D

0 100 200 300 400

N
u

0

20

40

60

80

100

120

140

Re=1600

Re=2500

Re=4000

Re=10000

 

Figure 4-1 Nusselt number for straight inlet in different flow regions 



36 

 

 

Figure 4-2 Nusselt number for 90o bend inlet in different flow regions 

 

Figure 4-3 Nusselt number for 180o bend inlet in different flow regions 

 The upper three figures were then combined and discussed in three flow regions; 

laminar (Figure4-4), transition (Figure4-5) and turbulent (Figure4-6), in order to 

observe the heat transfer characteristics of different inlet configurations in same flow 

region. 
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Figure 4-4 Nusselt number for different inlet configurations in laminar flow (Re=1,800) 

 

Figure 4-5 Nusselt number for different inlet configurations in transition flow (Re=4,000) 



38 

 

 

Figure 4-6 Nusselt number for different inlet configurations in turbulent flow (Re=10,000) 

From Figure 4-4, the Nusselt number of 180o bend in developing region is 

obvious lower than other two inlet configurations before x/Di of less than 100. This 

observation is slightly similar to the bell-mouth effect in transition flow in [2] that the 

boundary layer along the tube wall is at first laminar and then changes through a 

transition region to the turbulent condition causing a dip in the Nu-x/Di curve, as 

shown in Figure 4-7. 

 

Figure 4-7 Nusselt number arrangement of bell-mouth inlet in transition flow [2] 
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From Figure 4-5, it shows that 180o bend has slightly higher Nusselt number in 

transition flow, and the Nusselt number of 90o bend and straight inlet is almost the 

same. From Figure 4-6, the turbulent flow Nusselt number of 180o bend is obvious the 

highest and that of 90o bend is slightly higher than that of straight inlet in developed 

region.  

In Figure 4-8, the Colburn j factor value of straight-inlet is obviously greater than 

the others in turbulent region. Therefore, it can be concluded that the larger bending 

angle of inlet will increase the heat transfer in a higher flow speed. 
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Figure 4-8 Heat transfer characteristics for three different inlet configurations at x/Di = 160 
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4.2 RESULTS OF ISOTHERMAL FRICTION FACTOR 

 The result for friction factor is shown in Figures 4-9. As seen in this figure, for 

mini-tube with three types of inlet configurations under isothermal condition, the start 

and the end of transition for friction factor were established. The friction factor for the 

three types of inlet configurations is very similar. It was possibly explained that the 

experimental setup in this study only collected the pressure difference at the inlet and 

outlet position to calculate the friction factor. 
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Figure 4-9 Friction factor characteristics for three different inlet configurations under isothermal 

condition 
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CHAPTER 5: CONCLUSIONS 

 

 This study could serve as a useful for the design, application and improvement of 

electro-mechanical equipment, such as HVAC system by the observation of heat 

transfer and friction factor for mini-tubes in different bending angles. By studying the 

behavior of smaller tubes, the electro-mechanical equipment can be developed in 

smaller size in order to increase their application in many different areas. 

 In the experiment of this study, the heat transfer and the friction factor 

experiments for horizontal mini-tubes with three different inlet configurations (straight, 

90o bend and 180o bend) under uniform wall heat flux boundary condition. The 

experimental data was summarized in the following. 

• In the laminar region, 180o bend had a different heat transfer behavior in the 

developing region than other inlets.  

• In the transition and turbulent region, different inlets had the similar heat 

transfer characteristics. The 180o bend had a higher turbulent heat transfer in 

the developed region. 

• According to the isothermal friction factor results, all the inlets were basically 

the same from laminar to turbulent region. 
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CHAPTER 6: FUTURE WORKS 

 

 In this study, a design of an experiment for heat transfer and friction factor in 

mini-tube with three types of inlet configurations has done. For further study, there are 

several directions proposed: 

• Involve more inlet configurations (e.g. 45o and 135o bends). 

• Conduct the experiments with the smaller tube size. 

• Measure the pressure drop under the heating condition. 

• Measure the pressure drop in the entrance region.  
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APPENDEX (A): DATA OF FIGURE 

 

Data of Figure 4-1      Data of Figure 4-2 

  Nu   Nu 

x/D Re=1600 Re=2500 Re=4000 Re=10000  x/D Re=1600 Re=2500 Re=4000 Re=10000 

5 13.00 22.09 35.00 69.28  5 11.18 20.81 32.47 59.23 

10 12.22 21.35 34.82 73.05  10 10.91 20.55 33.64 69.26 

20 11.10 21.48 34.60 82.83  20 9.95 20.22 33.86 78.67 

30 9.83 19.66 34.89 79.15  30 9.20 18.50 34.00 75.39 

40 9.01 19.70 32.28 71.57  40 8.67 18.88 31.43 67.17 

50 8.57 18.39 29.97 75.91  50 8.39 17.73 29.24 71.73 

60 7.62 16.27 28.84 68.90  60 7.65 15.75 28.69 65.84 

80 8.45 20.50 36.43 100.73  80 8.84 19.45 36.21 96.31 

100 8.10 21.06 37.65 94.75  100 8.73 20.41 37.32 91.90 

120 8.00 21.25 36.66 99.86  120 8.72 20.56 36.65 99.21 

140 7.52 18.62 35.46 92.40  140 7.89 17.71 35.26 87.51 

160 8.16 25.44 41.31 91.36  160 8.90 24.28 41.10 88.33 

200 8.13 23.13 39.03 105.34  200 8.69 22.21 38.62 102.24 

250 7.56 18.66 31.86 91.81  250 8.00 17.99 31.76 88.36 

300 7.15 16.85 30.48 90.61  300 7.82 16.40 30.66 88.76 

400 7.23 21.46 37.54 85.54  400 8.59 20.26 35.80 81.98 
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Data of Figure 4-3       Data of Figure 4-4 

  Nu   Nu 

x/D Re=1600 Re=2500 Re=4000 Re=10000  x/D straight 90o bend 180o bend 

5 9.01 14.45 25.81 56.04  5 15.24 13.82 9.52 

10 8.82 16.01 30.30 69.76  10 13.83 13.64 9.36 

20 8.15 18.34 31.68 79.46  20 12.64 13.04 8.65 

30 7.56 17.85 30.86 76.39  30 11.39 12.04 8.01 

40 7.15 16.68 30.03 70.25  40 10.67 11.39 7.56 

50 7.29 16.93 30.13 77.54  50 10.03 10.69 7.66 

60 6.72 15.85 28.75 69.58  60 8.82 9.53 7.05 

80 8.16 22.45 38.19 109.98  80 9.65 10.50 8.61 

100 8.25 22.68 39.33 101.83  100 9.02 10.04 8.75 

120 8.44 23.34 39.30 111.41  120 8.69 9.60 8.99 

140 7.53 20.25 37.70 97.51  140 8.00 8.40 7.93 

160 8.64 29.43 44.45 98.38  160 8.59 9.22 9.23 

200 8.10 27.13 43.26 120.92  200 8.47 8.78 8.61 

250 6.87 21.23 33.99 100.40  250 7.75 8.00 7.31 

300 6.50 19.13 32.44 99.11  300 7.26 7.76 6.89 

400 6.40 24.29 40.43 101.15  400 7.33 8.46 6.74 
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Data of Figure 4-5      Data of Figure 4-6 

  Nu 

 

  Nu 

x/D straight 90o bend 180o bend 

 

x/D straight 90o bend 180o bend 

5 35.00 32.47 25.81 

 

5 69.28 59.23 56.04 

10 34.82 33.64 30.30 

 

10 73.05 69.26 69.76 

20 34.60 33.86 31.68 

 

20 82.83 78.67 79.46 

30 34.89 34.00 30.86 

 

30 79.15 75.39 76.39 

40 32.28 31.43 30.03 

 

40 71.57 67.17 70.25 

50 29.97 29.24 30.13 

 

50 75.91 71.73 77.54 

60 28.84 28.69 28.75 

 

60 68.90 65.84 69.58 

80 36.43 36.21 38.19 

 

80 100.73 96.31 109.98 

100 37.65 37.32 39.33 

 

100 94.75 91.90 101.83 

120 36.66 36.65 39.30 

 

120 99.86 99.21 111.41 

140 35.46 35.26 37.70 

 

140 92.40 87.51 97.51 

160 41.31 41.10 44.45 

 

160 91.36 88.33 98.38 

200 39.03 38.62 43.26 

 

200 105.34 102.24 120.92 

250 31.86 31.76 33.99 

 

250 91.81 88.36 100.40 

300 30.48 30.66 32.44 

 

300 90.61 88.76 99.11 

400 37.54 35.80 40.43 

 

400 85.54 81.98 101.15 
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Data of Figure 4-7      Data of Figure 4-8 

 j factor 

 

  f 

Re straight 90o bend 180o bend 

 

Re straight 90o bend 180o bend 

1000 0.004438 0.005023 0.004511 

 

1000 0.0664 0.0647 0.0648 

1200 0.003623 0.004183 0.003889 

 

1200 0.0535 0.0525 0.0528 

1400 0.003292 0.003563 0.003423 

 

1400 0.0456 0.0448 0.0450 

1600 0.002824 0.003136 0.003042 

 

1600 0.0404 0.0393 0.0393 

1800 0.002599 0.002898 0.002875 

 

1800 0.0373 0.0354 0.0360 

2000 0.002788 0.002764 0.002780 

 

2000 0.0371 0.0352 0.0370 

2100 0.003796 0.002916 0.002975 

 

2100 0.0381 0.0363 0.0385 

2200 0.004535 0.003512 0.004266 

 

2200 0.0395 0.0384 0.0410 

2300 0.005126 0.004358 0.005177 

 

2300 0.0412 0.0402 0.0424 

2400 0.005554 0.004991 0.005857 

 

2400 0.0421 0.0417 0.0428 

2500 0.005686 0.005452 0.006596 

 

2500 0.0422 0.0423 0.0429 

2600 0.005948 0.005750 0.006774 

 

2600 0.0421 0.0424 0.0428 

2700 0.005988 0.005790 0.006922 

 

2700 0.0419 0.0424 0.0426 

2800 0.005979 0.005892 0.006961 

 

2800 0.0417 0.0424 0.0424 

2900 0.005707 0.005867 0.006649 

 

2900 0.0415 0.0422 0.0422 

3000 0.005590 0.005923 0.006990 

 

3000 0.0414 0.0420 0.0419 

3300 0.005550 0.005883 0.006845 

 

3300 0.0408 0.0414 0.0412 

3600 0.005563 0.005832 0.006783 

 

3600 0.0404 0.0408 0.0406 

4000 0.005494 0.005745 0.006261 

 

4000 0.0397 0.0402 0.0399 

4500 0.005561 0.005754 0.006249 

 

4500 0.0378 0.0370 0.0371 

5000 0.005597 0.005601 0.006146 

 

5000 0.0363 0.0354 0.0355 

5500 0.005402 0.005540 0.006083 

 

5500 0.0353 0.0344 0.0344 

6000 0.005202 0.005492 0.006036 

 

6000 0.0345 0.0336 0.0337 

7000 0.005069 0.005355 0.005998 

 

7000 0.0336 0.0327 0.0328 

8000 0.004997 0.005253 0.005821 

 

8000 0.0330 0.0322 0.0322 

10000 0.004660 0.004951 0.005546 

 

10000 0.0324 0.0318 0.0318 
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 APPENDEX (B): DATA REDUCTION 

 

 In this study, LabVIEW was used to collect the data from NI data acquisition 

device. Before the data was used to analysis the heat transfer condition, calculation has 

been done in LabVIEW. From [7] heat transfer calculations, the equation of density, 

viscosity and specific heat were chosen to apply in the experiment. 

The following equations were for the thermophysical of water given from [7] and 

they were originally from Linstrom and Mallard (2003), 

Density:           
2

3 2 5 3

999.96 1.7158 10

5.8699 10 1.5487 10

water T

T T

 

 

  

   
  (B.1) 

Viscosity:          

3 5

6 2 8 3

10 4 13 5

1.7888 10 5.9458 10

1.3096 10 1.8035 10

1.3446 10 4.0698 10

water T

T T

T T

  

 

 

   

   

   

  (B.2) 

Specific heat:  
  2 3 3

5 4 7 5 10 6

4219.8728 3.3863 0.11411 2.1013 10

2.3529 10 1.4167 10 3.58520 10

p water
C T T T

T T T



  

    

     

  (B.3) 

where T  is the bulk temperature in the testing tube. Bulk temperature is defined as 

the average temperature in a testing tube, 

Bulk Temperature: 
2

in out
b

T T
T


   (B.4) 

therefore, when we get the inlet and outlet temperature, the density, viscosity and 

specific heat of water can be determined immediately. 
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 After calculating the density, viscosity and specific heat of water, mass flow rate, 

and Reynolds number can be found out also, 

Mass flow rate: 
waterM v A    (B.5) 

where v  = velocity of water in the experiment (m/s) and A  = the cross-section area 

of the pipe. In this experiment, the velocity of water v  was collected by the flow 

meter. Reynolds number is a ratio of inertial forces and viscous forces in the fluid, it 

can defined as laminar, transitional and turbulent flows in different Reynolds number. 

It is defined as, 

Reynolds number: Re /water watervD    (B.6) 

where v  = velocity of water in the experiment (m/s), D  = diameter of the pipe (m), 

water
 and water

 are determined from equations (B.1) and (B.2). 

  By finding out the Reynolds number, friction factor is also an important variable 

needed to be calculated. Noted that the equation used for determined friction factor in 

this study is given by pressure loss, 

Pressure loss: 

2

2

avgVL
P f

D


    (B.7) 

the friction factor is then determined from pressure loss by changing the subject of Eq. 

B.7, yielding, 
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Friction factor: 
2

2

avg

PD
f

LV


   (B.8) 

where P  = pressure drop of a fully developed internal flows, D  = diameter of the 

pipe (m), 
water   in this study, L = length of the test section and 

avgV  = velocity 

of water. Noted that P  is determined by collecting the data from the pressure 

transducer, which is in Pa. 

The total heat transfer between water and the surface of tube is considered as a 

heat transfer coefficient. However, it might have some loss during the heat exchange 

process, so here is the equation to determine the loss in the experiment, 

 (%) 100%
power supply heat absorbed

heat balance error
power supply


    (B.9) 

where power supply is defined as power P  supplied by a DC power supply, 

Power: P VI   (B.10) 

besides, heat absorbed is defined as the heat transfer between the tube side and the 

surface of tube, 

Heat absorbed: 
pq mC T    (B.11) 

where m  = mass flow rate in Eq. B.5, 
pC  = specific heat capacity of water in Eq. 

B.3 and T  = temperature difference between the inlet and outlet. 

  



ix 

 

WORK BREAKDOWN 

 

 

D
es

ig
n

 a
n

d
 D

ev
el

o
p

m
en

t 
o
f 

a
n

 E
x
p

er
im

en
ta

l 
A

p
p

a
ra

tu
s 

fo
r 

th
e 

S
tu

d
y
 o

f 
H

ea
t 

T
ra

n
sf

er
 a

n
d

 F
ri

ct
io

n
 F

a
ct

o
r 

in
si

d
e 

th
e 

M
in

i-
T

u
b

es
 w

it
h

 D
if

fe
re

n
t 

In
le

t 
C

o
n

fi
g
u

ra
ti

o
n

s 

E
x
p

er
im

en
t 

Literature 
Leong Ngok Lam 

U Kun Wai 

D
o
cu

m
en

ta
ti

o
n

 

U Kun Wai 

Hardware Setup 

Software Setup 

U Kun Wai 

Leong Ngok Lam 

Ch. 1, 2 

Ch. 2, 3, 4, 5, 6 

Leong Ngok Lam 

U Kun Wai 

Data Analysis 

U Kun Wai 

Leong Ngok Lam 

 

Leong Ngok Lam 

U Kun Wai 

 

Data Collection 

R
es

ea
r
ch

es
 


	TABLE OF CONTENT
	LIST OF FIGURES
	LIST OF TABLES
	LIST OF ABBREVIATIONS
	CHAPTER 1: INTRODUCTION AND OBJECTIVES
	1.1 LITERATURE REVIEW
	1.2 OBJECTIVES

	CHAPTER 2: EXPERIMENTAL SETUP
	2.1 TEST SECTION ASSEMBLY
	2.1.1 Inlet
	2.1.2 Thermocouples and Required Equipment
	2.1.3 DC Power Supply

	2.2 FLUID DELIVERY SYSTEM
	2.2.1 Test Fluid
	2.2.2 High Pressure Nitrogen Tank
	2.2.3 Pressure Vessel
	2.2.4 Flow Controlling Valves
	2.2.5 Receiving Tank and Submerge Pump

	2.3 DATA ACQUISITION SYSTEM
	2.3.1 Ni DAQ Chassis
	2.3.2 Flow Meter
	2.3.4 Pressure Transducer
	2.3.5 Calibration
	2.3.5.1 Thermocouple Calibration
	2.3.5.2 Pressure Transducer Calibration

	2.3.6 Computer Program
	2.3.6.1 Labview Program
	2.3.6.2 MATLAB Program


	2.4 EXPERIMENTAL PROCEDURES
	2.4.1 Preparation for the Test Section
	2.4.2 Fill Test Fluid to the Pressure Vessel
	2.4.3 Increase the Pressure in the Pressure Vessel
	2.4.4 Pump the Test Fluid to the Test Section
	2.4.5 Start the Experiment


	CHAPTER 3: VERIFICATION FOR THE EXPERIMENTAL SETUP
	3.1 VERIFICATION FOR THE HEAT TRANSFER
	3.2 VERIFICATION FOR THE ISOTHERMAL PRESSURE DROP

	CHAPTER 4: RESULTS AND DISCUSSION
	4.1 RESULTS OF HEAT TRANSFER
	4.2 RESULTS OF ISOTHERMAL FRICTION FACTOR

	CHAPTER 5: CONCLUSIONS
	CHAPTER 6: FUTURE WORKS
	REFERENCES
	APPENDEX (A): DATA OF FIGURE
	APPENDEX (B): DATA REDUCTION
	WORK BREAKDOWN

