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Project Supervisor 
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 In this study, three types of elbows configurations (45° elbow, 90° elbow, 135° elbow) 

were considered in the minor loss measurement experiments. The test section under 

adiabatic condition was a Stainless Steel Grade-316 tube with 2mm diameter size. The 

experimental range of Reynolds number was from 700 to 10,000. Before measuring the 

minor loss of the fittings, the experimental setup was verified by the current horizontal 

straight tube data compared with the well-established correlations. The minor loss data of 

different elbows were collected in the ranges of 700 and 10,000. The results are shown that 

the 135° elbow had the largest minor loss, the 45° elbow had the smallest minor loss, and 

90° was in between. Comparing with the existing tabulated values or correlations, the 

percentage of deviation is computed. 
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CHAPTER 1: INTRODUCTION AND OBJECTIVES 

 

 Due to the development of miniaturization of devices and components, the different 

types of pressure measurements in mini- or micro-tubes are imperative [1] as the pressure 

drop is taking dominant part in fluid flow. Present research in the fields of miniature 

systems such as mini-type heat-exchangers, electronics cooling, fuel-cells, and a myriad of 

new applications in bio-mechanics require an understanding of flow patterns inside the 

micro- or mini-fittings in different flow regime. Moreover, the accurate the minor loss 

values for different small-scale fittings are also required. However, the experimental results 

of minor losses in micro- and mini-fittings have not been well-documented in the open 

literature. 

 In addition, there are two main types of pressure losses in a pipe system. The first is a 

major loss, which consists of head losses due to the fluid viscous effects of the straight 

segments of a pipe within the system. The major losses are the result of shear stresses due 

to the interaction between the surface of the pipe and the fluid flowing through it. The 

second type of pressure loss is a minor loss, which generates losses within different 

components (such as elbows, tees, reducers and valves etc.) of the pipe systems rather than 

the straight segments of the pipes. Since the flow patterns in fittings and in valves are quite 

complex, the theory is very weak [2]. The losses are commonly measured experimentally 

and correlated with the pipe flow parameters. The frictional pressure drop in pipe fittings 
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are usually calculated as the equivalent straight length having the same value of pressure 

drop in order to reduce the difficulty in calculating the total pressure drop of whole system. 

However, the accurate minor loss values for different small-scale fittings and experimental 

results of minor losses in micro- and mini-fittings have not been well-documented in the 

open literature. 

Besides, a comprehensive understanding of frictional minor loss during liquid flow in 

mini-fittings is of considerable practical importance for the design and performance 

evaluation of such cooling devices [3]. Thus, the cost control is essential in this century. 

With the data observed in this study, the pump could be efficient due to avoid the 

insufficient load for it. 
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1.1 OBJECTIVES 

The objectives of this project are to design and develop an experimental apparatus for 

the study of the single-phase frictional pressure loss inside the mini- or micro-fittings, such 

as elbows. 

In this experiment, an independent variable (pressure drop) is measured and the 

dependent variables (flow rate, Reynolds number, and type of fittings) are controlled under 

the isothermal boundary condition. 

i. Design and develop of a friction factor experiment setup for the horizontal mini-tubes 

(2mm tube) with different angles of elbows (45o elbow, 90o elbow, 135o elbow). 

ii. Compile the experimental data and verify the reliability of the experimental system. 

iii. Analyze the effect of different angles of elbows on minor loss and loss coefficient in 

the entire region. 
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CHAPTER 2: LITERATURE REVIEW 

 

Moody and Princeton [4] investigated the friction factors as a function of Reynolds 

number with different ratio of relative roughness to diameter of pipe, known as Moody 

chart (Figure 2-1). They also stated that when an approximate figure for Reynolds number 

was sufficient since friction factor was varying only slowly with changes in relative large 

for Reynolds number. The figure indicated that the friction factor was independent of 

Reynolds number in a relative rough-pipe zone in the meantime. 

Figure 2-1 Moody Chart [4] 

 

Ghajar et al. [1] proposed that the phenomenon of fluid flow in mini-, micro-, and even 

nano-channels had been investigated by countless researchers within this decade. Moreover, 
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one major area of research in the phenomenon of flowing fluid in mini- and micro-channels 

is the friction factor. They also performed the friction factor measurements on micro-tubes 

with diameters from 838µm to 2083µm (Figure 2-2). Meanwhile, their study stated the 

transition ranges for different stainless-steel tube sizes (Table 2-1) and it would help 

deliberate the general increase of pressure drop within this range. 

Furthermore, the verification method used in their study was correlated to Darcy friction 

factor correlation shown in laminar flow and turbulent flow.  

Laminar flow: 𝑓 = 64
𝑅𝑒⁄  (1) 

Turbulent flow: 𝑓 = 0.316
𝑅𝑒0.25⁄  (2) 

 

However, there was not any correlation for transition flow as it was relative complex. 

With the indication of the transition range in Table 2-1, the experimental results in Figure 

2-2 seemed to be good in either laminar or turbulent flow. There was a gradually decline in 

laminar flow and reached the lowest point in transition range. After that, it returned to 

certain level and then decreased steadily again with a smaller slope compared to that in 

laminar flow. 
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Figure 2-2 Friction factor with different stainless-steel tube sizes [1] 

 

Table 2-1 Measured transition ranges with different stainless-steel tube sizes [1] 

 

 

Singal et al. [5] discussed about frictional pressure drop of fluid flow in a straight pipe 

and minor frictional pressure drop, which would be calculated as equivalent straight length, 

in different pipe fittings. The equivalent straight length for both screwed pipe fittings and 

valves and flanged pipe fittings and valves, which had been standardized the length of pipe 
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that equaled the same pressure drop as the pipe fitting, were tabled (Table 2-3 and 2-4). The 

sizes of pipe considered in study were from 6mm to 100m diameter. However, he did not 

mention about the relationship between the equivalent straight length and Reynolds number 

in it. 

 

Table 2-2 Equivalent straight length for screwed pipe valves and pipe fittings in meters 

[5] 

 

 

Table 2-3 Equivalent straight length for flanged pipe valves and pipe fittings in meters [5] 
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  Spedding et al. [6] had accomplished a research about the fluid flow through horizontal 

90°stated elbow. He stated that the pressure loss could be predicted both theoretically and 

using empirical relations with Equation (1, 2). The schematic diagram of pressure drop 

through a horizontal 90° elbow was shown in (Figure 2-3). Furthermore, the variation of 

ℎ𝐿
𝑑⁄  against Re was explored and it showed that the data obtained to agree with that of 

Ito et al [7] (Figure 2-4). Meanwhile, the Ito et al. [8] relation of Equation (3) expressed 

as 

𝑓 (
𝐷

𝑑
)

0.5

= 0.00206 + 0.0394 [𝑅𝑒 (
𝑑

𝐷
)

2

]

−0.227

 
(3) [7] 

And Equation (4) expressed as 

𝑓 (
𝐷

𝑑
)

0.5

= 0.003625 + 0.038 [𝑅𝑒 (
𝑑

𝐷
)

2

]

−0.25

 
(4) [8] 

gave predictions within ±1% of the reliable data for rough and smooth pipe in turbulent 

flow. However, a theoretical treatment had proved to be difficult except at high 𝑅
𝑑⁄  values. 

 Crawford et al. [9] investigated that the pressure drop of 90° elbow could also be 

predicted by the addition of (
ℎ𝐿

𝑑⁄ )  to Equation (4) and conducted to Equation (5) 

expressed as 

ℎ𝐿

𝑑
= 22.2126 [𝑅𝑒 (

𝑑

𝐷
)

2

]

−0.71438

 

Where 
ℎ𝐿

𝑑
= 19.8333𝑓𝑅𝑒0.25 (

𝐷

𝑑
). 

(5) [9] 
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Figure 2-3 Schematic diagram of the frictional pressure drop through a horizontal 90° 

elbow  

 

Figure 2-4 The effect of Reynolds number on the pressure drop through horizontal 90° 

elbow 

 Kandlikar et al. [10] studied the effect of roughness on pressure drop in micro-tubes. 

The roughness was changed by using different materials or during the process of 



10 

manufacture. They concluded that the effect of roughness (Figure 2-5) on large tubes 

(1.067mm) was negligible as the difference with different relative roughness ratio was not 

significant compared to the same range of Reynolds number for small tubes and thus the 

larger tubes with 𝑒
𝑑⁄ = 0.003  could be considered as smooth tubes. Moreover, the 

frictional pressure drops (Figure 2-6) and friction factor (Figure 2-7) would be varied 

directly proportional to the value of roughness for the same diameter and straight length 

size of tubes for small tubes. 

 

Figure 2-5 Plot of frictional pressure drop against Reynolds number with different relative 

roughness ratio for 1.067mm tube 
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Figure 2-6 Plot of pressure drop against Reynolds number with different relative 

roughness ratio for 0.62mm tube 

 

 

Figure 2-7 Plot of friction factor against Reynolds number with different relative 

roughness ratio for 0.62mm tube 

 

 Ito et al. [7] investigated that the pressure drops through min-pipe fittings for turbulent 

flow in smooth pipes. The experimental loss coefficient for 45° and 90° screwed bends 
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(Figure 2-8) were conducted and would be decreased steadily along the Reynolds number. 

Meanwhile, the theoretical data would be conducted by using the empirical equations 

(Table 2-6) and used to compare with the measured data. The radius of elbows and tube, 

friction factor, type of elbows and 𝛼  in Equation (8, 9) were the parameters of the 

empirical formulae. 

 

Table 2-4 Empirical equation for loss coefficient of different angles elbows 

For 𝑅𝑒(𝑟
𝑅⁄ )

2
< 91,  

𝐾𝐿 = 000873𝛼𝑓𝜃
𝑅

𝑟
 

 

(6) 

For 𝑅𝑒(𝑟
𝑅⁄ )

2
> 91, 

𝐾𝐿 = 0.00241𝛼𝜃𝑅𝑒−0.17 (
𝑅

𝑟
)

0.84

 

 

(7) 

For 𝜃 = 45°, 

𝛼 = 1 + 14.2 (
𝑅

𝑟
)

−1.47

 

 

(8) 

For 𝜃 = 90°, 

𝛼 = 0.95 + 17.2 (
𝑅

𝑟
)

−1.96

        𝑤ℎ𝑒𝑟𝑒 (
𝑅

𝑟
) < 19.7 

and  

α = 1        where (
𝑅

𝑟
) > 19.7 

 

(9) 

 

(10) 
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Figure 2-8 Plots of loss coefficient against Reynolds number with two types of elbows 

  

Celata et al. [11] studied the friction factor of micro-tube with 130µm diameter by 

using refrigerant R-114 as the medium and the experimental range of Reynolds number was 

investigated from 100 to 8,000. The analyzed result of friction factor was agreed with the 

theoretical one for laminar flow with the Reynolds number ranged below 585 and turbulent 

flow with Reynolds number ranged above 2480. However, the experimental data departed 

and was higher than the predicted value and the authors associated the difference to the 

roughness for the Reynolds number between 585 and 1880. 

 Cabral at el. [12] investigated the frictional loss in fluid flowing through pipe, valves 

and different kinds of fittings with different kinds of liquid food, such as orange juice, egg 
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yolk and so on. The losses in fittings were calculated to loss coefficient which could be 

adjusted by using the two-k method in Equation (11) conducted by Hooper at el. [13]. 

However, 135° elbow was not considered in this study.  

𝐾𝐿 =
𝑘1

𝑅𝑒
+ 𝑘∞ (1 +

1

𝐷𝑖
) (11) 

Where 𝑘1 and 𝑘∞ were two constant parameters listed in Table 2-7 and Table 2-8 and 

were based on  𝑅 𝑟⁄ = 1.5. 

 

Table 2-5 Parameters for calculation of  𝑘1 and 𝑘∞ in laminar flow 

  Fitting 𝑘1 𝑘∞ 

45° elbow 504.6 0.2479 

90° elbow 813.0 0.3998 

 

Table 2-6 Parameters for calculation of  𝑘1 and 𝑘∞ in turbulent flow 

Fitting 𝑘1 𝑘∞ 

45° elbow 466.0 0.2491 

90° elbow 799.4 0.3941 

 Tam et al. [14] investigated a study on the effects of different inlet geometries and 

heating on the friction factor in the entrance and fully developed regions of a horizontal 
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tube under different flow regimes. The result of this study proved that the pressure 

measured by peripheral eight pressure taps at the same station is similar at all.  

 

Figure 2-9 Arrangement of the pressure tap on the test section in Tam et al. [14] 

 

 

Figure 2-10 Isothermal friction factors of the peripheral eight pressure taps at x/D=22, 

210 

 

Smith at el. [15] conducted an experiment about the influence of curvature on a pipe-

flow and the motion of the fluid flow in curved pipe. The core-flow in curved pipe is 

undisturbed until the bend and thereafter streams uniformly towards the outside of the curve, 

inducing a three dimensional boundary layer. 
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Figure 2-11 Diagram of the secondary flow in curved section 
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CHAPTER 3: EXPERIMENTAL SETUP 

  

The experimental apparatus shown in Figure 3-1 were set up for measuring the 

experimental minor loss and pressure drop of three types of elbow configurations  (45°, 

90° and 135° elbow) prepared in present study. Moreover, the experimental setup would be 

divided into parts, named as test section assembly, fluid delivery system and data 

acquisition system. The fluid delivery system was included the test fluid, high pressure 

nitrogen tank, pressure vessel, flow controlling valves, receiving tank and submerge pump. 

Meanwhile, there were NI DAQ Chassis, flow meter, pressure transducer, LabVIEW 

program in data acquisition system.  

 

3.1 TEST SECTION ASSEMBLY 

Stainless steel 316 tubes were used as the material in present study and connected to 

other parts by using different fittings. Two pressure transducers were also connected to the 

pressure taps embedded into the test sections. 

 The pressure taps were embedded at the axial location on x/D=100 and the beginning 

(where x/D=300) and ending of the elbow. The pressure taps were embedded at the middle 

of tube shell instead of completely inserting inside it in order to avoid the additional 

pressure produced by liquid flowing through the taps (Figure 3-4). Furthermore, the 
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specification of test section was established in Table 3-1. The local bulk Reynolds number 

range of 700 to 10,000 was covered and the temperature difference between the fluid 

flowing through the inlet and outlet thermocouple was acceptable within the range of 1%. 

High purity Dupont PFA (Figure 3-5) was connected on both sides of test section in order 

to observe the liquid flowing before and after the tube. 

 

 

(a) 



19 

 

 

 

 

Figure 3-1 Experimental setup for different elbow configurations: (a) 45o elbow, (b) 90o 

elbow, (c) 135o elbow 

(b) 

(c) 
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Table 3-1 Specification of test section 

Inner diameter (µm) 2040 

Outer diameter (µm) 3250 

Curvature radius (mm) 14.3 

Material Stainless Steel Grade-316 

Average Roughness (µm) 0.228 

 

 

Figure 3-2 SEM Measurement of test section 

 

Figure 3-3 AFM Measurement of test section 

2.04 mm 
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Figure 3-4 Detail of pressure taps installation 

 

Figure 3-5 High purity Dupont PFA 

 

Pressure Tap 

Cross section of tube 

𝑥
𝐷⁄ = 300 

𝑥
𝐷⁄ = 100 
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3.1.1 Elbow 

Three types of elbows (45°, 90° and 135° elbows shown in Figure 3-6) were supposed 

to measure in this study. All bends were made by bending the straight tube with a tube 

bender (Figure 3-7) manually. The curvature radius of the tube bender is 9/16 inch 

(14.2875mm). While bending the tube, a suitable copper wire was inserted to the tube in 

order not to deform the tube. 

 

      

Figure 3-6 Three elbow configurations: : (a) 45° elbow, (b) 90° elbow, (c) 135° elbow 

(a) (b) (c) 
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Figure 3-7 Tube bender 

 

3.1.2 Thermocouples 

Thermocouple probes (TMQss-020U-6) were used to measure the temperature of test 

fluid flowing through inlet and outlet of the test section. It was connected with NI DAQ 

Chassis and the tee unions at the beginning and end of the test section in order to ensure 

that the experiment was conducted under adiabatic condition. 

 

Figure 3-8 Omega TMQss-O2OU-6 Thermocouple probe 
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3.1.3 OMEGABOND® 101 and Devcon 5 Minute Epoxy 

In this study, OMEGABOND® 101 was used to stick the pressure tab in the holes 

drilled at the different axis locations of the bending elbow. Meanwhile, Devcon 5 Minute 

Epoxy was used to paste the plastic tubes inserted into the pressure taps. 

OMEGABOND® 101 (Figure 3-9) is the mixture of the Thermally Conductive 

Epoxies and the Thermally Conductive Grease. It has excellent shear and tensile strength, 

high electrical insulation and excellent chemical and solvent resistance. It adheres to most 

metals, wood, ceramics, cements, paper products, and many plastics and rubbers. 

 

Figure 3-9 OMEGABOND®101 

 

Devcon 5 Minute Epoxy (Figure 3-10) is a fast curing adhesive and sealant which 

forms a hard, rigid, or coated in short time. The product is 100% reactive, no solvents and 

good solvent resistance. It also bonds metals, fabrics, wood and even concrete. Adhesive 

Tensile Lap shear was 1,900 psi @ 0.005" bondline and its viscosity is around 10,000 cps. 
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Figure 3-10 Devcon 5 Minute Epoxy 

 

3.1.4 Fittings 

To connect the flow meter, valves, test section and pressure transducer, different types 

of fittings were used as the tubes could not connect with each other themselves. Tee union, 

straight union and straight union with two different tubes outside diameter were used 

(Figure 3-11). Moreover, the ferrules (Details in Figure 3-12) were needed to install to all 

connections of the fittings and tubes to avoid the leakage of test fluid from the fittings. 
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Figure 3-11 Different types of fittings used in this study 

 

Figure 3-12 Details of ferrule set 

 

3.1.5 Self-Adhesive Elastomeric Insulating Tape 

Self-Adhesive Elastomeric Insulating Tape (Figure 3-13) was used as insulation 

material in present study. It was pasted on the acrylic sheet and then covered on both top 

and bottom of the test section in order to ensure the experiment operating under adiabatic 

condition as the difference between inlet and outlet temperature was only acceptable within 

±10%. 
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Figure 3-13 Self-Adhesive Elastomeric Insulating Tape 

 

3.1.6 Horizontal Ruler 

The horizontal ruler (Figure 3-14) was used to keep the test section horizontal to avoid 

additional pressure applied on the pressure taps as there is always the gravitational force 

existing on it. In order to keep it horizontal, the air bubble should be located between the 

vertical lines (shown in Figure 3-15).  

 

Figure 3-14 Horizontal Ruler



28 

 

Figure 3-15 Air bubble in horizontal ruler 

 

3.2 FLUID DELIVERY SYSTEM 

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

the high pressure nitrogen tank and pressure vessel. The flow rate is controlled by a valve 

installing after the flow meter and the test fluid is going to flow into a receiving tank for 

recycling. 

 

3.2.1 Test Fluid 

According to the references in literature review, most of experiments were conducted 

by using distilled water as test fluid. Since the distilled water is not conductive and 

relatively pure to tap water, it can ensure the stable operation of the flow meter and extend 

its working life. Simultaneously, it would not react with nitrogen. Therefore, distilled water 

was used as the test fluid in present study (Figure 3-16). The test fluid would re-pump to 
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the pressure vessel from receiving tank by using submerge pump and re-use at most five 

times. 

 

Figure 3-16 Test fluid – Distilled water 

 

3.2.2 High Pressure Nitrogen Tank 

The high pressure nitrogen tank (Figure 3-17) was the pressure source containing 

compressed nitrogen pushing the test fluid in pressure vessel to the test section. The reason 

using compressed nitrogen in this study was that it would not dissolve in water and then 

change the properties of water. A pressure regulating valve (Figure 3-18) was connected 

with the tank containing 9.3m3 and maximum 3000 psi gas in room temperature while it 

was also used to control the pressure applied to the pressure vessel. 
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Figure 3-17 High Pressure Nitrogen Tank 

 

Figure 3-18 Pressure regulating valve 

 

3.2.3 Pressure Vessel 

The pressure vessel (Figure 3-19) was connected with the pressure regulating valve 

outlet to receive the compressed nitrogen. The pressure limitation of the vessel was 320 psi 

and the pressure used in present study was 200 psi in order to keep the test fluid flow 
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through the test section at constant speed. There were four control valves which pressure 

inlet valve, pressure release valve, water inlet valve and water outlet valve. 

 

Figure 3-19 Pressure vessel 

 

3.2.4 Flow Controlling Valves 

There were two types of valves used in this study, including two port valve and 

WALEY Screwed-Bonnet Needle Valve. The two port valve (Figure 3-20) was used to start 

or stop the flow immediately and the WALEY Screwed-Bonnet Needle Valve (Figure 3-21) 

was used to control the flow rate of test fluid. 
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Figure 3-20 Two port valve 

 

 

Figure 3-21 WALEY Screwed-Bonnet 

Needle Valve 

 

3.2.5 Pneumatic Fitting Push-in Quick Connector 

Pneumatic Fitting Push-in Quick Connector (Figure 3-22) was connected with 

pressure transducers and tube in this study. The model of quick connector is PC40-1 with 

thread size 1/ 4 and 4mm tube. It was designed for Polyurethane or Nylon tubing. The tubes 

could be easily connected to the transducer by pressing the elliptical release ring manually. 

The maximum pressure of the quick connector was 300 psi.  
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Figure 3-22 Pneumatic Fitting Push-in Quick Connector 

 

3.2.6 Receiving Tank and Submerge Pump 

The flowing system in this study is an open loop system and the distilled water 

would be re-used. While the experiment was operating, the test fluid would flow through 

the test section and release to the receiving tank (Figure 3-23). After finishing data 

collection or almost using up the test fluid, the compressed nitrogen inside the pressure 

vessel would be released first. The distilled water in receiving tank was pumped back to the 
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high pressure vessel by using submerge pump (Figure 3-24). Impurities were prevented 

from entering the pump and the vessel to ensure water purity by filtering through the 

impurity filter screen in pump. 

 

Figure 3-23 Receiving Tank 

 

Figure 3-24 Submerge Pump 

 

3.3 DATA ACQUISITION SYSTEM 

Effective data acquisition system and instruments and the calibration of them play an 

important role in reducing the measurement errors. The National Instruments Data 

Acquisition System was used to log and save the experimental data measured in present 

study. The temperature difference between inlet and outlet temperature measured by 

thermocouples, pressure difference between pressure taps measured by pressure 

transducers and the flow rate measured by flow meter were acquired and saved by NI DAQ 

System.  
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3.3.1 NI DAQ Chassis 

An AC powered four-slot SCXI 1000 chassis (Figure 3-25) served signal 

conditioning, supplying power and control circuitry. In this study two SCXI 1303 32-

Channel Isothermal Terminal Blocks were connected to two SCXI 1102 Modules. SCXI 

1000 chassis had a high accuracy thermistor. By the use of SCXI 1102 Modules, which is 

designed for the signal conditioning of thermocouple and voltage signal, the signals from 

flow meter, thermocouples, pressure transducer were connected to the screw terminals 

inside the SCXI 1303 Block, which were used to attach the blocks to the terminals, and 

transfer to LabVIEW program to acquire and save the data. 

 

Figure 3-25 SCXI-1000 Chassis with two SCXI-1303 Chassis connected to SCXI-1102 

Modules 
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3.3.2 Pressure Transducer 

Validyne DP15 Pressure Transducers (Figure 3-26) were used to measure the pressure 

difference between two input plugs of pressure. Moreover, different diaphragms were 

inserted in the pressure transducer according to the need maximum pressure ranged from 

0.08 to 200 psi (0.551 – 1397kPa). Validyne DP15 pressure transducer had an accuracy of 

±0.25% using full scale of diaphragm. Different replacement diaphragms (Figure 3-27) are 

very necessary for covering the complete range from laminar to turbulent flow in order to 

measure data accurately. The range of different diaphragms (Figure 3-29) was used to 

compare the maximum operation pressure to the need in experiment. 

The way deciding which diaphragm should be used in present study was that repeating 

computing the experiment and replacing different diaphragms from No. 50. Finally, the 

No.32 diaphragms having maximum range to 2.0 psi were the most suitable after testing as 

it could be able to cover the whole range from laminar to turbulent flow. 

Furthermore, the transducers were connected to the pressure taps assembled to the test 

section. The signal from DP15 was transferred to the CD15 Sine Wave Carrier Demodulator 

(Figure 3-28). The CD15 General Purpose Basic Carrier Demodulator operated with 

variable reluctance transducers to output ±10 V DC which was directly proportional to 

pressure measured by pressure transducers for dynamics as well as steady state 

measurements. The output would be directly displayed on LabVIEW program by 
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connecting to the NI Data Acquisition System. 

 

Figure 3-26 Validyne DP15 Pressure Transducer 

 

 

 

 

 

 

Figure 3-27 Replacement Diaphragm 

 

 

Figure 3-28 Validyne CD15 Carrier Demodulator 
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Figure 3-29 Pressure range chart for different diaphragms 

 

3.3.3 Flow Meter 

Micro motion F series flow meter (Figure 3-30) was used to measure the flow rate in 

this project and was calibrated by the manufacturer. The accuracy of the mass flow rate is 

within ±1.75%. It was connected to the NI SCXI 1303 to record the flow rate with 

LabVIEW program. In addition, the reading shown on the display screen of the meter was 

used as reference to calibrate the reading in the LabVIEW. Therefore, the reading could be 

able to display and record directly on computer.  
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Figure 3-30 Flow meter 

 

3.3.4 Calibration 

Calibrating the instruments is extremely important for any experimental apparatus 

setup in order to obtain accurate measurement. In this study, the Validyne pressure 

transducers, Omega thermocouples and Micro motion F series flow meter were required to 

be checked for calibration. There were the methods of pressure transducers and 

thermocouples calibrations stated below: 

 

3.3.4.1 Thermocouple Calibration 

The Omega TMQss-020U-6 thermocouple probe (Figure 3-8) was also used to 

calibrate the thermocouples installed at the inlet and outlet of test section. The 

thermocouple probes were calibrated with the use of PolyScience 9002AA2E (Figure 3-

31). PolyScience 9002AA2E is able to refrigerate and heat from -20℃ to 200℃ by 
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controlling with a program. The use of read-and-set LED is displaying the stability of ±

0.05℃. Therefore, this model is suitable for many applications, such as medical 

applications. 

As the working range of the thermocouples was 15℃ to 60℃, the calibration data 

was taken between the ranges with the interval of 5℃. The calibrating data was processed 

in LabVIEW program by creating a linear equation of each thermocouple. After finishing 

the calibration, a calibration report (Figure 3-32) would be generated by LabVIEW program 

to prove that the thermocouples have been calibrated. 

  

Figure 3-31 PolyScience 9002AA2E 
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Figure 3-32 LabVIEW temperature calibration interface 

 

3.3.4.2 Pressure Transducer Calibration 

A pneumatic pressure and vacuum pump GE DRUCK PV211 (Figure 3-33) and 

pressure gauge DPG5600B-60G were used in this study. The maximum pressure being 

able to supply from GE DRUCK PV211 is 600 psi and the maximum pressure of pressure 

gauge used is only 60 psi. The reason why pressure gauge DPG5600B-60G (Figure 3-34) 

with a different maximum range used is that the greater accuracy could be achieved with 

the closer difference between maximum range of replacement diaphragm in pressure 

transducer and pressure gauge. Meanwhile, the diaphragms were calibrated by comparing 

the voltage output of demodulator with the output converted from the pressure from 

pressure gauge and thus LabVIEW program which was used to display the voltage signal 
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of pressure transducer was needed in calibration. Calibration is performed before 

operating the experiment or changing the diaphragm in transducer. 

 

Figure 3-33 Pneumatic pressure and vacuum pump GE DRUCK PV211 

 

 

Figure 3-34 Pressure gauge DPG5600B-60G 
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 The first step of pressure calibration was to choose the appropriate diaphragm 

according to the need of the experiment and place it inside the pressure transducer. The 

pressure transducer is connected to the hose of pump and then the pressure release valve of 

pump and all screws are tightened up to avoid any leakage when pressurized. No pressure 

added to the pressure transducer should be ensured and the voltage reading displaying on 

LabVIEW program was set to 0V by spinning the ‘Zero’ switch of the demodulator. Hence 

on, the handle of the pump was pressed to create a maximum operational pressure of the 

transducer diaphragm and the voltage reading was set to 10V by spinning the ‘Span’ switch 

in the meantime. The process mentioned above should be repeated several times in order 

to reduce the voltage reading of zero pressure to 0.001V. 

 

3.3.5 LabVIEW Program 

LabVIEW (Laboratory Virtual Instrumentation Engineering Workbench) was the 

main computer program used to collect and analyze the experimental data in present study. 

LabVIEW program was used to acquire experimental data and display the experimental 

condition and calibration equipment.  
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Figure 3-35 User interface of LabVIEW program 

 

 In the figure above, red boxes A to F were different categories displaying the analysis 

of experiment result and the instantaneous experiment condition. 

A: Parameters Control 

 This category was a place where the parameters of the test section were input and thus 

the experimental results were compiled based on them. The diameter of the testing tube, 

the straight length of the test section used to verify the experimental setup and the maximum 

operational pressure of the diaphragm used in this study were all included. 

B: Settings 

A B 

C 
D 

E 

F 
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In this area, the operation time of recording experimental data could be input and it 

was set to 30 seconds with recording 10 sets of experimental data per second. The address 

of the file would also be located. 

C: Descriptions of various variables  

 The change of experimental conditions was displayed instantaneously and the voltage 

readings of both transducers were the main concern as they were used to calibrate the 

pressure transducers and they would directly affect the accuracy of experimental result. 

Furthermore, the density of the test fluid was another focus which took an important part 

in every formula used in present study. 

D: Parameters Calculation 

 The experimental results were all calculated and presented here, such as friction factor, 

flow rate (velocity or volume flow rate), pressure drop and Reynolds number. Those results 

were saved as a ‘.lvm’ file which could be opened as an Excel file and then started to 

generate a database of measured data. 

E: Temperature Monitor 

 The inlet and outlet temperature and the difference between them were displayed as 

an icon. The difference should be maintained within 1% of inlet temperature as the 

experiment must be operated under adiabatic condition. Since the density of test fluid was 

a function of inlet temperature, a sudden rise or drop between inlet and outlet temperature 
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would lead to an error of data calculation in program. 

F: Reynolds Number and Flow Rate Monitor 

 The Reynolds number and flow rate were presented as a curve from time to time. 

Moreover, the experiment was operating with a certain interval of Reynolds number and 

thus these diagrams were used to ensure the stability of the experiment to keep the accuracy 

of the data. The acceptable range of Reynolds number was ±5 during operating time of 

experiment. 

 

Figure 3-36 Interface of monitoring variables in LabVIEW program 

 The trends of pressure drops of both transducers, friction factor calculated, flow rate, 

inlet and outlet temperature could be observed in diagram interface during the experimental 

process. 
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3.4 EXPERIMENTAL PROCEDURES 

In this project, the material for the tubes was 316-stainless steel straight smooth tubes 

and different types of bends were bended by using pipe bender. Moreover, the flowing fluid 

we used was distilled water. 

The major procedures are involved below: 

1. Set up the apparatus for the experiment. Conducting the fittings, inserting the pressure 

taps and sticking them properly are included. Furthermore, the preparation for the test 

fluid, calibration of devices and computer programs is already done here. 

2. Connect the gas and water supply and exit to the test section we used. Fill test fluid to 

the pressure vessel by switching on the valves of “Liquid Input” and “Gas Release” on 

the pressure vessel. Later on, turn on the electronic pump to pump the fluid into the 

vessel from receiving tank.  

3. Increase the pressure in pressure vessel by switching on the main valve of the nitrogen 

tank and the “Gas Input” valve of pressure vessel. Meanwhile, other valves on the 

pressure vessel are ensured to be closed. Since the limitation of pressure vessel is 300 

psi, the pressure level supplied for this experiment is 200 psi. 

4. By controlling the flow rate (or Reynolds number) with a needle valve, the Reynolds 

number and the pressure drop inside the straight tube or the fitting are measured with 

the differential pressure transducers. 
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5. Make sure the gas bubbles inside the test section have been bled out to obtain accurate 

measurements. 

6. Conduct the experiments in a steady condition with the range of Reynolds numbers 

from 700 to 10,000. 

7. Log the pressure drop data from the data acquisition system (i.e. LabVIEW) to a MS 

Excel file and then calculate the friction factor or minor loss value.  

8. Close the water outlet valve of pressure vessel and nitrogen tank outlet valve. Release 

the pressure in pressure vessel in order to prevent any accident. 

9. Plot the correlated graph by using the data calculated. 

10. Analyze the friction factor or minor loss of the fitting with the traditional correlation 

or data. 
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CHAPTER 4: RESULTS AND DISCUSSION 

 

 This methodology of present study is a quantitative research which is a presentation 

of the numerical results and data. Therefore, the accuracy of the experimental data is 

extremely important to the result and the verification of the experimental setup is necessary 

to avoid unreliable experimental result exist. The experiment would be repeated in order to 

keep either the accuracy or precision. 

The major loss of the straight tube was conducted as a reference to verify the 

experimental setup. Thus, the experimental setup was verified by comparing the results of 

friction factors in straight tubes with the data in different literatures. 

 

4.1 VERIFICATION FOR PRESSURE DROP OF STRAIGHT TUBE UNDER 

ADIABATIC CONDITION 

According to the Kandlikar et al. (2003), the larger tube (diameter above 1.067mm 

with relative roughness ratio 𝑒 𝑑⁄ = 0.003) was considered as smooth tube. The diameter 

of test section used in present study is 2.175mm and thus the roughness of the tube in 

turbulent regime could be negligible. Therefore, the pressure drop between 𝑥
𝐷⁄ = 100 

and 𝑥
𝐷⁄ = 300 of the straight pipe was acquired and then calculated to friction factor 

used to compare with the classical friction factor equation - Equation (1) and Equation (2) 
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used in Ghajar et al. (2010). However, the experimental friction factor in transition flow 

could not be verified as it was too complex and the shape of fluid flow was kept varying 

from time to time. As a result, it was difficult to conduct a theoretical equation for friction 

factor with the pressure drop measured. 

 

Figure 4-1 Plot of friction factor against Reynolds number in straight tube under 

isothermal boundary condition 

  

The plot above indicated the comparison between theoretical friction factor and the 

experimental friction factor conducted in present study and Ghajar et al (2010). The 

experimental data in laminar flow was close to the theoretical one within 5% as well as 

Reynolds number below 1,500. Next on, the friction factor in transition flow was not able 

to verify as there was not any formulae conducted for it between the ranges of Reynolds 
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number from 1,500 to 4,000 accorded to the exploratory transition range investigated in 

Ghajar et al. (2010). Within the transition range, the friction factor was decreased generally 

and reached the lowest point at Reynolds number equaled to 2,000. After that, the friction 

factor was come back to the certain level and the trend in transition flow was going with 

the agreement to Ghajar et al. (2010). Although the result in turbulent regime was seemed 

to depart from the theoretical line, the error was just kept within 5%. Therefore, the 

experimental facility was verified to be reliable.  

 

4.2 RESULTS OF PRESSURE DROP MEASUREMENT 

 The verification was going well and thus the experiment for pressure drop 

measurement with different angles of elbow bends in mini-tube was conducted. The 

experimental results were measured and plotted to graph in order to indicate the correlation 

between them. Furthermore, the plots were going to be discussed in the following. However, 

the types of elbow bend in present study are different to the results conducted by previous 

researchers and the difference between the types of elbow bend was flanged and screwed 

elbow. With this difference, the experimental results found by them were used as a reference 

to the results measured in present study rather than a directly comparison. 
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The pressure measurements of three types of elbows were acquired separately under 

adiabatic condition (Figure 4-2). The figure illustrates that the pressure drop measurements 

in all types of elbows increase directly proportional to either Reynolds number. Among 

three types of elbows, the 135° elbow has the largest pressure drop and the 45° has the 

smallest. Moreover, the pressure drop measured was also calculated to minor loss or 

equivalent length. The trend of minor loss is very similar to the trend of pressure drop in 

Figure 4-3.  

 

 

Figure 4-2 Plot of pressure drop against Reynolds number with different types of elbows 
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Figure 4-3 Plot of minor loss against Reynolds number with different types of elbows 

 

Furthermore, the loss coefficient was also investigated in present study. The value of 

loss coefficient is inversely proportional to Reynolds number which is totally different to 

the trend of pressure drop and minor loss in Figure 4-2 and 4-3. The figure indicates that it 

could also be divided into laminar flow, transitional flow and turbulent flow in fluid flowing 

through the elbows. There are obviously two different slopes existing in each plot of Figure 

4-4 which could be considered as laminar flow and turbulent flow.  

However, the difference between laminar flow and turbulent flow is much smaller in 

plot of 90° and 135° elbows. The reason why it occurs like this is that the larger angles of 

elbows leads to a larger disruption and the turbulent flow would be reached easier than the 

others as the fluid flow in turbulent form is totally in disorder. 
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Figure 4-4 Plot of loss coefficient against Reynolds number with different types of elbows 

 

According to Cabral at el. [12], the loss coefficient could be adjusted by using two-k 

method. However, the values of 𝑘1 and 𝑘∞ were based on a curvature ratio equaled to 

1.5 and the curvature ratio in present study is about ten times of that. The theoretical 

prediction using the values of 𝑘1 and 𝑘∞ was listed and compared to the experimental 

result in Table 4-1.  

With the two-k method, the KL is expressed as:  

𝐾𝐿 =
𝑘1

𝑅𝑒
+ 𝑘∞ (1 +

1

𝐷𝑖
) 
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Table 4-1 Comparison between the theoretical predictions and experimental result of loss 

coefficient 

Reynolds number Theoretical prediction Experimental loss coefficient 

45° 90° 45° 90° 

700 1.0257 1.6531 1.9044 2.3729 

800 0.9356 1.5080 1.8316 2.217 

900 0.8656 1.3950 1.7813 2.0583 

1000 0.8095 1.3047 1.7243 1.9941 

1100 0.7636 1.2308 1.6323 1.7978 

1200 0.7254 1.1692 1.5859 1.6849 

1300 0.6930 1.1171 1.5227 1.6829 

1400 0.6653 1.0724 1.4695 1.5636 

1500 0.6413 1.0337 1.4110 1.5640 

1600 0.6203 0.9998 1.3396 1.5972 

1700 0.6017 0.9699 1.3215 1.5126 

1800 0.5852 0.9434 1.2889 1.4914 

1900 0.5705 0.9196 1.2359 1.4222 

2000 0.5572 0.8982 1.2134 1.3650 

2200 0.5343 0.8613 1.2576 1.4117 

2400 0.5151 0.8305 1.2371 1.4825 

2600 0.4990 0.8044 1.1977 1.4764 

2800 0.4851 0.7821 1.1470 1.4555 

3000 0.4731 0.7627 1.1381 1.4300 

3300 0.4476 0.7269 1.0902 1.3918 

3600 0.4358 0.7068 1.0318 1.3405 

3900 0.4259 0.6897 1.0150 1.3095 

4200 0.4173 0.6750 0.9710 1.2775 

4500 0.4099 0.6623 0.9402 1.2445 

4800 0.4034 0.6512 0.9107 1.2119 

5100 0.3977 0.6414 0.8850 1.1887 

5400 0.3927 0.6327 0.8495 1.1654 

5700 0.3881 0.6249 0.8297 1.1459 

6000 0.3840 0.6179 0.8061 1.1246 

6300 0.3803 0.6116 0.7894 1.1026 

6600 0.3770 0.6058 0.7686 1.0908 
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6900 0.3739 0.6006 0.7523 1.0703 

7200 0.3711 0.5957 0.7446 1.0554 

7500 0.3685 0.5913 0.7245 1.0378 

7800 0.3661 0.5871 0.7115 1.0248 

8100 0.3639 0.5834 0.6950 1.0151 

8400 0.3618 0.5799 0.6798 1.0023 

8700 0.3599 0.5766 0.6669 0.9887 

9000 0.3581 0.5735 0.6593 0.9797 

9300 0.3565 0.5707 0.6473 0.9727 

9600 0.3549 0.5680 0.6370 0.9650 

9900 0.3534 0.5654 0.6234 0.9648 

10000 0.3530 0.5646 0.5809 0.9635 

 

Table 4-2 Percentage deviation between theoretical predictions by two-k method and 

experimental result 

Type of 

fitting 

Average percentage deviation Maximum percentage deviation 

Laminar Flow Turbulent Flow Laminar Flow Turbulent Flow 

45° elbow 113% 111% 121% 140% 

90° elbow 51% 79% 59% 89% 

 

The percentage deviation between theoretical prediction using two-k method and the 

experimental data is very large and it could be proved that the effect of curvature ratio and 

the diameter size of the test section on the loss coefficient is significant. Moreover, it is 

proved that there are still not enough researches or studies based on mini-fittings because 

of the extremely large percentage deviation and it is one of the reasons why the study aims 

for. 
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CHAPTER 5: CONCLUSIONS 

 

 The experimental result calculated could be useful for the design, application and 

improvement of miniature systems such as mini-type heat-exchangers, electronics cooling, 

fuel-cells and so on by the analysis of loss coefficient and minor loss in different angles of 

elbows. 

 The experimental data acquired for verification has been agreed with the theoretical 

development in either laminar or turbulent flow predictions. The critical Reynolds number 

was also agreed to the range mentioned in Ghajar at el (2010). With the verification, the 

following experimental results were reliable. 

 The data of pressure drop for horizontal mini-tubes with three types of elbows under 

adiabatic condition was obtained experimentally and the 135° elbow had the largest value 

while the 45° elbow had the smallest among three types of elbows. The pressure drop and 

minor loss are directly proportional along the Reynolds number while the loss coefficient 

decrease generally which is totally different to pressure drop or minor loss as the velocity 

of fluid flow takes an important role in that. Moreover, it is proved that the laminar flow, 

transitional flow and turbulent flow are still existing in even fluid flowing through elbows. 

They could be observed obviously in 45° elbow but vaguely in 90° and 135° elbows. Since 

the disruption in 45° elbow is not as much as the others, the characteristics in fluid flowing 
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through straight segment still remain in fluid flowing through 45° elbow. Meanwhile, the 

disruption in 135° elbow leads to the disordered flow pattern which could be considered as 

turbulent flow.  

 

The comparison between two-k method [13] and experimental result shows that the 

values of 𝑘1  and 𝑘∞  for marco-tubes [12] with certain curvature were conducted for 

marco-tubes but not for mini-tubes. Therefore, it proves that the established loss coefficient 

for marco-scale fittings could not be used in mini-scale fittings as the phenomenon in these 

two situations are totally different. In present study, it is just a fundamental experimental 

setup for measuring the loss coefficient and minor loss in the mini-scale fittings. Thus, there 

are still improvements and progresses of mini-scale fittings to be explored in future work. 
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CHAPTER 6: FUTURE WORKS 

 

 The design and development of the experiment for minor loss of the mini-scale tube 

with three types of bend configurations have been done. 

 For further study, there are several directions proposed: 

i. Involve more types of bend configurations (such as 180o elbow) 

ii. Adjust the experimental apparatus from horizontal to vertical 

iii. Conduct the experiments with the smaller size tubes (such as 0.2mm tube) 

iv. Conduct the experiments with elbows having different curvature ratios 

v. Change the stainless steel tube to transparent plastic tube having different 

roughness 

vi. Conduct the experiments under the heating condition 
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APPENDEX A: EXPERIMENTAL DATA 

Data of Figure 4-1 

 f 

Re Straight tube 

700 0.0913 

800 0.0814 

900 0.0733 

1000 0.0665 

1100 0.0608 

1200 0.0565 

1300 0.0527 

1400 0.0494 

1500 0.0467 

1600 0.0442 

1700 0.0422 

1800 0.0404 

1900 0.0392 

2000 0.0382 

2200 0.0371 

2400 0.0398 

2600 0.0424 

2800 0.0428 

3000 0.0427 

3300 0.0424 

3600 0.0418 

3900 0.0413 

4200 0.0407 

4500 0.0403 

4800 0.0399 

5100 0.0394 

5400 0.039 

5700 0.0377 
 

 f 

Re Straight tube 

6000 0.0373 

6300 0.0374 

6600 0.0369 

6900 0.0368 

7200 0.0364 

7500 0.0362 

7800 0.0359 

8100 0.0356 

8400 0.0353 

8700 0.0351 

9000 0.0351 

9300 0.0349 

9600 0.0347 

9900 0.0345 

10000 0.0344 
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Data of Figure 4-2 

 ΔP (kPa) 

Re 45° 90° 135° 

700 0.0904 0.1129 0.2070 

800 0.1128 0.1378 0.2421 

900 0.1395 0.1671 0.2847 

1000 0.1682 0.1992 0.3350 

1100 0.1900 0.2307 0.3839 

1200 0.2222 0.2567 0.4488 

1300 0.2490 0.2953 0.5118 

1400 0.2764 0.3163 0.5750 

1500 0.3066 0.3607 0.6526 

1600 0.3314 0.4152 0.7255 

1700 0.3674 0.4422 0.8075 

1800 0.4038 0.4879 0.8920 

1900 0.4292 0.5255 0.9826 

2000 0.4680 0.6075 1.0707 

2200 0.5881 0.6993 1.2699 

2400 0.6871 0.8242 1.4808 

2600 0.7803 0.9631 1.7125 

2800 0.8648 1.1021 1.9267 

3000 0.9886 1.2390 2.1911 

3300 1.1425 1.4599 2.6204 

3600 1.2900 1.6735 2.9800 

3900 1.4865 1.9137 3.4785 

4200 1.6484 2.1654 3.9149 

4500 1.8293 2.4217 4.3960 

4800 2.0235 2.6847 4.8911 

5100 2.1862 2.9742 5.4252 

5400 2.3818 3.2603 5.9730 

5700 2.5919 3.5734 6.5427 

 

 ΔP (kPa) 

Re 45° 90° 135° 

6000 2.7914 3.8866 7.1487 

6300 3.0113 4.2002 7.7799 

6600 3.2195 4.5550 8.4637 

6900 3.4439 4.8809 9.1342 

7200 3.7137 5.2411 9.8129 

7500 3.9167 5.5908 10.4983 

7800 4.1590 5.9706 11.2356 

8100 4.3837 6.3795 11.9510 

8400 4.6005 6.7741 12.7162 

8700 4.8373 7.1657 13.5239 

9000 5.1244 7.5967 14.3019 

9300 5.3605 8.0546 15.0576 

9600 5.6304 8.4955 16.4295 

9900 5.8514 9.0464 17.3408 

10000 6.0616 9.2209 18.0710 
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Data of Figure 4-3 

 𝒉𝑳 

Re 45° 90° 135° 

700 0.0092 0.0115 0.0216 

800 0.0115 0.0141 0.0248 

900 0.0143 0.0166 0.0290 

1000 0.0172 0.0198 0.0344 

1100 0.0194 0.0235 0.0392 

1200 0.0227 0.0262 0.0453 

1300 0.0254 0.0301 0.0518 

1400 0.0282 0.0323 0.0588 

1500 0.0313 0.0368 0.0670 

1600 0.0339 0.0424 0.0744 

1700 0.0375 0.0451 0.0828 

1800 0.0413 0.0498 0.0918 

1900 0.0438 0.0526 0.1009 

2000 0.0478 0.0559 0.1101 

2200 0.0601 0.0694 0.1312 

2400 0.0702 0.0842 0.1531 

2600 0.0797 0.0984 0.1776 

2800 0.0884 0.1126 0.1992 

3000 0.1010 0.1266 0.2270 

3300 0.1167 0.1492 0.2686 

3600 0.1318 0.1710 0.3115 

3900 0.1519 0.1955 0.3651 

4200 0.1684 0.2212 0.4124 

4500 0.1869 0.2474 0.4632 

4800 0.2067 0.2743 0.5147 

5100 0.2234 0.3039 0.5710 

5400 0.2434 0.3331 0.6292 

5700 0.2648 0.3651 0.6898 

 

 𝒉𝑳 

Re 45° 90° 135° 

6000 0.2852 0.3971 0.7529 

6300 0.3077 0.4292 0.8197 

6600 0.3290 0.4654 0.8933 

6900 0.3519 0.4987 0.9636 

7200 0.3794 0.5355 1.0365 

7500 0.4002 0.5713 1.1094 

7800 0.4249 0.6101 1.1856 

8100 0.4479 0.6518 1.2609 

8400 0.4701 0.6922 1.3420 

8700 0.4943 0.7322 1.4268 

9000 0.5236 0.7762 1.5091 

9300 0.5477 0.8230 1.5899 

9600 0.5753 0.8681 1.6786 

9900 0.5979 0.9243 1.7717 

10000 0.6183 0.9422 1.8872 
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Data of Figure 4-4 

 𝑲𝑳 

Re 45° 90° 135° 

700 1.9044 2.3729 4.4853 

800 1.8316 2.2165 3.9576 

900 1.7813 2.0583 3.6514 

1000 1.7243 1.9941 3.4834 

1100 1.6323 1.8978 3.2942 

1200 1.5859 1.8349 3.1807 

1300 1.5227 1.7829 3.1205 

1400 1.4695 1.7145 3.0507 

1500 1.4110 1.6914 2.9947 

1600 1.3396 1.6972 2.9389 

1700 1.3215 1.6597 2.8938 

1800 1.2889 1.6198 2.8572 

1900 1.2359 1.5702 2.8098 

2000 1.2134 1.5124 2.7768 

2200 1.2576 1.4914 2.7349 

2400 1.2371 1.4825 2.6800 

2600 1.1977 1.4764 2.6385 

2800 1.1470 1.4555 2.5608 

3000 1.1381 1.4300 2.5370 

3300 1.0902 1.3918 2.4787 

3600 1.0318 1.3405 2.4172 

3900 1.0150 1.3095 2.4080 

4200 0.9710 1.2775 2.3427 

4500 0.9402 1.2445 2.2922 

4800 0.9107 1.2119 2.2424 

5100 0.8850 1.1887 2.2030 

5400 0.8495 1.1654 2.1648 

5700 0.8297 1.1459 2.1310 

 

 𝑲𝑳 

Re 45° 90° 135° 

6000 0.8061 1.1246 2.0981 

6300 0.7894 1.1026 2.0716 

6600 0.7686 1.0908 2.0582 

6900 0.7523 1.0703 2.0323 

7200 0.7446 1.0554 2.0046 

7500 0.7245 1.0378 1.9788 

7800 0.7115 1.0248 1.9549 

8100 0.6950 1.0151 1.9274 

8400 0.6798 1.0023 1.9099 

8700 0.6669 0.9887 1.8923 

9000 0.6593 0.9797 1.8700 

9300 0.6473 0.9727 1.8469 

9600 0.6370 0.9650 1.8294 

9900 0.6234 0.9648 1.8161 

10000 0.6159 0.9635 1.8007 
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 APPENDEX B: DATA REDUCTION 

 

In present study, LabVIEW program was used to acquire the data from NI DAQ 

Chassis data acquisition device. Before the data was analyzed, calculation had been 

done in LabVIEW program. From the heat transfer calculations, the equation of density, 

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

The following equations were for the thermo-physical of water regarded from [16] 

and they were originally from Linstrom and Mallard [17],  

Density: 

𝜌𝑤𝑎𝑡𝑒𝑟 = 999.96 + 1.7158 × 10−2𝑇 − 5.8699 × 10−3 𝑇2 + 1.5487 × 10−5𝑇3 

Viscosity:  

𝜇𝑤𝑎𝑡𝑒𝑟 = 1.7888 × 10−3 − 5.9458 × 10−5𝑇 + 1.3096 × 10−6 𝑇2 − 1.8035

× 10−8𝑇3 + 1.344610−10𝑇4 − 4.0698 × 10−13𝑇5 

Specific heat:  

𝐶𝑝,𝑤𝑎𝑡𝑒𝑟 = 4219.8728 − 3.3863𝑇 + 0.114111𝑇2 − 2.1013 × 10−3 𝑇3 + 2.3529

× 10−5T4 − 1.4167 × 10−7𝑇5 + 3.58520 × 10−10𝑇6 

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

average temperature in a test section, 
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Bulk Temperature:  

𝑇 =
𝑇𝑖𝑛 + 𝑇𝑜𝑢𝑡

2
 

therefore, when the inlet and outlet temperature were confirmed, the density, viscosity 

and specific heat of water could be determined immediately. 

 

After calculating the thermos-physical properties of water, mass flow rate, and 

Reynolds number could be calculated afterwards, 

Mass flow rate:  

𝑚 = 𝜌𝑤𝑎𝑡𝑒𝑟𝑉𝜋𝐴 

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

of the pipe. In this study, the velocity of water v was recorded by the flow meter. 

Reynolds number is a ratio of inertial forces and viscous forces in the fluid, therefore 

the flowing fluid could be defined as laminar, transitional and turbulent flows with 

different Reynolds number. 

Reynolds number:  

𝑅𝑒 =
𝜌

𝑤𝑎𝑡𝑒𝑟
𝑉𝐷𝑖

𝜇
𝑤𝑎𝑡𝑒𝑟

 

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

𝜌
𝑤𝑎𝑡𝑒𝑟

 and  𝜇
𝑤𝑎𝑡𝑒𝑟

 are determined. 

By finding out the Reynolds number, another important variable - friction factor was 
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also needed to be calculated. Noted that the equation used for determined friction 

factor in this study is given by pressure loss, 

Pressure loss:    

∆𝑃 = 𝑓
𝐿

𝐷𝑖

𝜌𝑉𝑎𝑣𝑔
2

2
 

 

The friction factor was then determined from pressure loss by changing the subject, 

Friction Factor: 

𝑓 =
2∆𝑃𝐷𝑖

𝜌
𝑤𝑎𝑡𝑒𝑟

𝐿𝑉𝑎𝑣𝑔
2
 

where ∆𝑃 is pressure drop of a fully developed internal flow, 𝐷𝑖 is diameter of the 

pipe (m); 𝐿 is length of the test section and 𝑉𝑎𝑣𝑔 is velocity of water. 

Note ∆𝑃 was determined by collecting the data from the pressure transducers in Pa 

unit. 

 

Later on, loss coefficient and minor loss which was the additional irreversible head 

loss in the piping system caused by insertion of the component were able to be 

calculated with pressure drop, 

Loss Coefficient: 

𝐾𝐿 =
2∆𝑃

𝜌
𝑤𝑎𝑡𝑒𝑟

𝑉𝑎𝑣𝑔
2
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Minor Loss; 

ℎ𝐿 = 𝐾𝐿

𝑉𝑎𝑣𝑔
2

2𝑔
 

where ∆𝑃 is pressure drop of a fully developed internal flow, 𝐷𝑖 is diameter of the 

pipe (m); 𝑔 is gravitational acceleration( 9.81 𝑚 𝑠2⁄ ) and 𝑉𝑎𝑣𝑔 is velocity of water. 

 The minor loss could also be considered as the equivalent length which the head 

loss caused by a straight segment of the tube is equivalent to the head loss caused by 

the mini-tube fittings. Therefore, the total head loss in a piping system is conducted to 

the function as the minor losses caused by different components existing in it. 

 

Dean number:  

𝐷𝑒 = 𝑅𝑒 (
𝐷𝑖

𝐷
)

0.5

 

Where 𝐷𝑖 is diameter of the pipe (m) and 𝐷 is diameter of the curvature (m); 

Dean number is a function as Reynolds number and the ratio of the curvature. 
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APPENDEX C: UNCERTAINTY ANALYSIS OF SKIN FRICTION 

COEFFICIENT 

 

The skin friction coefficient is defined as: 

𝑓 =
τw

1
8

(ρV2)
 

 

The wall shear stress in the above equation may be obtained by evaluating the surface 

forces acting on the test section as following:  

SFsurface = DPAc − twAs 

tw =
(DPAc)

As
⁄  

 

Some of the terms may be rewritten in terms in the measurable quantities: 

𝑉 =
𝑄

𝐴𝑐
 

𝐴𝑐 =
𝜋𝐷2

4
 

𝐴𝑠 = 𝑝𝐷𝑖𝐿 

 

Substituting the equations and simplifying yields: 

𝑓 =
𝜋2∆𝑃𝐷𝑖

5

8𝜌𝐿𝑄2
 

 

Following the procedure outlined in Kline and McClintok (1953), the uncertainty 

interval for the skin friction coefficient may be obtained from the following equation: 

𝑈𝑓 = [(
𝑑∆𝑃

∆𝑃
)

2

+ (
5𝑑𝐷𝑖

𝐷𝑖
)

2

+ (
𝑑𝜌

𝜌
)

2

+ (
𝑑𝐿

𝐿
)

2

+ (
2𝑑𝑄

𝑄
)

2

]

1
2
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The uncertainty for each variable was estimated as follows: 

d∆P
∆P⁄  The uncertainty for the pressure transducer was specified by the 

manufacturer to be 0.0025 that is 0.25% of full scale. 

𝑑𝐷𝑖 The uncertainty interval for the test section tube diameter was estimated 

to be 0.005 mm. 

𝑑𝜌
𝜌⁄  

The uncertainty for density was estimated to be 0.00701. 

𝑑𝐿    The uncertainty interval for the pressure tap spacing was estimated to be 

1 mm. 

𝑑𝑄
𝑄⁄  The uncertainty interval for the flow meter was specified by the 

manufacturer to be 0.0178 that is 1.78% of full scale. 

 

Substituting these values and the following values into the equation 

D = 2.04 mm 

L = 440 mm 

𝑈𝑐𝑓
= [0.00252 + (

5 × 0.005

2.04
)

2

+ (0.00701)2 + (
1

440
)

2

+ (2 × 0.0178)2]

1
2

 

𝑈𝑐𝑓
= 0.03845 

 

Multiplying by 100 gives the percentage uncertainty for skin friction coefficient 

calculations: 

𝑈𝑐𝑓
= 3.84% 

Form the uncertainty analysis, it can be seen that the maximum error corresponding to 

the experimental frame friction coefficient is approximately 3.84%. The greatest 

influence on the percentage uncertainty for the skin friction coefficient is seen to be 

the frequency counter readings. 
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WORKLOAD BREAKDOWN 

 

Literature 

Alexandre Lourenco 

Guan Xin 

Hardware Setup 
Alexandre Lourenco 

Guan Xin 

 

Software Setup 
Alexandre Lourenco 

Guan Xin 

 

Data Collection 
Alexandre Lourenco 

Guan Xin 

 

Data Analysis Alexandre Lourenco 

Ch. 1, 2, 3 Guan Xin 

Ch. 1, 2, 3, 4, 5, 6 Alexandre Lourenco 
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